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Abstract

Ocean Drilling Program Leg 193 drilled two sites at the PACMANUS hydrothermal field, Snowcap and Roman Ruins. We
investigated electrical properties of core samples recovered from these sites to study the effect of hydrothermal alteration on the
electrical properties of dacite. Most of the samples are completely altered and have a high porosity (0.16-0.43). When saturated
with seawater, they have a high electrical conductivity (0.05-0.3 S/m) and low formation factor (12—103). The only fresh sample
has a low porosity (0.01), low electrical conductivity (0.002 S/m), and high formation factor (1920). The samples show a wide
range in tortuosity, which can be explained by the large variety of volcanic textures and changes in pore space structure due to
hydrothermal alteration. Samples from the Roman Ruins field that exhibit siliceous and sulfate—silica—clay alteration styles have a
high surface conductivity, which is related to high clay contents and the presence of clay minerals with high cation exchange
capacity such as vermiculite and surface conductivity has a significant effect on formation factor values. In contrast, siliceous
samples from the Snowcap field have lower surface conductivity, clay content, and cation exchange capacities. Borehole
conductivity measurements (induction log) indicate a non-negligible influence of electronic conduction due to the presence of
sulfide minerals. This indication is confirmed by laboratory measurements: several samples show a high frequency dependence in
their electrical properties which is probably related to the presence of disseminated pyrite. Intense fracturing, brecciation, high
porosity, hydrothermal alteration and the presence of pyrite mineralization are the main factors controlling electrical conductivity of
the hydrothermally altered formation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Leg 193 was the Ocean Drilling Program’s (ODP)
_ first endeavor drilling into an active hydrothermal vent
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Fig. 1. (a) Location of ODP Leg 193 drill sites in the PACMANUS hydrothermal field, eastern Manus basin, Papua New Guinea (modified after
Binns et al., 2002). (b) Overview of the boreholes sampled for this study at Site 1188 (Snowcap) and Site 1189 (Roman Ruins). Letters above the
seafloor represent the ODP name classification for boreholes drilled at each site. The numbers at the bottom of the holes give the average core

recovery and mbsf is defined as meters below sea floor.

New Guinea (Fig. 1a). It was discovered in 1991 (Binns
and Scott, 1993), and consists of several isolated hy-
drothermal deposits lined along the crest of a felsic neo-
volcanic ridge, Pual Ridge. Two of these deposits were
drilled during Leg 193 (Fig. 1b). One site, Snowcap
(Site 1188), is characterized by diffuse low-temperature
venting (~6 °C) at the surface, while the other site,
Roman Ruins (Site 1189), consists of numerous black
smoker chimney structures discharging hot hydrother-
mal fluids (220-276 °C). The rocks drilled at both sites
are of dacitic to rhyodacitic composition (Binns et al.,
2002).

With the exception of some unaltered lava flows at
the top of the Snowcap hydrothermal field, these rocks
are highly to completely altered, i.e. more than 80% of

Table 1

the original material is replaced by secondary minerals.
Hydrothermal alteration at PACMANUS is complex
and multi-stage, where several episodes of fracturing
and fluid flow result in multiple veining and alteration
events. Pervasive alteration of the groundmass or local-
ized altered patches along halos and veins have been
observed along with massive to semi-massive sulfides
and stockwork sulfide mineralization, particularly in the
cores from Hole 1189B (Binns et al., 2002).

ODP Leg 193 offers a unique opportunity to study
the effect of high-temperature hydrothermal activity on
the physical properties of dacitic rocks, especially since
these environments have not been particularly well
characterized. In this manuscript, we present a compi-
lation of electrical conductivity measurements carried

List of samples analyzed in this study and the samples analyzed at NER (Iturrino et al., 2004). GSC = green silica clay alteration, SSC = silica
sulfate clay alteration. Information on alteration is compiled from Binns et al. (2002)

