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Abstract. Rocks freshly cored from depth at the German continental scientific drilling site (KTB) 
offer an opportunity to study transport properties in relatively unaltered samples resembling 
material in situ. Electrical conductivity • was measured to 250 MPa pressure, and room 
temperature on 1 M NaCl-saturated amphibolites from 4 to 5 km depth. An unexpected feature 
was an increase of • with pressure P that appeared (anisotropically) in most samples. To 
characterize this behavior, we fitted the linear portion of logo versus P to obtain two parameters: 
the slope dlog•/dP (of order 10 -3 MPa -•) and the zero-pressure intercept •0. Samples of positive 
and negative slopes behave differently. Those having negative slopes show strong correlation of 
•0 with a fluid property (permeability). This behavior indicates that fluids exert the dominant 
control on •0 at low pressure when •0 is greatest, which is typical behavior observed in previous 
studies. In contrast, samples with positive slopes lack a correlation of •0 with permeability, 
indicating that fluids are less important to positive pressure behavior. Another result is that 
samples of negative dlog•/dP have uncorrelated slopes and initial conductivities. In significant 
contrast, samples of positive slopes have the greatest P dependence for lowest initial conductivity 
•0, that is, the less fluid, the more positive dlog•/dP. Hence positive dlog•/dP is consistent with 
reconnection of solid phases into a conductive texture better resembling that of rock at depth. 
Detailed examination of one sample by electron probe and scanning electron microscope reveals 
the presence of carbon on internal cleavage surfaces in amphibole, the most abundant mineral 
present. Thus carbon probably dominates the reconnection, but total • still involves fluids as 
well as Fe-Ti oxides. For the KTB location it is inferred that the reason mid to deep crustal 
electrical conductivities modeled from geophysical measurements are so much higher than 
conductivities of silicates is the presence of interconnected good conductors involving films of 
carbon on surfaces and other solid phases. 

Introduction 

A persistent problem in interpreting geophysical electrical 
conductivity • has been relating it to conductivities measured 
in the laboratory. The most abundant crustal silicates at 
crustal temperatures are nearly always more insulating by 
orders of magnitude than are crustal conductivities from 
geophysical models [Kariya and Shankland, 1983; Olhoeft, 
1981 a; Lee et al., 1983; Brace, 1971]. The common remedy 
has been to invoke the presence of a material of higher 
electrical conductivity that may not be present in samples 
measured in the laboratory but that are known to exist in the 
field. Table 1 suggests orders of magnitude for a few materials 
that may impart high conductivity together with minimum 
volume fractions required to obtain conductivities of the order 
of 10 -2 S m -• The presumption for a minimum volume fraction 
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is nearly linear dependence on volume fraction of the 
conducting phase as in parallel alignment of conductors or in 
effective medium theory [Waft, 1974; Madden, 1976]. 

Different means for enhancing mid and lower crustal 
conductivities have been argued for some time [e.g., Haak and 
Hutton, 1986; Schwarz 1990; J6dicke, 1992; Jones, 1992; 
Frost and Bucher, 1994, Hyndrnan et al., 1993]. Numerous 
workers have attributed crustal conductivity to fluid-filled 
porosity [e.g., Brace, 1971; Frost and Bucher, 1994, Olhoefi, 
1981b; Shankland and Ander, 1983; Gough, 1986; Bailey et 
al., 1989; Hyndrnan and Shearer, 1989]. Jiracek [1995] and 
Jiracek et al. [1995] have summarized the case for conduction 
by fluids at lithostatic pressure beneath a ductile cap zone. 
Although partial melt is another possibility, it is not expected 
outside regions of recent volcanic/tectonic activity. Solid 
phases such as ore minerals or graphite have also been known 
to produce zones of high conductivity, but they usually have 
been regarded as special rather than ubiquitous features of the 
mid to lower crust. Mapping of carbon films by Auger electron 
emission from metamorphic rocks [Frost et al., 1989; Katsube 
and Mareschal, 1993] together with the suggestion that 
connection of the films had been broken by unloading and 
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Table 1. Electrical Conductivity of Some Conductive Phases 
and the Minimum Amount of Each Required to Attain 
Geophysically Significant Conductivities 

