INDUCED POLARIZATION — THEORY AND INTERPRETATION OF WELL-LOGGING DATA
VYNUCENA POLARIZACE — TEORIE A INTERPRETACE KAROTAZNICH UDAJU

Frantisek RySavy '

Abstract

The method of induced polarization was originally considered like the method for prospecting of ores and anthracite only. It seems
that in the sedimentary basins where the rocks are saturated with fresh or brackish waters that method can be successfully used for
prospecting of hydrocarbons as well. The registered factor of the mentioned method is the apparent chargeability of rocks. It is a
dimensionless one. An influence of the borehole diameter acts indirectly, because there are used the reduced variables and the output factor
is also reduced. It presents the real reduced chargeability of rocks. This factor is registered with the help of the potential array of electrodes.

Abstrakt

Metoda vynucené polarizace byla plivodné pokldddna jen za metodu pro vyhledavani rud a antracitu. Zda se, ze v sedimentarnich
panvich, kde jsou horniny nasyceny sladkou nebo brakickou vodou, miize byt tato metoda uspé€sné pouzita i pro vyhledavani uhlovodikii.
Registrovanou charakteristikou zminéné metody je zdanliva elektricka susceptibilita hornin. Je bezrozmérna. Vliv priméru vrtu pusobi
nepiimo, nebot’ se pouzivaji redukované proménné na primér vrtu; také vystupni faktor je redukovan na primér vrtu. Ten predstavuje
skutecnou susceptibilitu hornin, redukovanou na pramér vrtu. Registrujeme ji pomoci potencialového uspotadani elektrod.
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1 Introduction

For electrical methods of well-logging there is made mostly the registration of electrical resistivity in various modifications. You can
register various electrode arrays having focused or non-focused electric fields; you can use direct or alternating currents. However, there
exist the next electrical factors. The induced polarization registers the chargeability of rocks. It seems I can interpret, if I know the
chargeability, the permittivity of rocks too, nevertheless, this way is not unambiguous due to very complicated relations being between both
the above factors.
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2 The physical units used
The main factor of this is the above chargeability of rocks that is defined with relation:
B UL A (1)
Up ¢&EoxE
where k. = the chargeability of rocks,
Uyp = the voltage created by the polarization field [mV],
Up = the voltage of the outer polarizing field [mV],
P = the vector of polarization [Cxm™],
E = the intensity of the outer polarizing field [Vxm™], and
£ o = the vacuum permittivity [Fxm™].
Dimensionally for those units there hold the following relations:
[e o] = [Fx m"'] = [m”x kg™ x s* x A”],
[P]=[Cx m™?]=[s x A x m™~], and
[E]=[Vxm']=[mxkgxs>xA™].
The registered factor remarked as k. is dimensionless. It seems to be very attractive to interpret the permittivity with the help of the
chargeability; however, just this is very complicated thing due to very different relations between chargeability and permittivity.
The rocks having low permittivity can use the relation being valid for an isotropic dielectric:
er=1+Ke, (2)
where ¢, = the permittivity of rocks.
On the contrary, the rocks having middle and high permittivity are directed with Clausius-Mossotti equation:

gr - 1 1
=—X K- 3
(gr + 2} 30K ©)
The mentioned equation characterizes non-polar fluids and gases like hydrocarbons are and, too, the two-atom cubic crystals.

The values calculated according to relations (2) and (3) are different. This is probably why it is impossible unambiguously to
interpret the permittivity of rocks. And for polar materials and fluids like water is that is even more complicated.

3 Principles of registration
Induced polarization I can register either with direct current, or with alternating current. When I have direct current, I 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
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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.

The second and more used one is to register in the frequency domain. Here I use an alternating current. In this case it is possible to
register resistivity and induced polarization simultaneously. We observe various curves of resistivity registered with different frequencies.
The induced polarization is interpreted like changes of resistivity with the change of frequency. This second way is more frequent, because
offers great possibilities of depiction, we have 2 and 3D- coloured borehole sections either for resistivity and induced polarization. It is
excellent for qualitative interpretation when I have to locate the place and position of ore bodies, or possibly an extent a position of
contamination. This domain of qualitative interpretation is well investigated. They are authors like LUO, Y., and ZANG, G. (1998),
CAHYNA, F., MAZAC, O., and VENDHODOVA, D. (1990) and namely ZHDANOV, M. S. (2006). The last one presents all new theory
important for quantitative interpretation of induced polarization; the rock is formed by non-conductive matrix and disseminated conductive
grains having spherical and ellipsoidal shapes. It is, however, to say, that this model of medium is determined for interpretation of
disseminated ore in the rock. From Czech authors I should like to remember the text-book “Geoelectric methods of exploration”,
KAROUS, M. (1989). There is very in detail described the frequency method, its theoretical analyse and modelling of various geometric
bodies.