Hole Sample (core-section, cm) Depth (mbsf) Vesicularity Alteration intensity Alteration style Laboratory
1188A 3R-1, 13-15 19.33 Moderately Fresh Film NER
1188A 7R-2, 76-79 50.46 Completely Siliceous/GSC NER
1188A 9R-1, 118-120 68.78 Completely Bleaching NER
1188A 14R-1, 102-104 117.02 Completely Bleaching/siliceous NER
1188A 16R-2, 46-48 137.31 Sparsely Completely GSC NER
1188A 17R-2, 29-31 146.89 Sparsely Completely GSC NER
1188F 257-1, 12-14 295.72 Completely Siliceous Aachen
1188F 26Z-1, 8-10 300.18 Completely Siliceous Aachen
1189A 8R-1, 87-90 68.87 Completely Siliceous NER
1189B 11R-2, 20-22 128.45 Slightly Completely SSC/siliceous Aachen
1189B 11R-2, 117-119 129.42 Slightly Completely SSC/siliceous Aachen
1189B 11R-3, 12-14 130.72 Moderately Completely SSC/siliceous NER
1189B 12R-1, 11-13 137.41 Slightly Completely SSC/siliceous Aachen
1189B 12R-2, 65-67 139.36 Slightly Completely SSC/siliceous Aachen
1189B 15R-1, 63-65 166.73 Completely Siliceous/SSC NER
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out in two different laboratories on variably altered core
samples from the Snowcap (Holes 1188A and 1188F)
and the Roman Ruins (Holes 1189A and 1189B) fields.
Samples selected for this study represent most of the
observed alteration styles (Table 1); however, no sam-
ples with pronounced sulfide mineralization were avail-
able due to low core recovery (<1-2%) in the
mineralized intervals.

Measurements on six samples were performed with
saturating fluids of varying salinity and thus conduc-
tivity. These measurements were undertaken to inves-
tigate the influence of surface conductivity on rock
conductivity and to determine formation factors. Sur-
face conductivity is related to inner surface area and
hence to clay content. Because of the high amount of
clay in these hydrothermally altered rocks, surface
conductivity was expected to play an important role.
These experiments also measured cation exchange
capacity, which provides complementary information
about the rock’s inner surface. In order to gather more
information, this data set was complemented by mea-
surements on nine samples carried out at the New
England Research Laboratory (NER) in Vermont.
Those measurements focused on electrical resistivity
as a function of frequency using a constant fluid
salinity.

2. Electrical conductivity of rocks

In a porous rock consisting of a non-conducting
matrix, the electrical conductivity is controlled by
both the electrolytic conduction of the fluid in the
connected pore space and by surface conduction at
the interface between fluid and mineral grains. In the
case of negligible surface conduction, the electrical
conductivity of the rock ¢, depends on the conduc-
tivity of the fluid ¢qy;q and on the inner rock structure,
represented by the formation factor F:

O fluid
F = 1
Orock ( )

For sedimentary rocks, an empirical relationship was
described by Archie (1942) to relate formation factor
and porosity ¢:

F=a¢p™ (2a)

The parameters a and m are theoretically constant
for an individual rock type. Originally it was assumed
a=1, but it was later found that a required modification
in order to fit experimental data. The exponent m is
often called the “cementation exponent,” but several
studies have shown that it is frequently not related to

the cementation of a sediment. Instead, a number of
structural parameters influence the parameter m, such
as the shape of the grains (e.g. Jackson et al., 1978;
Mendelson and Cohen, 1982), the shape of the pores
(e.g. Ransom, 1984), and the degree of network con-
nectivity (e.g. Purvance and Andricevic, 2000). In this
study, we consider a model-based approach for the
formation factor. The pores are assumed to be cylindri-
cal pores situated in periodic arrays (Kan and Sen,
1987). In this case, the formation factor can be de-
scribed as the ratio of tortuosity a to porosity ¢:

F=a/¢ (2b)

This corresponds to the Archie equation with the
cementation exponent m equal to 1, i.e. the entire pore
space is considered to contribute equally to the trans-
port of the electrical current. The tortuosity is a geo-
metric description of the rock and takes into account the
tortuous paths around the mineral grains. The simplest
model considers the tortuosity as the square of the ratio
of pore path length to sample thickness. In more so-
phisticated approaches, the tortuosity also accounts for
the constrictivity of the pores (variations in pore cross
sectional area) and the connectivity of the pore space
(e.g. Van Brakel and Heertjes, 1974; Guégen and Pal-
ciauskas, 1994).