Conductor Conductivity, Minimum Volume Fraction 
S m '• for 0.01 S m '• 

Seawater (-1 M NaC1) -3 -0.03 
Silicate Melt -•3 -•0.03 

Sulfides - 102 - 10 '4 
Ilmenite -103 -10 '5 
Carbon -• 10 4 - 10 '6 

As most of these quantities can vary extremely depending on 
geological conditions, they should be taken as guidelines. 

alteration as the rock was uplifted to the surface [Duba, 1992; 
Katsube and Mareschal, 1993] enhanced interest in the 
potential of carbon to influence crustal conductivity. As can 
be seen in Table 1, the exceptionally high conductivity of 
graphite or amorphous carbon means that only small amounts 
are necessary; further, several geochemical means for 
widespread deposition of such films had been hypothesized 
[Mathez and Delaney, 1981; Mathez, 1987; Sanders, 1991; 
Tingle et al., 1991; Walther and Althaus, 1993; Mareschal et 
al., 1992; Mathez et al., 1995]. A persistent problem has been 
that samples have rarely been available from the few 
documented regions having conductivities attributed to 
carbon [e.g., Alabi et al., 1975; Sternberg, 1979; Haak et al., 
1991; JOdicke, 1992], with the exception of black shales 
[Duba et al., 1988] from the north German conductivity 
anomaly [Losecke et al., 1979]. The latter, however, do not 
speak to the broader issue of conductivities of crystalline 
rocks. Freshly cored samples from the German continental 
scientific drilling site (KTB)now provide an opportunity to 
examine the solid conductor hypothesis [Duba et al., 1994] in 
more detail. The approach adopted here is to investigate 

relationships between conductivity behaviors of the rocks 
and to demonstrate distributions of the phases that can 
influence conductivity. In particular, we show that the sign 
(positive or negative) of the pressure change of conductivity 
can be used to interpret conduction mechanisms, and the slope 
is a diagnostic of interconnection of conducting elements. 

Experimental Methods 

This paper presents new, extended analyses of data fix)m 
original KTB measurements by Nover et al. [1995]. Electrical 
conductivity was measured at room temperature as a function 
of frequency between • 1 kHz and 1 MHz and at hydrostatic 
pressures to 250 MPa on randomly selected metamorphic 
rocks cored from depths between 4.1 and 7.0 km in the main 
Hauptbohrung and one from 1858 mdeep in the pilot hole 
Vorbohrung, both at the KTB site in Windischeschenbach, 
Germany. The KTB was drilled into the western margin of the 
Bohemian Massif in northeastern Bavaria, central Germany 
[Emmetmann et al., 1991]. The rocks are dominantly 
amphibolites and gneisses of amphibolite grade metamorphic 
facies. Detailed descriptions including electrical logs are to 
be found in Haak et al [1997]. For the purpose of comparison 
with rocks recovered from the core, an amphibolite (Sp769) 
from a surface exposure near Spessart, Germany, was also 
studied. All rocks measured were gneisses or amphibolites 
having initial porosity less than one volume percent. 
Measurements were made at a nominal room temperature of 
25øC on rocks that had been evacuated and then back- 

saturated with 1 M NaC1 solution following the method 
described by Llera et al. [1990]. The 1 M NaC1 solution was 
chosen to approximate the electrical conductivity of fluids 
encountered in the borehole. Conductivity was calculated 
from resistance measured with an accuracy of 1% as described 
in detail by Nover et al. [1995]. Figure 1 shows the 
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Figure 1. Experimental apparatus for frequency dependent measurements of electrical conductivity in a 
pressure vessel. 
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experimental assembly and a schematic of the apparatus used. 
Because fluid squeezed from the rock by confining pressure 
could be absorbed into the porous electrodes, the sample was 
measured in the "drained" condition of constant pore pressure 
El atm. 