It seems that for quantitative interpretation such things 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 on registration are the time
domain will be more useful than the frequency one. The pulse method is commonly used. Here are too important authors having study
those problems. I can remember such ones like DACHNOV, V.N. (1967), DOBRYNIN, V.M. (1988), and SEIGEL, H. O. (1970) are.
From Czech authors I have again to name the text-book of KAROUS, M. (1989). There is well described theory of the pulse method.
Author in detail studied theoretically registering not only in the domain of discharging curve, but too in the domain of charging curve. It
seems that his conclusions in the recent time are confirmed. In spite of all 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 offer the detailed description and explanation of influence various technical and geological factors on registering induced
polarization, further, an explanation how to evaluate permeability of sediments with the help of effective porosity which is interpretable due
to well-logging records for induced polarization and total porosity. This all is thing of integral registration and interpretation; the spectral
registration in the time domain has wide possibilities of interpretation for mud, invasion zone and non-invasion zone.

4 The rocks and types of their polarization

This method using the induced polarization for sedimentary rocks is well-presented by fine-grained sands and sandstones; even more
it holds for shales and aleurits. Those rocks have outstanding deflections. On the contrary, the coarse-grained and the middle-grained sands
have low deflections. The lowest deflection is for gypsum. There are well observed the seams of anthracite and sulfitic ores as pyrite.
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Carbonates belong to the rocks having lower deflections, nevertheless, the porous badly-consolidated limestones or dolomites are
characterized with significantly low deflections than those compact well-consolidated as marbles are. Volcanic and metamorphic rocks
without ore minerals have very low deflections too.

Here come through physical-chemical polarization effects of mineralized metallic particles of the rock material and/or the electro-
kinetic effects in the pores of reservoirs. LUO, Y., and ZANG, G. (1998), SEIGEL, H. O. (1970).

There exist two main types of polarization. The first is the shifting polarization. It is for non-polar materials, fluids and gases. Owing
to the outer electric field the ions or electrons chaotically dispersed are shifted into direction of the outer field. Up to now the neutral
electrical particles will have formed electrical dipoles. The electrically-neutral material has then its own electric field.

For ion-shifting polarization it is characteristic that the polarization potentials create on the boundary of electrolyte and the rock
matrix. Due to outer electric field the double electrical layer being on the surface of grains is deformed. Sometimes you can observe clusters
of ions directly in the capillary pores of rock there. The positive ions shift in the direction of action of the outer electric field, whereas, the
negative ions shift in the contrary direction. This type of polarization is typical for the bound-water by surface of grains.

The conductive materials like black coal, anthracite, metallic sulphides (except sphalerite) and iron ores are, have, as well, the
electron-shifting polarization. In that case there are shifted not ions, but electrons. Such polarization is realized not on the surface of matrix,
but inside of the matrix.

You can observe also polarisation of fluids being in the pores of rocks. We distinguish those fluids in two main groups: the polar
ones and the non-polar ones. The non-polar fluids have the shifting polarization and there belong just hydrocarbons there. On the contrary
to them the formation water is the polar fluid which has the dipole polarization. This polarization being dependent on temperature is
characteristic for the free-formation water.

The last mentioned type of polarization - it is the second main type. Thanks to outer electric field in the free-formation water there
are forced into line fields of chaotically dispersed dipoles. Thus, free-formation water forms its own polarization potentials. In the nature
surroundings the most of rocks have both main polarizations. It depends on quantum of factors like chemical composition, moisture of
rocks and next ones are.

For well-logging it is very important that the shifting polarization is independent on temperature, whereas, the dipole polarization has
reversed relationship on temperature. Because of the temperature increasing with the borehole depth contribution of the dipole polarization
will be lower and lower. It means that an influence of the free-formation water will be lower and lower too.

5 The physical factors registered
For induced polarization there is used the direct stabilized current working in pulse mode in the time domain. The current must be
strong enough. You can register two factors: the chargeability of rocks and the relaxation time of the polarization field.
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Registration is made simultaneously, however, the relaxation time is registered as the time spectrum and it can present problems
when equipment has not enough wide of the time base. Then observations can be done only as a static registration. Registration for the
single depth points is in various time windows. Such registration takes long time and presents tens and hundreds of milliseconds.

The time domain being close connected with evaluation of the time spectrum is not so well investigated like the frequency domain
that offers easier and wider results for 2d-colour depiction or 3d-depiction, however, for quantitative interpretation collector properties of
sedimentary rocks has ways to new information. It is not only about interpretation of the time spectrum, but too about integral registration
of signal over all time bases. Here goes way to interpretation of effective porosity and later on permeability of rocks.

6 The secondary factors affecting the chargeability of rocks

The chargeability of rocks remarked as «. 1s affected with these important factors:
Chemical composition of the rock matrix.

