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Abstract 
The frequency dependence of complex electrical conductivity in the frequency range from to 
lo3 Hertz has been investigated for a variety of microcracked rocks from the German continental 
deep drilling project (KTB), Northern Bavaria. The laboratory measurements were made with a 
computer controlled four-electrode system on plugs saturated with brine of different salinity. It 
has been found that the complex electrical conductivity may be described using well kmown mod- 
els applied for shaly sands. The main feature of the conductivity spectra is a constant phase angle 
over the investigated frequency range combined with a nearly identical power law frequency de- 
pendence of the real as well as the imagmary parts. The results of the study show that complex 
electrical parameters dependent on (1) the crack porosity and surface area to porosity ratio, (2) 
the conductivity and other properties of the crack filling water, and (3) orientation and genesis of 
the nlicrocrack network. Complex conductivity measurements allow an uncomplicated separation 
of electrical volume and interface effects. Moreover, the results suggest that determination of 
specific surface area and other rnicrocrack network characteristics of crystalline rocks directly 
from complex electrical measurements can be made. 

Introduction 
Crystalline and metamorphic rocks are generally heterogeneous multiphase systems with a com- 
plicated internal microcrack system. They consist malnly of a nonconductive silicate matrix and a 
more or less conductive electrolyte solution in the rnicrocrack space (Schon 1 990). Various elec- 
trical phase boundary phenomena are of special interest, because they result in a hspersion of the 
electrical conductivity in the very low frequency range below 1 kHz. In the bench scale complex 
electrical parameters of crystalline rocks depend on 

mineral composition (electronic conductors), 
crack space structure (porosity, tortuosity, constrictivity), 
water composition and 
electrochemical structure of the matrix-water-interface. 

Therefore, they contain dormation about small scale electrical and hydraulic anisotropy, perme- 
ability and fluid properties. The anisotropy is caused by the orientation of disperse or laminar 
conductive minerals if present, and of the water filled microcrack system. Conductive matrix 
components (especially graphlte and sulphdes) can reach hgh concentrations in metamorphic 
rocks, and the influence of these minerals on the complex conductivity is very high. But in order 
to avoid this addtional complication, the present investigation is constricted to rocks without 
metallic conduction. Laboratory investigations of complex conductivity related to microstructure 
crystalline rocks are published for example by Olhoeft (1981), Lockner and Byerlee (1985), Ku- 
lenkampff et al. (1993), Nover and Will (1991) and Borner and Schon (1995). Of special interest 
is the publication related to shaly sands of Vinegar and Waxrnan (1984). The purpose of t h s  
paper is to provide a preliminary insight into the influence of microcrack structure upon very low 
frequency complex conductivity and electrical anisotropy effects in crystalline rocks. 
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Conductivity model 
The frequency dependence of complex rock conductivity d is analyzed using the constant phase 
angle model (Jonscher 198 1, Bomer, Schon, 199 1, 1995): 

where on is the conductivity amplitude at o=lHz, on the normalized angular frequency ( o n 3 / o  
=1 Hz) and 1-p the frequency exponent (in the order of 0 to 0.05). Generally all investigated 
samples without conductive matrix components (pyrite, graplute) show within a considerably 
error range the described frequency behaviour. Equation (1) implies a frequency dependent real 
and inlagnary part. The existence of a separate frequency independent conductivity component is 
ignored because it is experimentally not clearly observeable. On the other hand interface conduc- 
tivity is the dominating conductivity contribution in crystalline rocks with a noncondudive sili- 
cate matrix at medium salinities. Equation (I)  may be separated into the real and imagmary com- 
ponent 

* - " 7 

d = a  ca ~ ( l - ~ )  a n d d ' = a  sin ( I - ~ )  $: 1 " " L; i 
ail and 01 are the amplitude factors of the real and the imamnary parts. Equation (2) leads to 
the relationshp between the frequency exponent 1-p, the phase angle cp and the amplitude factors 
d and (7" : 

oU(o) d' 
tancp=----=--"-= tan 

d, 

For better understanding of the conductivity dispersion the relationship between the parameters in 
equation (2) and some microcrack and fluid properties has been analysed. 