The distribution of carbonaceous materials in rocks on the 

scale of a thin section was determined with the electron 

microprobe by rastering the electron beam over the analytical 
surface and simultaneously monitoring carbon X ray intensity. 
The latter was monitored by crystal spectrometer fitted with a 
Ovonyx Ni-C (OV95) multilayer diffracting crystal. A 100-A- 
thick layer of silver was used as the conductive coat. The 
procedure is described in detail by Mathez et al. [1995]. As 
emphasized in that work, the electron probe provides a bulk 
analysis in that the X ray signal emerges from a region a micron 
or so deep, whereas electron spectroscopies, which have also 
been brought to bear on the study of carbon in rocks [Mathez, 
1987; Frost et al., 1989; Tingle et al., 1991; Mareschal et al., 
1992], are sensitive to only the upper tens of atomic 
monolayers of the surface. Because analytical sensitivity of 
the electron probe for carbon is at best hundreds of ppm, 
several surface monolayers of carbon compounds are not 
detectable by this technique. To form visible images in the 
electron probes, carbon films must be at least tens of nm thick 
and therefore may represent features of significantly high 
conductivity. 

Thin slabs of rock were flattened on SiC paper and 
ultrasonically cleaned, the analytical face was polished with 
alumina/water slurties, and the slabs were mounted on glass 
slides with conductive carbon tape. The rock slabs were 
several millimeters thick, eliminating any possibility of 
contamination by the adhesive. Particulate contamination 
from the preparation materials or other sources was seldom 
observed but could easily be identified as isolated spots and 
imaged by secondary or backscattered electrons. The electron 
and X ray optics of the electron probe dictated that only small 
areas could be examined in a single-raster image. 
Consequently, numerous images of regions -200 pm across 
were collected for this study. The distribution of accessory 
minerals, in particular Fe-Ti oxides and sulfides, was examined 
in detail in all the samples at the thin section to micron scales 
by backscattered electron (BSE) imaging with a scanning 
electron microscope. 

Results 

Petrography 

The BSE image of Figure 2 shows features relevant to 
understanding electrical properties of this suite of samples. 
First, the quartz (black) and garnet (light gray) are insulators 
at both the temperature of these experiments and at in situ 
conditions at the KTB. Second, the ilmenite (along with trace 
amounts of sphenes and sulfides, all of which appear white) is 
relatively abundant in the photomicrograph, which is of an 
oxide-rich layer in. a sample having a well-developed fabric. 
However, the ilmenite does not make an interconnected 
network more than several hundred microns in length on the 
two-dimensional analytical surface, and neither the texture nor 
ilmenite abundance suggest that a significantly larger 
interconnected network exists in three dimensions. The other 

two samples examined contain much less ilmenite, sphene or 
other conductive phases. 
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Figure 2. Backscattered electron (BSE)image of amphibolite 
from sample H006 G52. The black material is quartz; the dark 
gray mineral is amphibole (with carbon on some of cleavage 
surfaces); the light gray, granular mineral is almandine-rich 
garnet, and the white is ilmenite (plus minor sphene and other 
oxides). 

The outstanding feature of the two amphibolites, in which 
amphibole makes up 40-60% of the mode, is the presence of 
carbon along planar microfractures (Figure 3). These 
microfractures are interpreted to be cleavage planes because 
they intersect at the characteristic amphibole intersection 
angle of •120 ø. For garnet amphibolite H006 G52, one of 
three samples studied in detail, one hundred twelve of the 
three hundred twenty-six images collected (a third) displayed 
linear features decorated with carbon. This observation 

together with the facts that amphibole is the dominant rock- 
forming mineral and that the carbon forms linear arrays on the 
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Carbon films should not in general have the same electrical 
conductivity as highly graphitized bulk carbon. Crystallinity 
and structure as well as conductivity depend greatly on 
temperature-time history and are usually less than that of 
highly crystalline graphite [e.g., Spain, 1981]. Evaporated 
carbon films (which are the most studied but least resemble 
natural carbons) can have a substantial temperature 
dependence [Kupperman et al., 1973] but with enough time 
and temperature develop a "turbostratic" structure of oriented 
graphitic microcrystals [Oberlin et al., 1975]. Time and 
temperature act to increase conductivity of such amorphous 
films [McLintock and Orr, 1973]. In natural materials similar 
graphitic structures [Pasteris, 1988] or actual graphite have 
been found [Frost, et al., 1989]. It is not possible to be 
quantitative about conductivities of carbon in these rocks, but 
we expect them to be less than that of crystalline graphite 
(> 104 S m 'l). 