If the rock has also ore minerals, it needs to consider the electron displacement polarization, too. When the rock has no such
minerals, its chargeability will be low.
The specific surface of the matrix grains.

If the specific surface of grains is increasing, the chargeability of rocks is increasing too; however, the permeability of rocks is
decreasing. This fact can explain those big deflections for shales and aleurits, the lower deflections for fine-grained sand and sandstones
and, finally, very low deflections for coarse-grained sand and sandstones.

The rock moisture.

This point is bound with the previous point. We distinguish two component of formation water: the free-water component and the
bound-water component. The bigger the free-water component is the lower the bound-water component will be. Because the chargeability
of rocks is oriented on the specific surface of rocks and this will be in such case lower too, due to the bound-water component, the
chargeability of rocks will be falling down.

Influence of formation water and its grade of mineralization.

There is observed that for Ry, > 1 Qm the chargeability of rocks is proportionate to the formation water resistivity. In such case
mineralization does not influence the chargeability. It holds for fresh and brackish waters. In this case we are able well to perform the beds
holding hydrocarbons; differences between hydrocarbons and fresh water are well-visible. In the domain where it holds that R, < 1 Qm
there is situation all different. Formation water becomes to be rather a conductor than the dielectric. The chargeability of water having been
before high is falling down to zero. Differences between hydrocarbons and salt water are lower and lower thanks to increasing content of
salt in the water. This domain is not convenient for prospecting of hydrocarbons.
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The magnitude of the electric direct current

DACHNOV, V.N (1967) published that for laboratory conditions there is recommended the density of current 0.5 — 20 pA/ cm”. In
this interval the chargeability of anthracite and sulfitic ores is almost constant. On the contrary for sediments as sandstones and carbonates
are you can observe that the chargeability is increasing!

However, well-logging methods need to have relatively high electric current — its density must be higher than 20 pA/ cm®. In this
domain the chargeability of anthracite and sulfitic ores is decreasing, whereas, sandstones and carbonates have constant values.

7 The factors influencing the relaxation time

The registration of the relaxation time is based on registration of the time spectrum. If an electric pulse has been finished, there will
be registered voltage of the polarization field changing itself in the flowing time. We register the above voltage in various time windows.
And here begin troubles. Relaxation of the polarization field is relatively long, it are tens or hundreds of milliseconds. If I register
simultaneously, I will have to register in the relatively short-time windows, if the time base is not enough wide, and it presents I register
only the contribution of mud. Therefore in case of deep invasion of mud filtrate I am to attempt to reach contributions of the long-time
windows too. This can present to record discontinuous curve of well-logging data; I think by that to make registration in each point of the
borehole depth.

The registered voltage is directed by the following relation:

UVP:é U,-(O)xexp{—[ij}, 4)

Ti
where 1; = the relaxation time of the polarization field for i-th component of rock [s],
U; (0) = the value of voltage when it holds that t = 0 for i-th component of rock [mV], and
Uyp = the registered voltage in the selected time window [mV].
As you see, after formula (14) this case uses the pulse method having long pulse. Here can prove all types of polarization.

8 Relation between the apparent chargeability and the real chargeability of rocks

I proceeded in the process of derivation in accordance with DACHNOV V.N, (1967), however, the procedure was enlarged by
studying an eccentricity of tool in the borehole and there are some next adjustments too there. The main proposition is that the distance
between the current electrode A and the potential electrode M is very short. Such distance is the spacing of tool remarked as L and it holds
that L << d, if d i1s the diameter of borehole.
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The direct current flowing out of electrode A acts on the unit volume
element of rock remarked as dV. This very small volume of rock is polarized.

The potential electrode M simultaneously registers the voltage of the
outer polarizing field remarked as Up. At the moment when the current stops
to act, on the same electrode M there is registered the voltage created with the
polarization field remarked as Uyp. It 1s an integral registration; there is
registered simultaneously all voltage of the time base.

Situation is depicted in fig.1 there. The dipole moment of polarization
for the element dV is defined like this:
dp=PxdV, (5)
where P = the vector of the electrical polarization of rock being present in the
element dV [Cx m™], and

dp = the dipole moment of polarization for dV.
The next relation is that:

P=goX——5 > (6)

where ¢ ( = the vacuum permittivity [Fxm™],
K. = the chargeability of rocks,
R = the resistivity of rocks [Qm],
I = the direct current flowing through electrode A and acting the
electrical polarization of rocks [mA], and
R, = the distance being between electrode A and element dV [m)].
If I substitute factor P into equation (5), I shall receive:

KeX R ><2[ < dV 7
47 x Ry
At the moment when the current stops to act on dV it holds that [ = 0;

nevertheless, on the potential electrode M there is formed the voltage of the

polarization field Uyp.
1

2
drx X gox R;

dp: goX
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Formula (8) supposes that for L << d there holds it that the distance between dV and electrode M is almost identical like the distance
being between dV and electrode A. All exactly it would have been, if electrodes A and M had been the only electrode; it would hold that
M=A.