Table 1 Sample specification (selected samples). 

861 C2k 
54D7m 
23A2t 
26Clb 

Standard 
deviation 

Qi 

( -  

Sample 

35 18.3 
379.9 
162.5 
186.8 

Spor 
in pm-l 

Depth in m 
O(TB) 

Garnet-Sillimanit-Biotit-Gneiss 
Gneiss, mylonitic 
Amphibolite 
Amphibolite 

Lithology 

0.00864 
0.01.19 
0.00673 
0.00939 

0.00019 
0.00182 
0.00015 
0.00027 

26.9 
9.9 
58.0 
69.5 
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Experimental 
Complex conductivity measurements were made on a series of &Rerent crystalline rock samples 
from the 4000 m deep KTB-pilot hole and some other locations. The sample specification inclu- 
ding depth of sampling can be seen in Table 1. The porosity @ and the surface to porosity ratio 
Spar) have been used to characterize the material . Porosity was measured by water injection on 
samples with a defined geometry. Internal surface area S, was determined by using 
BET-nitrogen-adsorption. The parameter Spar is important for characterizing Transport proper- 
ties of rocks (Pape et. a1 1987). All samples were carefully vacuum saturated with sodium chlo- 
ride solution of known conductivity ow at 25OC after drying at 60°C to a constant weight. The 
conductivity of the brine was in the range from 0.001 to 10 S/m. 

Relationship to surface area and porosity 
Surface area, porosity and tortuosity are important parameters for the characterization of mi- 
crofracture geometry. Hence it is necessary to understand how these quantities control the level of 
compl ex conductivity components, and therefore i n d u d  polarization-parameters derived from 
logs. 

The experimental investigation of salinity dependence of complex conductivity components 
(multiple salinity method) has shown a similar behaviour to shaly sands. The real part 0; in 
equation (2) can be &vided into an electrolybcal volume conductivity component Gel and an 
ohm~c interface conductivity component G,!, correspondmg to the expressions of Waxman and 
Smits (1968) and h n k  and Schopper (1974) for fixed frequency measurements: 

7,wit.h the well known Archeequation (Archie, 1942) 

where a, is the water conductivity and F the hgh salinity formation factor. Solid-fluid- 
interaction between silicate matrix and brine results in the development of an electrical double 
layer. The capacitive behaviour of the porous multiphase system is caused by charge separation 
on constriction along the pore or crack thoughts. Hence, the imaginary part (7:: in equation (2) is 
identified with the capacitive effect of the interface in the low frequency range: 

The salinity dependence of a" is more or less weak. The salinity dependence of both the real and 

irnagmaql part of conductivity in Figure 1 illustrates the different dependences. The experimental 
results in Figure 2 show that both interface conductivity components are linear dependent on Spar 
(Bomer, Schon and fung 1993). The effect was already obseved on shaly sandstones (Bomer and 
Schon, 1991). Figure 3 illustrates the relationship between F and crack porosity. The correlation 
is less sigmficant than in the case of reservoir rocks due to measuremat accuracy of low porosi- 
ties. Based on Rink and Schopper's (1974) equation, a; is described as 
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Table 2 Electrical parameters of crystalline rocks from the KTB-Pllot hole, 

UG/ax 

UGIax 
UGIra 
UGIra 

y l o - '  
D 

0 'f I -  

F Sample Ow in S I ~  1 On 

10 - I z  

Figure 1 Real and imagtnary part vs. a, for a gneiss and an amphibolite sample. 
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0.000158 
0.00259 
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0.00469 

0.0331 
0.0152 
0.0391 
0.0156 

3165 
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Figure 2 Complex Interface Conductivity Figure 3 Formation factor vs. microcrack 
Components vs. Surface-to-Porosity ratio Spor Porosity. 

where FI for purposes of simplicity, is the same formation factor as in equation (5). f(ow) is a 
general function considering salinity dependence (Vinegar and Waxman, 1984). The imaginary 
part of conductivity of gneisses and amphibolithes is described with the following simple parame- 
ter equation (see Vinegar and Waxman, 1984, Bomer and Schon, 1995): 

where I is the ratio of the two interface conductivity components and a,!'. I is in the order of 
about 0.03 for the low porosity crystalline rocks. Generally, in the case of the investigated meta- 
morphc and igneous rocks no significant difference to the complex conductivity behaviour of 
shaly sands was found. 