Conductivity 

Figures 4 and 5 show representative behaviors of samples 
subjected to pressure. In Figure 5 are defined the parameters 
used in this analysis: room pressure conductivity rs(0.1), the 
extrapolated intercept rs0 of the straight-line fit to the slope at 
higher pressures, and the logarithmic slope, dlog]0ts/dP. As 
indicated, the slope comes from the continuous data that occur 
at somewhat higher pressure after an initial offset. The offset is 
then the difference Atsi = o(0.1) -rs0 between initial and 
extrapolated conductivity and can be of either sign. 

The textures of Figures 2 and 3 afford a means of visualizing 
the different observed pressure effects through a simplified 
conductivity model such as that in Figure 6. The model would 
apply to samples as recovered and measured in the laboratory 
and may not necessarily represent the rock in its in situ 
condition because of differences in salinity of fluid saturant, 
temperature, and any alteration of crack porosity by coring and 
extraction. The interconnected portion of any fluid phase 
would conduct in parallel (and perhaps in series also) with 
the conducting solid phases shown as carbon-bearing 
amphibole and ilmenite; the latter is not an interconnected 

Figure 3. (top) Carbon X ray map on amphibole in sample 
H006 G52 and (bottom) corresponding BSE image. The 
cleavage surfaces intersect the analytical surface, exposing the 
carbon film on the former. The images are 200 pm across. 

amphibole analytical surface suggest that the carbon forms a 
high degree of interconnection and that the two phases 
together (carbon and ilmenite) must form a network of even 
greater connectivity. 

The precise nature of the carbon phase is not known. Initial 
attempts to characterize if by static secondary ion mass 
spectroscopy suggest that the films are composed of complex 
mixtures of carbons and hydrocarbons. From our electron 
probe study they are also known to be locally chlorinated, a 
characteristic of carbons observed on microcracks in other 

rocks [e.g., Mathez et al., 1995]. 
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Figure 4. Decreasing conductivity with confining pressure in 
amphibolite Sp769. The sample, which is similar to those 
recovered from the German Continental Scientific drilling site 
(KTB) core, was collected from an outcrop and thus exposed to 
weathering. 
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Figure 5. Anisotropic, increasing conductivity with 
confining pressure in amphibolite sample H007 from 4595 m 
in the Hauptbohrung. Room pressure conductivity is o(0.1), 
and o0 is the extrapolated intercept of the straight-line fit 
having slope dlog]0o/dP. There is an initial offset 
approximated by the quantity Ao i = o(0.1) - o0. 

phase by itself, but it enhances o by being in series with 
conduction through amphibole. 

As clearly demonstrated in previous work [e.g., Brace et 
al., 1965; Brace and Orange, 1968; Hyndman and Drury, 
1976; Rai and Manghnani, 1981; Lockner and Byerlee, 
1985], when conduction is by electrolytic fluids in rock 
fractures, the effect of confining pressure is to reduce fluid 
content and thereby to diminish conductivity. Thus the 
positive or negative sign of the slope of conductivity versus 
pressure is a diagnostic of conduction mechanism. In Figure 6 
the through-going, fluid-filled crack is regarded as more 
important to conduction than any solid phase and is 
diminished by confining pressure. Such behavior was 
measured in the present study on a rock sample (Sp769, Figure 
4) similar to the KTB samples but obtained from a surface 
outcrop. During exhumation and weathering, this sample 
presumably lost most or all of the delicate surface films that 
might have been present at depth [Duba, 1992; Katsube and 
Mareschal, 1993]. 

In contrast, the KTB core samples shown here mainly 
exhibit increased conductivity with pressure. Like Sp769 
these specimens are highly anisotropic, but this applies to 
both sign and magnitude of their pressure shifts. Such 
behavior is demonstrated in Figure 5. We note that this 
positive shift is a remarkable result that is not expected to be a 
simple consequence of the presence of conducting fluids. 
Indeed, although Glover and Vine [1992] observed positive 
pressure shifts in some dry samples, the shift changed sign to 
become negative in the presence of fluids. In the picture of 
Figure 6 the through-going, fluid-filled crack contributes a 
smaller conductance so that reconnection of solid phase 
conductors in the crystalline phases (principally amphibole) 
can overwhelm loss of the fluid conductance. In the other 

circumstances, which do not apply to these experiments, 
Lockner and Byerlee [1986] observed conductivity increases 
with time at constant deviatoric stress, but those 

measurements were made in the dilatant regime of increasing 
porosity as opposed to the condition of increasing confining 
pressure and decreasing porosity. 