Although originally developed for sediments,
Archie’s law has also been used in igneous environ-
ments (e.g. Pezard, 1990; Jarrard and Schaar, 1991;
Ildefonse and Pezard, 2001). Results of these studies
show that the electrical conductivity of igneous rocks
is primarily controlled by the void space, i.e. by the
fracture network. However, these studies also indicate
that clay minerals, the alteration products of igneous
rocks, increase electrical conductivity via surface
conduction.

Revil et al. (1998, 2002) developed a model to
explain conduction mechanisms in shaly sands and
zeolitized volcaniclastic rocks. This model considers
two electrical conduction mechanisms: (a) electrical
conductivity through electromigration of cations and
anions through the connected pore space, and (b) mi-
gration of weakly adsorbed counterions (primarily
cations) at the pore water—mineral interface. At high
pore fluid salinity, electromigration through the pore
space is the principal mechanism of conduction, while
surface migration dominates at low pore fluid salinity.
Based on this microscopic model, Revil et al. (1998)
proposed an expression (Eq. 11 in Revil et al., 1998) for
the macroscopic conductivity using the Hanai—Brugge-
mann equation. Assuming m=1, according to our
model-based approach for the formation factor (Eq.
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(2b)), the equation can be solved for the macroscopic
conductivity:

O fluid Osurface
o= 1+ (F—1)—/— 3
7 ( ) p— 3)

The surface conductivity gymee 1S mainly deter-
mined by the cation exchange capacity (CEC) of the
clay minerals in the rock. The CEC gives the maximum
number of surface exchangeable cations per unit mass
and is an important parameter for clay minerals. It
strongly depends on the content of swelling clay miner-
als, as they have a much larger specific inner surface
than other clay minerals (e.g. Patchett, 1975). In clay-
rich rocks with relatively small amounts of swelling
clay minerals (5-15 wt.%; e.g. smectite, CEC ~80-150
meq/100 g) in comparison with other clay minerals
such as illite (CEC ~10-40 meq/100 g) or kaolinite
(40-80 wt.%; CEC 3—15 meq/100 g), the electrical
conductivity is still highly dependent on the amount
of swelling clay minerals present, rather than on the
presence of illite and/or kaolinite, which may have a
contribution of only 10% to the CEC (Grim, 1968;
Kauthold and Penner, 2004).

Frequency influences electrical conductivity as a
result of electrical polarization processes inside the
rock (e.g. Pelton, 1977; Titov et al., 2002). This polar-
ization is due to the time-limited charge transfer (elec-
trode polarization) at the interface between a metal and
a fluid, and due to ion transport differences in wide and
narrow pores (membrane polarization) between a non-
metal (e.g. clay mineral) and a fluid. The conduction of
weakly adsorbed cations at the mineral surface is re-
sponsible for the ion transport difference because the
majority of cations contribute to the overall electrical
conduction in narrow pores. Electrode polarization gen-
erally produces a larger effect than membrane polariza-
tion. The relaxation frequency (or relaxation time) is
determined by structural parameters (grain or pore size
distribution).

3. Methodology

Electrical conductivity was measured at RWTH
Aachen on saturated cylindrical minicore samples
2.54 cm in diameter and 2-3 cm in length. Two current
electrodes were placed on the faces of the minicore.
Each current electrode consisted of a stainless steel
plate of 3 cm in diameter. To ensure a good contact
between the rock sample and each electrode, a thin
sponge saturated with fluid of matching salinity as
used for the specimen was placed between the two.