Anisotropy 
It is well known that metamorphic rocks are characterized by a sigmficant anisotropy of transport 
properties. The orientation of conductive solid andlor liquid phases in the rock results in an elec- 
trical anisotropy. Various authors found on samples from the KTB-project an electrical anisot- 
ropy caused by rnicrocrack orientation (e.g. Rauen and Lastovickova, 1995). But they restricted 
their investigation on DC-conductivity or the real component of electrical conductivity. 
Microcrack networks in crystalline rock samples are generated by two dtfferent processes: true or 
primary microcracks are caused by tectonic stress and other geodynarnic processes. The second 
type of microcracks is caused while the drilling and sampling process. 

Microcrack network 

Current path 

Charge Polarizalion 

Figure 4 
h so t ropy  of current 
flow and charge po- 
larization through the 
microcrack network. 
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We found w i h  the investigated KTB samples an anisotropy behviour for both the real as well 
as the imagmary part of conductivity (see the illustration of the effect in figure 4 ). In clean sili- 
cate crystalline rocks electrical anisotropy is caused by the water filled crack system alone. This 
anisotropy phenomenon may be separated in two types: 

orientation of the conductive crack or pore system 
orientation of the crack surface system. 

The following model consideration connects measured parameters and the individual physical 
components of anisotropy. Equations (4) and (6) may be established for two directions (I and //) 
of current flow though the rock. Then the anisotropy factors for the real part wre as well as the 
imagmary part wim was defined according to Schon (1996): 

IY is in order of 1.2 to 1.9 for the real part and 0.9 to 1.6 for the imagmary part. The anisotropy 
factors found to be dependent on frequency (figure 5). Accordmg to equation (1) the complex 
anisotropy P* is d e h e d  with: 

The electrical anisotropy is related to the orientation of conductive microcrack systems. It is 
caused by direction dependent tortuosity of crack space and crack surface. From equations (9) 
and (1 0) a relationship for the two anisotropy ratios results 

Figure 5 
Frequency depend- 
ence of electrical 
anisotropy . 
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equation has the form 

Equation (13) describes the dependence of the anisotropy ratio W on the pore space geometric 
parameters 1 1 , Fl, F and the conductivity components dl, < , , depending on the orienta- 

1' 1 1  1 l 
tion and the Influence of the brine conductivity o . Figure 6 shows curves calculated after q u a -  

W 

tion (13) for rllfferent values of the individual parameters (Table 3) in a W vs. 0 .plot. 
W 

Obviously there are three "types of dependence" 

Table 3 Values for parameters in equation 13 used for figure 8. 

W increases with increasing ow, 
W decreases with increasing o , ,  
W is constant with increasing ow. 

An analyse of the mfluence factors acting on anisotropy seems possible: 

- the W-value for decreasing o tends towards the constrictivity ratio 
W 

- the relationshp between F, and F,,(c$, 1 q,,) can be derived from the character of the plot 
(upgo& constant, or downgoing). 

0' 
i l l  

?I- % 
1000 
1430 
1000 
1430 
1000 

F, 

1000 
1000 
1430 
1000 
1430 

curve in figure 6 

1 
2 
3 
4 
5 

In figure 7 some experimental results are analyzed by an iterative approximation. We find all 
three types. The parameters are summarized in table 4. 