Discussion 

In this section we explore further some relationships 
between measured physical properties and interpret them in 
terms of rock fabric and conductivity mechanisms. Results 
from a large number of experiments [see Nover et al., 1995] are 
summarized in Table 2. The conductivity behavior of rocks 
demonstrates that simple explanations in terms of a single 
conducting phase are not sufficient. For instance, frequency 
dependence of resistivity was interpreted by Nover et al. 
[1995] to yield a constant electronic contribution (from 
sulfides, oxides, or carbon) in parallel with the electrolytic 
component. 

Pressure-Induced Increase of Conductivity 
and Reconnection of Solid Conductors 

Figure 7 shows a particular feature of samples having 
positive slopes of logo versus P: the steeper slopes belong to 
specimens for which conductivities are low. One simple 
explanation (Figure 6) is that solid phase conduction takes 
place in parallel with another mechanism assumed to have 
negligible or negative pressure effect, most likely a fluid phase 
in these saturated samples, and that conductivity increases 
most strongly due to solid phase reconnection when there is 
less of a fluid phase contribution to offset it. Figure 8 displays 
this trade-off more clearly: the less the initial conductivity o0, 
the greater the slope of the positive pressure effect. On the 
other hand, there is no such trend for samples having negative 
slopes; for such samples the two parameters are basically 
uncorrelated. It is consistent with these results to associate 

the positive pressure effect with solid-phase reconnection and 
the intercept with conductivity due primarily to a fluid 
network. 

We have insufficient information on sample porosity, other 
than that it is less than 1%, to relate it to conductivity. 
However, permeability k, which is also a transport property 
directly comparable with conductivity because it also requires 
interconnected porosity, is probably a better measure of 
through-going fluid pathways. Figure 9, which remarkably 
resembles Figure 8, illustrates this connection and therefore 
the association of o0 with fluid. It is not surprising, then, that 
k and •0 are found to increase together, as seen in Figure 10. 
Figure 10 also shows a similar correlation with •(0.1), the 
other presumed measure of fluid interconnection at low 

[Imen[te 

carbon-bearing amph[bole 

fluid 

Figure 6. Conductivity model for this amphibolite suite. 
Carbon-bearing amphibole plus ilmenite conduct in parallel 
with fluids in cracks and pores. 
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Table 2. Properties of Samples 

Sample Depth, Initial Value Intercept Slope Permeability 
m (•(0.1 MPa), (•0 dlog10(•/dP, m2 

S m 4 S m 4 MPa -• 

H001B20a-A 4150.41 0.001972 0.0011471 -5.9021e-05 1.0E-20* 
H001B20a-R 4150.41 0.0015848 0.0012817 0.00077835 3.0E-20 
H001E44-A 4152.75 0.002243 0.0019829 0.00080060 6.4E-21 
H001E44-R 4152.75 0.0044875 0.0043772 0.00032705 4.52E-17 
H003A4-A 4251.22 0.0068301 0.0062101 0.00081511 3.17E-19 
H003A4-R 4251.22 0.0049855 0.0040225 -0.00070481 2.11E-18 
H 004 A 5 -A 4341.99 0.001711 0.0010605 -0.00064419 2.76E-20 
H004A5-R 4341.99 0.0023521 0.0016804 0.0011551 3.75E-20 
H005B20-A 4448.37 0.013083 0.013023 0.00019610 9.0E-19 

H005B20-R 4448.37 0.031656 0.031362 -0.00011127 6.68E- 17 
H006G52b-A 4516.60 0.0009798 0.0011489 0.0010152 2.47E-20 
H006G52b-R 4516.60 0.0063194 0.0072761 0.00041664 2.95E-19 
H007C25-A 4594.64 0.0020354 0.0016807 0.00067406 2.4E-20 
H007C25-R 4594.64 0.0081984 0.0081003 -5.6796e-07 7.10E- 17 
H008B22-A 4647.47 0.014774 0.015424 -7.0175e-05 1.55E-18 
H008B22-R 4647.47 0.017821 0.018327 0.00014512 2.04E- 18 
H009BI 1-A 4685.55 0.001699 0.0014401 0.00075653 5.0E-21 
H009B 11-R 4685.55 0.010529 0.010693 -0.00022751 5.57E-17 
H010C28-A 4822.23 0.0024846 0.0022351 0.00034268 3.44E-17 
H 010C28-R 4822.23 0.00663 0.0049762 -0.00062630 5.23 E- 19 
H011A8-A 5012.52 0.0016083 0.0012981 0.00069352 