Two thin copper wires were wrapped around the sample
(distance between the wires 1 cm) to measure electrical
potential. Using the ‘4-point light” measuring device by
Lippmann—Geophysikalische Melgerdte, a constant
current / of 100 nA for low fluid salinity and of 1 pA
at high salinity, with a frequency of 8.3 Hz, was intro-
duced through the samples. The potential difference U
between the copper wires was measured. The conduc-
tivity G gample 1S determined by:

Osample — L/A I/U (4)

A is the cross-section of the sample and L is the
distance between the copper wires.

Electrical conductivity measurements were carried
out on samples saturated with NaCl solution of varying
salinities: demineralized water (~0.0003 M), 0.01 M,
0.1 M, seawater (~0.6 M), 1 M, and saturated (~2.9 M).
The core samples were first cleaned in demineralized
water to dissolve salts in the pore space that had
crystallized as the samples were shipped dry from the
core repository. Between the different saturation steps,
the samples were cleaned as before, again dried at 40—
50 °C for at least 72 h, saturated under vacuum and let
equilibrate for several days. Fluid conductivity was
controlled after saturation and during equilibration.
Five measurements of electrical conductivity were per-
formed at each salinity and averaged. All measurements
were carried out under laboratory conditions (i.e. room
temperature and atmospheric pressure).

Porosity was measured by determining the volume
of the samples and the volume of the solid rock (i.e.
matrix) using two pycnometers. The volume of the dry
solid material was measured with a helium pycnometer
(Accupyc™ ; Micromeritics, 2001a). The use of helium
as displacing fluid assures penetration into very small
pores. After determining the weight of the samples, the
density of the solid material was calculated (datrix)-
The total dry sample volume was measured with a
pycnometer that uses a synthetic material called
DryFlo™ (Geopyc™, Micromeritics, 2001b). The
measurements were carried out once without the sample
and once with the dry sample. The difference between
the two measurements gives the sample volume, and as
the weight of the sample is known, the dry bulk density
(dpurk) can be calculated. Porosity (¢) is then calculated

by
dm rix T d,
(]5 _ atd ' bulk ( 5)
matrix

The error of the porosity determined in the described
way is less than 3%.
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Measurements of the CEC were carried out at Bun-
desanstalt fiir Geowissenschaften und Rohstoffe
(BGR), Hannover, Germany. To determine the CEC,
the naturally occurring cations are completely ex-
changed by specific ions or complexes. The Cugiene
method (Meier and Kahr, 1999) was applied in this
study and uses a stable complex of copper (II) ions
with triethylentetramine (triene). The CEC is obtained
in units of meq/100 g (milliequivalents/100 g).

At NER, electrical conductivity measurements on a
total of 9 samples were made as a function of frequen-
cy. All the samples were saturated with a 31 g/l sea salt
solution under vacuum and equilibrated individually.
Measurements were carried out at room temperature.
The samples were first pressurized to approximately 5
MPa effective confining pressure (confining pressure of
10 MPa, pore pressure of 5 MPa) and allowed to
equilibrate to that stress. Electrical properties were
then measured using an NER ZMeter impedance anal-
ysis system using a four-electrode configuration (Lock-
ner and Byerlee, 1985). Data was collected at
frequencies ranging from 0.1 to 100,000 Hz. The for-
mation factor was determined at a frequency of 8 Hz for
one sample (sample 1188A-3R-1, 13—15) and at 10 Hz
for all other samples. A detailed description of the
methodology is available from Iturrino et al. (2000,
2004).

4. Results

The results of electrical conductivity measurements
with varying fluid salinities are pointed out in Table 2
and shown in Fig. 2. All samples show the typical
increase in rock conductivity with increasing fluid con-
ductivity at fluid conductivities greater than 0.2 S/m,
and all samples show similar electrical conductivity
values. At low fluid conductivities (<0.2 S/m), the
surface conduction dominates, and differences between
the samples are larger. The two samples from the

Table 2

-

(=]
L

Sample conductivity (S/m)
o
=
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Fig. 2. Sample electrical conductivity plotted versus electrical fluid
conductivity. Measured data are plotted as marks. Lines represent fits
using Eq. (3) for the individual samples.