If you substitute relation (7) into formula (8), you will get that:

1 av
dUvp = XKeX Rx I x—-. 9)
T 1627 R!
I have to implement the cylindrical coordinates:
dV = pxdpdzde ,and (10)
RE=p*+ 27, (11)
After substitution of these relations into equation (9) you will get:
dUyp = %XKexRxlx%dpdzd(p : (12)
I expressed Uyp as a volume integral:
1 27 z+h/2 o D
Uyp = S X KeX RX I j I I —zdpdzd(p. (13)
16 7 0 z-h/2 o (,02+22)

ro:@x{%}me 1{%}243@)2 } (14)

where A = the eccentricity of tool, i.e., the distance between the axis of tool and the axis of borehole [m],
d = the diameter of borehole [m], and
h = the thickness of bed [m].

Integration of formula (13) was made with the help of the complex variable and I have got this expression:

N 2z+h 2z—h
12xxexRx1x%x(2A+1)1x{arctg( f+h]—arctg( f hJ} ,(15)

Uyp=

T 2A +1 2A +1
— A
A=—, 16
y, (16)
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, and (17)

(18)

Formula (15) will be adjusted like this:

RxI ArxL)Y 1 1 2 [ — i 2z+h 2z—h
Uypp = Ke X X ><—><—><—><(2A+1 ) X4 arctg| — —arctg| — ) (19)
4z x L d 8§ 2 & 2A +1 2A +1

If I introduce that the following substitution is:
Kp,=4rxL, (20)

then I shall receive this formula:

RxI) 7 — 1 ( — i 2z+h 2z—h

= Ke X x—xLx—x(2A+1) x<arct — — arct — , 21
Urp =k [1Kp] 2" x (28+1) { g(2A+1j g(2A+lj} @)
— L
L==—, 22

7 (22)
where L = the spacing of tool for the potential electrode array [m], and

K, = the constant of the potential electrode array [m].

Now, it 1s distinct that it holds:

Rx1
Up,= : (23)
Kp
This 1s why the formula (21) attains the form like this:
T — 1 — -1 2z+h 2z—h
Upyp=U pXKe xzxLx;X(2A+1) X{arCtg(2Z+1j_arCtg(2Z+lJ} ) 24)

where Uyp = the voltage created due to the polarization field [mV], and
Up = the voltage of the outer polarizing field [mV].
Formula (24) will be adjusted as follows:
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(Mj e x DxDxt(ZRE ), 05)

Up
e W 2z+h 2z—h
fl z,h,A )J=—x{ 2A +1 ) x< arct — —arct — , 26
(2ha)=x(28+1) { g[zmlj g£2A+1}} (20)
where f ( Z,H,K ) = the pseudo-characteristic function of induced polarization.After formula (1) there is valid that
« U
Ke=— 27)
Up
Then formula (25) obtains the following form:
K‘::K‘e x%Xfo(;,Z,K), (28)

where k. = the apparent chargeability of rocks, and
Ke = the real chargeability of rocks.
For z= 0, h— o and A= 0 it holds that f( z,h,A) = 1. On this condition I receive the formula having been published by

DOBRYNIN V.M. (1988), p.92:

K‘:ZKe XEXZ: Ke xzxé. (29)
2 2 d
This formula holds for special case when it holds that L << d, i.e., for L— 0. It is clear that for generally defined influence of tool

spacing there must exist more general formula. However, this is theme for next chapter.

9 Effect of tool spacing

Formula (28) can be written down like this:

K’:=K'e xg(Z)x f(Z,Z,Z ),and (30)
(Z):EXL. (31)
RN IR

It is evident that for L << d I get that L<< 1. In such case it is possible to write that:
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Tab. 2 Data needed L‘or Zlg. 3