H011A8-R 5012.52 0.0015917 0.0012936 0.00073320 9.61E-17 
H031-AItP 1 7011.97 0.02921 0.028445 -0.00040904 
H031-AItP2 7011.98 0.0048075 0.0042815 -0.00015264 

H031-B4gP1 7012.19 0.10536 0.063009 -8.0279e-05 
H031-B4yP1 7012.86 0.013275 0.0062431 -0.00015353 
H031-B4yP2 7012.84 0.012216 0.012045 -0.00073274 
H031-B4yP3 7012.90 0.011724 0.0054338 -0.0051074 
H031-B4yP4 7012.81 0.0060237 0.0056520 0.00044009 
H031-B4zPI 7012.80 0.013275 0.0033620 -0.00087542 

VB284x 1360.00 0.0016757 0.0014602 0.00086580 7.90E-19 

VB284y 1360.00 0.0012026 0.00070437 7.533 le-05 7.40E-20 
VB284z 1360.00 0.00064268 0.00040235 0.0011634 2.47E-20 
VB420x 1858.00 0.017983 0.020221 -0.00019777 

VB420y 1858.00 0.0056101 0.0065373 0.00023262 
VB420z 1858.00 0.0012007 0.00032862 0.0018107 
VB767x 3145.00 0.0049832 0.0041505 0.00017662 2.37E-17 

VB767y 3145.00 0.0023436 0.0021822 -0.00022827 1.0E- 19 
VB767z 3145.00 0.0011995 0.00078560 0.0010128 1.3E-20 
VB 769x 3150.00 0.0030886 0.0023851 -8.2699e-05 2.17E- 18 

VB769y 3150.00 0.00093898 0.00073773 0.00010304 
VB769z 3150.00 0.0014042 0.0011115 -0.00032630 

Ilmenite 
Plus Sulfides 

Volume Fraction 

0.010 

0.010 
0.005 
0.005 
0.017 
0.038 
0.005 
0.005 

0.015 

0.020 
0.039 

0.078 

VB samples are from the preliminary drill hole (Vorbohrung), and HBO samples are from the main drillhole (Hauptbohrung). 
Sample suffix A means a core parallel to core axis' suffix R means a core along a radius. 

*Read 1.0E-20 as 1.0 x 10 © 

pressure. In this case, the relationships hold regardless of 
slope of the pressure effect, another indication that solid 
phases have only a minor influence on o(0.1) and oo. The 
slightly better correlation for the case of negative dlog•0o/dP 
is another hint that curves with positive slope indicate the 
presence of solid conductors. As a final hint, we note that 
both parts of Figure 10 have a property predicted from models 
of conductivity and permeability. For simple parallel crack 
porosity a conceivable approximation for rocks that have been 
cooled, decompressed, and fractured, fluid-phase conductivity 

3 

increases as microcrack aperture w, and k increases as w on 
the assumption that the samples differ principally in their 
apertures [e.g., Fox and McDonald, 1985; Gudgen and 
Palciauskas, 1994]. Hence a plot of •0 versus k should show 
•0 oc k •/3, a relationship approximated by the data in Figure 10. 
Curves showing similar power law relations between 

conductivity and permeability when conduction takes place 
in the fluid phase have frequently been demonstrated [e.g., 
Brace etal., 1968; Brace, 1977; Locknet and Byeflee, 1985; 
Morrow et al., 1994]. Different power law slopes apply 
depending on assumptions of pore shape and configuration 
[David, 1993], with typical values in the range 1/3 to 1 
[Walsh and Brace, 1984]. 

We would expect that fluid-phase conduction in rocks in 
situ should be less than in laboratory samples because 
compression in the laboratory does not exactly reverse the 
previous expansion due to decompression and anisotropic 
contraction due to cooling during core extraction. Therefore 
the rocks should have had lower porosity at depth than in the 
laboratory and less of a fluid component of conductivity. 
Correspondingly, the necessarily imperfect reconnection of 
solid phases in the laboratory would mean that this 
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Figure 7. Logarithms of conductivities at pressures of 50 and 
240 MPa for samples having positive slopes. Curves of low 
conductivity display steeper slopes. 

component should have been stronger before the rocks were 
removed to the surface. 