Snowcap area have lower conductivities than the ones
from Roman Ruins field. Porosity values (Eq. (5))
range from 0.16 to 0.22 (Table 3). This narrow range
in porosity is consistent with the narrow range in
sample electrical conductivity at high fluid conductiv-
ity. This suggests that at high fluid conductivity, sample
conductivity is mainly controlled by the conductivity of
the saturating fluid and thus porosity of the rock. The
formation factor was computed using the values mea-
sured at the given seawater concentrations (Table 3).
Formation factor values derived using Eq. (3), which
considers surface conduction, are higher than values
calculated using Eq. (1) (Table 3). However, values
based on Eq. (1) are used to enable comparison with
samples measured at NER.

The CEC varies between 0.5 and 8.9 meq/100 g
(Table 3), and the values from the Snowcap field are

Mean value and standard deviation (Std.d) of electrical conductivity (in millisiemens per meter) of 5 repeated measurements on core samples
saturated with fluids of different salinity

Sample Demineralized water ~ 0.01 M 0.1 M Seawater 1M Saturated
(core-section, cm) (0.005 S/m) (0.12 S/m) (1.03 S/m) (5.08 S/m) (8.49 S/m) (24.4 S/m)
Mean Std.d Mean  Std.d Mean Stdd Mean Stdd  Mean Std.d Mean  Std.d
1188F-25Z-1, 1214 1.70 0.10 2.57 0.30 16.74 0.57 72.87 8.83 119.8 12.28 3229 17.38
1188F-26Z-1, 8-10 3.31 0.35 3.28 0.22 14.40  1.16 53.00 5.32 92.17 10.63  251.5 11.56
1189B-11R-2, 20-22 5.64 0.52 6.85 1.13 15.30 1.69 50.75 4.98 89.29 8.85 196.7 29.48
1189B-11R-2, 117-119  6.43 0.30 7.74 0.75 2346 1.6l 74.62  5.88 117.8 6.50  301.8  23.08
1189B-12R-1, 11-13 4.55 0.21 6.54 0.54 2276 1.23 78.76  4.35 127.7 1126 3099  40.00
1189B-12R-2, 65-67 433 0.36 4.92 0.30 14.67 091 4941 571 78.76 433 1695 1411
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Results for electrical conductivity, porosity, formation factor, and CEC for samples analyzed in this study and analyzed at NER (Iturrino et al., 2004)

Hole Sample Electrical Porosity Formation Formation factor, CEC Permeability
(core-section, cm) conductivity factor, Eq. (1)* Eq. 3) (meq/100 g) (m?, at 10 MPa,
(S/m)’ Iturrino et al., 2004)

1188A 3R-1, 13-15 0.002 0.01 1920 1.17 E-14
1188A 7R-2, 76-79 0.185 0.32 19 2.23 E-17
1188A 9R-1, 118-120 0.167 0.30 23 1.04 E-16
1188A 14R-1, 102-104 0.303 0.43 12 2.00 E-15
1188A 16R-2, 46-48 0.094 0.21 39 1.50 E-15
1188A 17R-2, 29-31 0.123 0.24 29 4.46 E-16
1188F 257-1, 12-14 0.072 0.16 70+ 8 76 0.5

1188F 26Z-1, 8-10 0.053 0.17 96+ 10 99 1.0

1189A 8R-1, 87-90 0.313 0.38 12 7.59 E-16
1189B 11R-2, 20-22 0.050 0.17 100+ 10 126 6.5

1189B 11R-2, 117-119 0.074 0.22 68+5 82 7.1

1189B 11R-3, 12-14 0.056 0.22 56 1.25 E-17
1189B 12R-1, 11-13 0.079 0.20 65+4 79 6.7

1189B 12R-2, 65-67 0.049 0.21 103+ 12 143 8.9

1189B 15R-1, 63-65 0.130 0.24 29 4.48 E-17

! Seawater as saturating fluid.
2 Error for formation factors were calculated by error propagation using the standard deviation of the electrical conductivity measurements

(Table 2).

significantly lower (0.5 and 1 meq/100 g) than those
from the Roman Ruins field (6.5-8.9 meq/100 g). This
result is consistent with the lower surface conductivity
of the samples from the Snowcap field.