L |h{@/mxt(L)*f(h)[ h |2/m)><f(L)>f(h)|h|2/m)><f(L)>*f(h)[h|2/m)><f( L )>*f(h)
Tub. 1 Data needed | 01 [ 0.9950 10 0.9319 5 0.8700 1 0.4975
o fio. 2 0.2 0.9806 0.9184 0.8574 0.4903
= 0.3 0.9578 0.8971 0.8375 0.4789
2/m)>g(L ) ‘ 0.4 0.9285 0.8696 0.8118 0.4642 |
0.0995 0.5 0.8944 0.8377 0.7820 0.4472
0.1961 0.6 0.8575 0.8031 0.7497 0.4287
0.2873 0.7 0.8192 0.7673 0.7163 0.4096
0.3714 0.8 0.7809 0.7313 0.6827 0.3904
04472 0.9 0.7433 0.6961 0.6499 0.3716
0.5145 1.0 0.7071 0.6622 0.6182 0.3536
0.5735 ‘ 2.0 0.4472 0.4188 0.3910 0.2236 |
T 3.0 0.3162 0.2962 0.2765 0.1581
: 4.0 0.2425 0.2271 0.2121 0.1213
0.6690 ‘ 5.0 0.1961 0.1837 0.1715 0.0981 |
0.7071 6.0 0.1644 0.1540 0.1437 0.0822
0.8944 7.0 0.1414 0.1324 0.1236 0.0707
0.9487 8.0 0.1240 0.1162 0.1084 0.0620
0.9701 9.0 0.1104 0.1034 0.0966 0.0552
0.9806 10.0 0.0995 0.0932 0.0870 0.0498
0.9864 20.0 0.0499 0.0468 0.0437 0.0250
0.9899 ‘ 30.0 0.0333 0.0312 0.0291 0.0167 |
09953 40.0 0.0250 0.0234 0.0219 0.0125
: 50.0 0.0200 0.0187 0.0175 0.0100
0.9939 ‘ 60.0 0.0167 0.0156 0.0146 0.0083 |
0.9950 70.0 0.0143 0.0134 0.0125 0.0071
80.0 0.0125 0.0117 0.0109 0.0062
90.0 0.0111 0.0104 0.0097 0.0056
100.0 0.0100 0.0094 0.0087 0.0050
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g(L)y=—x0L.

On the contrary for L >> d it holds that L>>1 and this is why that:

- 7
g(L)= 5

Both formulas (30) and (31) can be expressed in the only expression:

co=re x ExEu L p(Zna). (32)

2 d (Z)2+1

Formula (32) can be adjusted into the following form:

kb= e x Tx b 1 (Zha). (33)

2 4rxd (Z)2+1

If you use again formula (20) for K,,, you will obtain this formula:

Ke= %prx(%jxf(Z)xf(g,z,Z), (34)
f(Z):ﬁ. (35

We ought to return again to function remarked asg(L ). On fig.2 there is depicted relationship (2/ n)x g(L). This relation varies

between 1 and 0. If it holds that L > 7d it is valid that (2/m)xg( L )> 0.99 and this fact enable us to suppose that (2/7)xg(L)— 1 for

condition that L > 7d. (Fig. 2 and the next figures have variables underlined below, because description of graphs in Excel with the help of
Microsoft Equation 3.0 was not possible).

Analysis of function f ( L )says that for L<< 1 it holds that f ( L )= 1, whereas, for L>>1 it is written down that f ( L )— (1/ E).
It is also possible to express the following multiplication:

f(Z)xf(Z,Z,Z )—ﬁx%x(zx+l )lx{ arctg[ jg:fj—arctg( zzglfj }.(36)

L
If the tool is centred in the axis of borehole, it holds that A = 0. If I suppose also that z= 0, I shall get that:
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Index of curves: h
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Fig. 3 The relationship describing an influence of the tool
spacing and thickness of bed together

0,1 1,0 10,0
L
Fig. 2 The relationship describing an influence
of the tool spacing only

! X 2 x arctg h. (37)
J(@)+1 7
This relation reflects well those less accurate relations derived by DACHNOV, V.M. (1967), p.353. Relation (37) is depicted in fig. 3 there.
Equation (34) is suitable for next adjustment.

£(L)xt{h)=

Ke= %prx;exf(Z)xf(;,%,Z), (38)
- K

ke 39
Ke=" (39)

where .= the reduced real chargeability of rocks [m™'].
Equations (30) and (38) are both equivalent one other. It is only different way of transcription.
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10 Elimination of SP-potentials
The proposed procedure registers two logs for two different polarities (+) and (-). By subtraction of both logs one another and
through calculation Uyp we get elimination of SP-potentials.

The input formulas are following:
(+)

Uyp =+Uyp+Ugp,and (40)
UIEI;):_UVP"_USP’ (41)

where U\(,J{)) = the sum of the apparent voltage registered for polarity (+) and SP-potentials together {mV], and

U\(,;) = the sum of the apparent voltage registered for polarity (-) and SP-potentials together {mV].
With the help of both equations (40) and (41) I am able to express factor Uyp as follows:

1 _
UVPZEX{UIE;)_UIEP)}' (42)
If I introduce the formulas for either chargeability there will be the input relations like these:
(+)
0 =2 and (43)
P
(-)
«(-) U
e =2 (44)
Up
where i, ) the apparent chargeability registered for polarity (+), and
Ko )= the apparent chargeability registered for polarity (-).
From equation (42) it results that I shall attain this relation:
% 1 * * (—
KeZEX{Ke(H_Ke()}' (45)

Thus, we are allowed to record instead of voltage directly the chargeability for positive and negative polarities. The next possible
way is to use the ideal polarized electrode M.