2 0' 
11 

10-5 m ~ ~ m  
lom5 mSlm 
lo-5 mS1m 
lo-5 mS/m 
lom5 mS1m 

1 
I - 

1 
/ / 

1 
1 
1 
1.2 
0.8 

This first test was made with a constant value for qL = 0.5 * 1oa5rns / rn . The derived values 
confirm distinct differences of the samples with respect to the anisotropy of the constrictivity 
(from 0.33 to 1.43) but aIso to the combined effect of the anisotropy of formation factor and the 
ration a;'!, / . A separation of the formation factor anisotropy is possible from an analyse of 

I Y ~ ~  for high salinity: 
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Thus the following way for a complete analyse results: 
..................*..~...........~..-.+,.~--...--~.-.--..---.........-.*......--..--..--.....--....--.. 

r 1 

Table 4 Values for parameters in equation 14 obtained from experiments. 

Experimental v dues 
-=-- - 

Wre = f (0,) w, = fb,) 

2 

I for high values of a, w - U'im 
2 

Wre 

I 
A for low values of 0, 
1 
/ / 

2% 

1 o - ~  mS/m 
lo-5 mS/m 
lo-5  mS/m 
1 o - ~  mS/m 

separation into (F/ ,  / F') md (oil / oj,/) 
. . . - . . . . . - . . . .~ . - . . . - .~ . . .~~~~. . .~~.~ . . . - - .~ . . . * . . . - . .~ - . . . . - - - . . - - - . - - . . - - . .~ - . . - . . - - . - . - . . - - - - . . . . - .  

' curve in figure 7 

1 
2 
3 
4 

It can be seen that the ratio of the anisoptropy factors may be used to estimate the constrictivity 
ratio. Then we get two structural information from complex electrical anisotropy. Based on the 
assumption that cracks with dfferent genesis are characterized by high and low specific surface 
area due to geochemical hlstory, a differentiation seems to be possible. If the crack surface area 
in one direction is high the rock should have a ratio W which is significantly different from 1. In 
the other case, secondary cracks should be visible by a W-ratio near 1 because both anisotropy 
factors m a d y  effected by the formation factors. But further investigation are necessary. 

< 

1000 
2000 
1430 
1000 

I* - 
I 
/ / 

0.85 
0.33 
1.43 
0.73 

a' 
i 11 F i r -  % 

1730 
6250 
1000 
900 

Table 5 Values of electrical anisotropy for crystalline rocks 

Granite (Pham et. a1 1995) 1.00 - 1.10 - 
Gneiss (KTFl, Rauen, Lastov. 1995) 2.84 

Type of samples 

Amphibolite (KTB, this investigation) 
Gneiss (KTB, this investigation) 
Granite (this investigation) 

Wre 

1.08 - 1.12 
1.22 - 2.89 
1.22 - 1.72 

Wim 

1.03 - 1.29 
1.01 - 1.97 
1.36 - 1.90 
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I / Figure 6 Arusotropy 

! sigma w in S/m 

ratio W vs. water con- 
ductivity, theoretical 
curves. 

I ] Figure 7 Amsotropy 

0 ,O l  0,1 1 10 

sigma w in S/m 

ratio W vs. water con- 
ductivity, experimental 
values and fitting 
curves. 

Conclusions 
Mcrocracks in crystalline rocks were described using well known structural parameters like for- 
mation factor and surface area-to-porosity-ratio. It was found that relationships between conduc- 
tivity components and these parameters as well as the water composition show a similar beha- 
t o u r  to shaly sands. On this basis the experimentally measured frequency dependence for water 
saturated rocks was described with a relatively simple petrophysical model, whch includes a 
electrolytic volume conductivity and a interface conductivity with an ohmic and a capacitiv con- 
tribution. The analyse of the complex electrical anisotropy behavioux of the crystalline rocks 
shows a significant dependence of anisotropy on water conductivity. In the range of low conduc- 
tivity of the crack filling water electrical anisotropy is determined by direction dependent interface 
properties and the constrictivity of cracks. At high water conductivities the formation factor ratio 
and tortuosity determines electrical anisotropy. These behavior results in different types of ani- 
sotropy vs. water conductivity curves. The analyse may be used to &stingush cracks caused by 
different origm. 
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