Fig. 3. Formation factor and phase versus frequency for the measurements
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frequency dependency of electrical conductivity.

Results of the frequency-dependent measurements
are shown in Fig. 3. Electrical conductivity, formation
factor and porosity values are given in Table 3. Five of
the nine samples show only a slight decrease in forma-
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carried out at NER. Four of the nine samples show a considerable
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tion factor with frequency. The other four samples
(1188A-3R-1, 13-15; 1188A-9R-1, 118-120; 1188A-
17R-2, 29-31; and 1189B-11R-3, 12—-14) show strong
decreases in formation factor with frequency and con-
siderable phase shifts.

5. Interpretation and discussion
5.1. Porosity and formation factor

Most of the samples analyzed at RWTH Aachen and
NER have electrical conductivity values between 0.05
and 0.3 S/m, porosities between 0.16 and 0.43, and
formation factor values between 12 and 103 (for sea-
water as the saturating fluid). The only fresh sample
(sample 1188A-3R-1, 13—15) has a very low electrical
conductivity value (0.002 S/m), a very low porosity
value (0.01), and a high formation factor (1920). The
samples measured at RWTH Aachen tend to have
slightly higher formation factor values within the
same porosity range than the ones measured at NER.
However, this may be explained by sampling a rela-
tively small interval, as four of the six samples analyzed
in Aachen are from a short, 12 m long interval in Hole
1189B. Despite the differences in methodology and
pressure conditions, there is a high conformity between

the results obtained at both laboratories. However, Itur-
rino et al. (2004) demonstrated that, within the applied
pressure range, confining pressure does not have a
significant influence on the electrical conductivity of
the samples.

Fig. 4 shows plots of formation factor versus poros-
ity for the dacite samples analyzed in this study (Fig.
4a) and in comparison to values for volcanic rocks
obtained from other studies (Fig. 4b). The data show
the typical decrease in formation factor with increasing
porosity, values from the several sources depicted agree
remarkably well.

In Fig. 4a we plotted an upper and lower boundary
for the tortuosity (Eq. (2b)) of the Leg 193 samples.
These samples cover a broad range in tortuosity from
4.4 to 27.5. The high tortuosity values can be related to
the fact that the measured porosity used in this study
does not correspond to the effective porosity as required
by Eq. (2b). Almost the entire volcanic data set falls
within the range of tortuosity values observed in the
samples analyzed in this study. This indicates that the
samples from the PACMANUS field exhibit a wide
range in tortuosity representative for a variety of vol-
canic textures. They overlap particularly well with
values for basalts from ODP Leg 124 investigated by
Jarrard and Schaar (1991) and with zeolitized volcani-

a b
10000 — =— 10000
1000 — =—1000
5 E = Py
& 7 C 3
e 2
S 1003 =100 &
T = = .
£ . = 2
e A S
10— =10
3 Altered =
= samples -
1 T TllTIlIl T T T TTTTT T IIIIIII| T T T TTTTT 1
0.01 0.1 1 0.01 0.1 1
Porosity Porosity

Snowcap Roman Ruins

@ Aachen samples
% NER samples

® Aachen samples
+ NER samples

4 This study: hydrothermally altered dacite

X Jarrard & Schaar (1991): basalt ODP Leg 124
&> lturrino et al. (2000): altered basalt ODP Leg 169
0 Pezard (1990): basalt ODP Hole 504B