11 The enlarged analysis of the characteristic function
We have got not the characteristic function, but, the pseudo-characteristic function. Remember, please, its form once more:
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———\y 1 = \a 2z+h 2z—h
f\ z,h, A J=—x(2A+1 ) x4 arct — — arct — .
(Z ) V4 ( ) { g(ZAJrlJ g[2A+1)}

To have the characteristic function we made make a small adjustment of both equations.

K‘Z=K‘e xax_—xf(;,z,g), (46)
V(z)

a=Zx(28 1) " an )

f(E,Z,Z)zix{arctg[jzif]—arcg[2221f}} (48)

where o = the space angle, and
f ( z,h,A ) = the characteristic function directed by formula (48).

These formulas are for particular case when the bed has no invasion there. If there is any invasion, the above formulas will get
another form.

Ke=rke xax————xf(zhAD;), (49)
( )2+1
a:%X(2Z+5i) : (50)
f ( E,Z,Z,Bi )= l X arctg %Z +_h — arctg %Z __h , and (51)
T 2A + D; 2A + D;
D; ==, 52
y (52)

where D; = the depth of invasion zone.
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Now, it is possible to attempt making analysis of the above formulas. The tool being in the borehole can be fixed in two main

positions: it can be centred or pressed on the wall of borehole. Depiction being on figures 4 and 5 can be either for volcanic rock having ore
grains disseminated, or for shales/aleurits.

Centred tool
There holds condition that:
A=0. (53)
In such case you receive the following formulas:
a:%x(ﬁi)‘l,and (54)

f( z,h,D; ):lx{ arctg[ 225 hJ — arctg( 225_ hJ } (55)
T i i

For event of no invasion, D;= 1, there hold these formulas:

o= % , and (56)
f(gﬁ)=l><{arctg(2E+E)—arctg(22—7z)}. (57)
V4
If you have infinity-deep invasion, D;= oo, you receive these formulas:
a=0,and (58)
f(zh)=0. (59)

It needs to say that the last case is the limit case; in real invasion zone has always its finite depth. However, for deep invasion the
value of the characteristic function is very close to zero.

Pressed-on tool
Here holds condition that:

Z:%x(l—gs). (60)
—o_ds
di=1". (61)

where d; = the diameter of tool [m].
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Then you get the following formulas:

a:§><(2Z—3S+5,~ )_l,and (62)
— e =y 1 2z+h 2z—h
flz,h,ds,D; |=—x+ arctg| ———— |—arctg| —————— | ;. 63
( ) T { g£1—ds+DiJ g{l—ds-l-Djj} (63)
If you have a case of no invasion zone, Di=1 , you will receive these formulas:

a="x(2-d; (64)

)"
f(z h, ds =— { arctg[ ] arctg( iE—E?J } (65)

If it is thick tool, dy= 1, it is case when tool is centred and pressed-on together.

a:E,and f(z,h ):lx{arctg(22+h)—arctg(2z—h)}.
V4

These are formulas valid for the centred tool. If it is thin tool, ds=0, you will obtain other formulas.

o= % ,and (66)

f(gjz)—%x{arctg[E+§J—arctg(g—gJ}. (67)

For infinity-deep invasion you have to implement simpler condition that: (2&—% + D; )=B,~. In such case there hold again

formulas (58) and (59).

The formation water in an invasion zone is all replaced with mud filtrate. This is case of the free-water component. Effective porosity
and permeability of bed is high; contribution of the bound-water is low, we suppose even that is zero. Therefore with growing of the depth
of invasion zone we observe that the space angle and the characteristic function go to zero. And for very deep invasion there is no
difference between the centred and pressed-on tools. The characteristic functions for the centred and pressed-on tools are in fig.4 and fig.5.

To both figures I should like to say a short remark. It is known that registration of chargeability of rocks is influenced too with the
resistivity of rocks. Namely it is adjacent beds. This is confirmed by the analog modeling of the induced polarization over vertical desk.
Even if it was done for case of the surface observation, we have to accept. The large amount of observations is published in KAROUS,
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M. (1989). It means that an exact mathematical modeling made in this chapter has certain restricting conditions to the way used. Adjacent
beds are not; we can suppose it is fresh air. In such case the resistivity of air would tend to infinity.

Centred tool ; index of curves: h _ Pressed-on tool ; index of curves: h

f(zh) | | |

0,5
0.5
0 J z
0 y4
= -10 -5 0 ) 10
-10 -5 0 5 10
I I — I | | I — ! |
Fig. 4 The characteristic function of the centred tool Fig.5 The characteristic function of the pressed-on tool

12 Peculiarities of using of the induced polarization in the boreholes

In Czech Republic method of the induced polarization began like surface exploration. It was focused on exploration of disseminated
ore deposits. The first works was published in sixty years; GRUNTORAD, J., KNEZ, J., AND JUZEK, M. (1972), KNEZ, J. (1967) and
(1975). The surface observations were followed by works investigating the induced polarization on samples; KOZEL, J. and ONDRA, P.
(1972). This all was focused on disseminated ores.