Percolation Interpretation 

The hypothesis that positive pressure shifts result fiom 
reconnection of solid conductors in the rock is unusually well 
suited for interpretation by percolation theory. A classic 
example [Shankland and Waff, 1974; Zallen, 1983] is the 
resistor network of Figure 1 la. When a fraction p of bonds 
(links) is cut fiom the mesh, conductance of the mesh is 
reduced in a linear way until a critical fraction Pc is reached, 
no connected path remains, and conductance drops to zero. 

In the model proposed here the interconnected pathways of 
carbonaceous conducting films on grain boundaries or 
cleavage surfaces, such as those shown in Figure 3, were 
partially broken in the course of core extraction so that 
conductivity is at an intermediate condition less than the 
undisturbed state, hence somewhere along the slope of Figure 
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Figure 8. Slopes of pressure effect versus intercept c•0. In 
contrast with uncorrelated behavior for samples having 
negative slopes, samples of positive slopes show a trade-off of 
dlog]oo/dP with o 0. 

1 lb. (Except for cases of unusually carbon-rich rocks, we 
would expect nearly all the solid interconnections to be lost 
in weathered outcrop rocks such as those normally examined, 
for example, Sp769 of Figure 5. It is the freshness of the KTB 
rocks that makes them essential for these studies.) 

The model presumes that confining pressure restores a 
fraction of the interconnections. Bond percolation formulas 
are of the form 

c• P - P0 

{Jm 1 - P0 ' (1) 

where P0 is a fraction close to Pc and c• m is conductivity at 
maximum interconnection [Shankland and Waft, 1974]. To 
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Figure 9. Slopes of pressure effect versus permeability k 
showing how k has a relationship to slope similar to that of c•0 
in Figure 8. 
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Figure 10, The relationships between room pressure 
conductivity c•(0. l) and intercept c•0 with permeability k 
illustrates the relationship between these fluid-dominated 
properties. Although there is little difference between samples 
of positive dlog]ocddP and samples of negative dlog]ocddP, 
separate analysis shows the latter to be sli•thtly better 
correlated. Slopes such that c• 0 •c k •/3 and k TM illustrate 
suggested dependences upon crack aperture. 

estimate the reconnection rate, we can differentiate (1): 

I dc• 1 dp - (2) 
%ndP 1-p0dP ' 

Approximating a few values such that P0 • 0.33 and the slope 
dlog10cddP = I x 10 '3 MPa '1, which are typical values, yields 

1 do dlno dlogc• 

c•'d•' ~ d P ~ 2.3 d P • +2.3 x 10 -3 • 1.3 dp ~ ~ dP 

or, 

dp = 2 x 10 '3 MPa '1 (3) dP 

as the fraction of broken bonds restored by increasing pressure 
in the experiments. Of course this is a rough estimation for the 
parameters of the percolation model and not necessarily the 
rate that would occur in situ, because it is not possible to 
precisely reverse changes caused by core extraction. However, 
the advantage of using KTB samples is that core extraction 
should be less disturbing of carbon texture in the rock fabric 
than would be the exposure process at geological rates. 

Contributions From Oxides and Sulfides 

Highly conducting Fe-Ti oxides, principally ilmenite plus 
trace quantities of sulfide, are present in most of these rocks in 
significant volume fractions of 0.01-0.08, but their texture 
imposes difficult requirements for interconnection. When a 
mesh of conducting elements is used to model conducting 
elements, the shape of the elements is important. For example, 
to achieve a Pc of 0.25, which is the minimum value for 
interconnection in a roughly cubic, three-dimensional 

network, more than 25% of quasi-planar carbon films as 
conducting elements must make contact, but the volume 
fraction of carbon can still be low. However, when the 
conducting elements are roughly spheres or euhedral crystals, 
then a volume fraction greater than 25% is necessary to form an 
interconnection. As noted above, the ilmenite in the KTB 
rocks, although it locally takes part in the definition of the 
fabric, appears not to form an interconnected i•etwork in two or 
three dimensions. Even allowing for slight anisotropy in the 
rock fabric to enhance the possibility of interconnection, it is 
difficult to imagine that a volume fraction of the order of 0.01- 
0.08 could form an interconnected phase by itself. For this 
reason, the ilmenite is shown as being in series with the 
carbon-bearing amphibole in the simple model of Figure 6. 
The interpretation that carbon must take part in establishing 
connectivity with increasing pressure is further supported by 
the fact that we find no correlation of o o or dlogcddP with 
abundances of ilmenite and sulfides. 
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Figure 11. (a) Two dimensional model of a percolation mesh 
and (b) normalized conductivity of the mesh as a function of 
the fraction of uncut bonds. 
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Contributions From Fluids 

An alternative interpretation is that the increase in 
conductivity with pressure is due to redistribution of fluid- 
filled cracks into a phase of better interconnection [Rauen et 
al., 1994]. The pressure-induced phase would presumably 
more closely resemble that of films, that is, flatter cracks of 
lower total porosity. However, application of hydrostatic (as 
opposed to uniaxial) pressure acts to close cracks, and flatter 
cracks are the first to close on application of confining 
pressure [Walsh, 1965' Walsh and Grosenbaugh, 1979]. 

It is possible to consider other fluid-based causes for a 
positive pressure shift. For instance, in the unlikely event of 
only partial saturation in some samples and perhaps poor 
wetting by the fluid, then pressure might force improved 
interconnection leading to a positive pressure shift. However, 
in this case we might expect an initial positive offset Ac• i = 
c•(0.1) -C5o (defined in Figure 5), but this should then be 
followed by a turnover to negative slope as porosity decreases 
at higher confining pressures. Yet the higher pressure slopes 
defined in Figure 5 are the ones that are plotted and decrease 
with fluid contribution at higher permeabilities (Figure 9). 
Another argument against this hypothesis is that permeability 
in the KTB samples decreases monotonically with pressure in 
all cases [Nover et al., 1995]. A simpler explanation for the 
positive offsets might be that ilmenite is involved and makes 
its own better contacts through initial bridging with water 
and carbon such that it affects conductivity most strongly at 
the lowest pressures. Also, many other rocks [e.g., Brace e t 
al., 1965' Brace and Orange, 1968] were of similar low (less 
than 1%) porosity and as difficult to saturate, so effects of 
reconnecting imperfectly saturated porosity are not 
anticipated. If it were possible to repeat these experiments 
when the carbon films weathered away after several years, loss 
of the positive pressure shift would be consistent with the 
carbon conductor hypothesis. 

Finally, the process of core extraction should introduce 
porosity through decompression and cooling and cause 
breaking of solid phase interconnections. It is probably not 
possible to apply confining pressure in the laboratory to 
reverse this process that also breaks solid interconnections. 
However, such changes have the effect of enhancing fluid 
contributions over those of solid conductors in laboratory 
conditions. Hence the principal conclusion that a positive 
pressure shift of conductivity is an indicator of the solid 
reconnection is strengthened by the present observations. 

We checked for other relationships. No discernible 
correlations were found between slopes, intercepts, 
mineralogy, and quantities such as depth of origin of each 
core. 

Conclusions 

Measurements on KTB samples have afforded a rare 
opportunity to look into the midcrust under conditions much 
closer to those ordinarily available in the laboratory. They 
have made possible the observation of a previously rare 
positive pressure effect on electrical conductivity for which 
the simplest explanation is interconnected solid phase 
conducting elements. In the KTB rocks it appears to be the 
presence of carbon on the planar cleavage surfaces in one of the 
rock-forming minerals (amphibole) assisted by a good 
conductor (ilmenite) and some fluids that yield high 

conductivity. This work shows that the relatively high 
midcrustal conductivity seen in the Bohemian Massif can be 
dominated by solid conductors to yield conductivities of 

1 

order 10 '2 S m- as described by Haak et al. [1991]. If we also 
consider the general question of how much mid to lower 
crustal conductivity can be attributed to solid phases, we 
must ask how representative this region is of "typical" crust. 
Is the solid phase inferred for these rocks likely to be a 
widespread phenomenon or in comparison with free fluid 
phases [Hyndman et al., 1993]? Carbon films on microfracture 
surfaces have been observed in a variety of rocks and may be 
common. Yet it remains to be demonstrated that carbon or 

oxides are everywhere present in continental crust. 
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