All system of the induced polarization was theoretically and transparently processed in the text-book focused on geoelectric methods
of exploration, KAROUS, M. (1989). There are in detail explained the frequent and pulse methods, published results of modeling and all is
supported by vertical sections.

Later topic of the induced polarization was enlarged too for hydrogeology exploration. MAZAC, O. et al. (1981) and (1983).
Investigation of the induced polarization began too to get into domain of boreholes. It was as the first the pulse method, however, very soon
came up the frequent method. The induced polarization begins in the recent time to penetrate not only into domain of fresh water
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prospection but too in hydrocarbon exploration. Interpretation of induced polarization in the boreholes offers to appreciate an effective
porosity and through it permeability of beds too.

In the recent time you can use the induced polarization in the following domains:
Exploration of disseminated ore deposits;
Exploration of graphite and anthracite;
Exploration of fresh water;
Exploration of hydrocarbons.
In the Czech Republic in the recent time the last two domains are very perspective, mainly, for the borehole exploration. Registering

of the induced polarization in the boreholes has its peculiarities which are specific and which cannot be on the surface of Earth. Here exist
a lot of very specific questions:

e How observations are influenced with the borehole diameter;

e How observations are influenced with the tool diameter; differences between thick and thin tools;
Has an influence on registration the tool position in the borehole and if it is, what is it;

What influence carries the tool spacing;

How to eliminate influence of the SP-potentials;

What influence have the important factors like thickness of bed and invasion zone are;

Those are questions being not when you register on the surface. The next questions are when you want to determine an effective
porosity, possibly, permeability of beds too.

e How to receive the final formula for interpretation of effective porosity;
e How to get the value of the chargeability of the formation water;

e How to interpret an effective porosity.

These last three questions will be topics of the next chapter.

13 Geological interpretations of logs
Let’s return again to those basic formulas. From these we can to interpret the real chargeability of rocks.

Ke=rke xaxf(L)xf(zhmAD: ), (68)

(D)=t (69)

(Z)2+1
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f(E,E,Z,E,-):lx arctg 2_Z+_h — arctg 224
T 2A + D; 2A + D;

The interpreted characteristic k. presents mixture of partial characteristics. The model of rock can be presented with the following
equation:
Ke—’fgl)xpf‘FK(e) (p—pf)+1(£,m)><(l—p), (70)
where p = total porosity of rock,

pf = effective porosity of rock,

Ke, ™ = the chargeability of the free water for the dipole polarization,

( ") = the chargeability of the bound water for the shifting polarization,

( )= the chargeability of the rock matrix for the shifting polarization.

Most of sedimentary rocks do not contain sulfitic ores or anthracite. That is why that the characteristic Kgm)tends to zero. On

condition that K(m) — 0, you will get simpler form of equation (70).

Ke _’(gl)pr+K(ez) (P—Pf) , 7

W)

Now, it is affair of formation water only. The characteristic . ~ is stable, because does not depend on temperature. However, the

characteristic K( ™ s dependent on temperature; with increasing of temperature is decreasing — the dipoles of free water get disoriented

again. In the borehole there tends it rapidly to zero. If you implement condition that it holds that ng) — 0, you will get simpler equation.

K‘e—K‘(e) (p—pf), for K'e<K'() (72)

This equation presents form which explains behaviour of different types of rocks. Aleurits and shales have highest deflections,
because they have effective porosity close to zero. It presents that permeability such rocks is zero; however, their specific surface is very
high. (ps<<p). For shales it holds even that ps= 0.

Equation (71) can be written also like this:

Ke= Ko X (1—ﬂj><p, (73)
p
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Gypsum has lowest deflections of all rocks. It is imporous rock absorbing water only into its lattice. As p = 0 it holds that k.= 0. This
explains behaviour of gypsum. Sands and sandstones have values somewhere between gypsum and shales. Here depends it on their
effective porosity and total porosity together. Effective porosity is the primary factor; the secondary is total porosity. What is important is

determining of characteristic K( ™. You determine it from the crossplot k.= f (p). You have relation tgp = K(W)x ( 1-pe/p ).The line of

shales/aleurits, because pr = 0, has tgp = K N and for p=1 it holdske = K, ™ n contrary for absolutely permeable rock it holds that pr=p

and results intgp =0.

Over here is only little remark. Gas like H,S is usual component of natural gas. In some cases it is the only one of the natural gas.
Sulphur thanks its chemical reactions creates pyrite dispersion in shales and sands. Except the group of clean shales and sands we can
receive two next clusters; both will be higher than the chargeability of clean rocks is. The highest positions have shales with pyrite,
fragments of anthracite and graphitic pigment. The lower positions have sands/sandstones with disseminated ore grains, pyrite and graphite.
This cluster just of these points can have higher dispersion than the one for the shales. Then you can expect higher/lower gap and it follows
cluster of clean shales. The lowest positions have clean sands/sandstones; their dispersion will be probably too higher than for clean shales.
The all storey structure was considered from the top downwards.

Therefore absolutely it would be serious mistake in the crossplot there to apply at all costs the line of shales, condition ps = 0, after
the point having highest value of chargeability. You have to analyse which group belongs to clean shales and to determine the group of the
pyrite grains shales. The before line you insert for the cluster of clean shales.

The right inserting of the line of clean shales has moreover next important significance, because separates beds having ore grains
from the beds without any grains. This fact is useable for sedimentary uranium deposits.

And finally, you obtain separation important too for hydrocarbons exploration, because it is known that rocks with pyrite form
around hydrocarbons deposit a pyrite halo. KAROUS M. (1989).

If in the bed there are hydrocarbons present, equation (72) will change into form:

we= &0 x(p=py )xs, +58x(p=py Jx(=sw). (74)
It holds that ng) >> KS;) ; therefore the beds having hydrocarbons have much lower deflections than those having only fresh water. It
is characteristic for conditions in Vienna Basin and in Pannonia Basin of Western Slovakia. What is interesting is it does not hold for salt

(W)

water. High content of salt in water means rapid fall of the characteristic k., ™ For salt water it holds that Ke, _”(62) Then it is impossible

to differ between hydrocarbons and salt water; it is case of Eastern Slovakia.
The next region, where fresh water is, is almost all Bohemian Massif when you made locate and bound oil contamination from
various sources in fresh water. This is important in the recent time when the sources of fresh water are close to disaster by oil outflows.
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Interpretation of effective porosity supposes that you know difference (p — ps) after equation (72) and the value of total porosity p.
Effective porosity is defined then like that:
py=p-\p-p,)forp)(p-p,) (75)

Calculation of expression (p — Py ) is easy, because numeric characteristics both «. and K(evzv) are well known. For interpretation of

the rock permeability you can use either individual relations constructed between an effective porosity and permeability, or the derived
equations. The basic is Kozeny-Karman equation, the all next are usually variances of that.

14 Calibration of the induced polarization method
Calibration needs to have a calibrator being the part of equipment. The apparent chargeability of rock is defined owing to formula:

o= e (76)
Up
This is ratio of two voltages; the mentioned calibrator must consist of two independent voltage sources having accurately calibrated
values in [mV]. On the output of calibrator there is ratio (U;/ U,) which simulates the apparent chargeability. This voltage ratio presents the
standard-signal for calibration.
If we use a linear scale, the only etalon of the apparent chargeability is enough, nevertheless, for non-linear scale you will need to
have all set of such etalons. The etalon made with calibrator can be expressed in this form:

ko=, (77)

U2
where «, = the simulated apparent chargeability.

Deflection reflecting k o you get after this formula:

lo="2, (78)

n
where n = the step of linear scale [« /1cm],

/o= deflection on the log [cm].

Both voltage sources must be under metrological control; they present primary standard. The right adjustment and right function of
equipment needs to have a test pit with fresh water. Verification of all registration system including the electrode tool, too, is made in the
mentioned pit having big radius enough. The fresh water presents then the secondary etalon derived from calibrator of equipment. It allows
us to control stability of equipment.
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15 Conclusions
Due to analysis of the deduced relations being in accordance to experimental observations I reached these items:

e As the registered factor of the induced polarization method it is the chargeability of rocks. If you register the time spectrum, then here is
the next factor — the relaxation time of the polarization field;

e The sulfitic ores and anthracite have the electron-shifting polarization. The sedimentary rocks have both the dipole polarization and the
ion-shifting polarization, the first being dependent on temperature with increasing of depth dies;

e The real chargeability is dimensionless factor. We can also interpret the reduced chargeability of rocks which is dimensional factor
remarked [m ~'];

e The induced polarization method can be used for location of sulfitic ores or anthracite. The tool ought to be centred for well separation of
very thin beds;

e For sedimentary rocks the induced polarization method is recommended for prospecting of hydrocarbons in those rocks saturated with
fresh or brackish waters. The hydrocarbons have the shifting polarization. An increasing salinity of formation water tends to elimination
of differences between the beds having hydrocarbons and those having no hydrocarbons;

e (alibration of the method is made with the help of two voltage sources simulating the chargeability like a ratio. This apparent
chargeability is used for calibration of logs.
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