A Revil et al. (2002): zeclitized volcaniclastics

Fig. 4. Plots of formation factor versus porosity for (a) the samples from this study and (b) in comparison to results from similar measurements made
on volcanic rocks from different studies. Functions were calculated according to Eq. (2b).
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clastics analyzed by Revil et al. (2002). Basalts cored
during ODP Leg 124 are also from a back-arc envi-
ronment and those from Hole 768C are characterized
by high amounts of vesicles (30—50%) that are partly
filled with secondary minerals (Rangin et al., 1990).
The volcaniclastic rocks analyzed by Revil et al.
(2002) are diagenetic and hydrothermally altered tuff
samples where secondary mineral phases such as zeo-
lites and clays replaced the primary phases of rhyo-
dacitic to rhyolithic composition. In the Leg 193
samples, the original volcanic texture is preserved in
many samples despite the strong hydrothermal alter-
ation, (Binns et al., 2002; Paulick et al., 2004). The
samples represent massive coherent vesicular dacite
(e.g. samples from cores 1189B-11R and 1189B-
12R), flow banding textures (samples 1188A-7R-2,
76-79; 1188A-16R-2, 46-48; and 1189B-15R-1, 63—
65), or brecciation (sample 1189B-15R-1, 63-65).
This variety in volcanic texture is related to the com-
plex volcanic architecture that is characterized by
small-scale facies changes and emplacement of
small-volume individual lava flows (Bartetzko et al.,
2003; Paulick et al., 2004). These different textures
are related to different eruption and emplacement
conditions which can result in different pore space
morphologies, e.g. frequency, shape, and size of vesi-
cles and other void spaces (e.g. Saar and Manga,
1999; Smith et al., 2001; Sruoga et al., 2004). More-
over, multiple alteration stages, with extensive replace-
ment of the original igneous mineral phases by
secondary alteration products and recrystallization pro-
cesses, modified the pore space structure of the rocks.
Christiansen and Iturrino (2004) observed a decrease
in porosity with depth at the Snowcap site and attrib-
uted it to the increasing amount of quartz with depth
that fills void spaces due to hydrothermal alteration.
Ketcham and Iturrino (2005) concluded from high-
resolution X-ray computed tomography (CT) scans
and permeability measurements on Leg 193 samples
(the same sample set as analyzed at NER) that per-
meability is a result of pervasive replacement process-
es with subsequent stages of fracturing and mineral
precipitation. For example, CT scans show a uniform
effective microporosity in sample 1189B-11R-3, 12—
14, which is interpreted as a result of chlorite and
other alteration products replacing the original miner-
alogy. Two samples (1188A-9R-1, 118-120 and
1189A-8R-1, 87-90) show quartz—pyrite veins that
built low-porosity barriers but may have precipitated
along former fluid conduits.

Fig. 4 shows that tortuosity is a decreasing function
of porosity for porosities higher than 0.2. This trend is

expected because for a porosity of one (only fluid is
present), the formation factor should also be equal to
one, which implies a tortuosity of one (Eq. (2b)). The
observed decrease of tortuosity with increasing porosity
in the high porosity range suggests significant changes
in pore space structure. A possible explanation is that
the likelihood of connections between pores rises at
higher porosity. At the low end of the porosity spec-
trum, data plotted in Fig. 4 tend towards higher tortu-
osity values. Sample 1188A-3R-1, 13—15 is the only
sample analyzed in this study that falls into the low
porosity field and is also one of the samples with the
highest tortuosity. Macroscopically, this sample is mod-
erately vesicular, but measured porosity is low (0.01;
Tturrino et al., 2004) while CT scans indicate a higher
porosity (~0.05; Ketcham and Iturrino, 2005). Perme-
ability of this sample is high compared to the other
samples (1.7E-14; Table 3), which is in contrast to its
low porosity and low electrical conductivity. Neverthe-
less, the difference in measured porosity and porosity
derived from CT scans indicates a low connectivity in
this sample, which accounts for its high tortuosity. An
isolated porosity does not account for tortuosity and is
not considered in Eq. (2b).

5.2. Effect of hydrothermal alteration on electrical
conductivity

The sample with the lowest electrical conductivity
(0.002 S/m; sample 1188A-3R-1, 13-15) is the only
fresh one included in this study. It has only minor
alteration patches (Table 1; Binns et al., 2002). The
low connected porosity and slight degree of alteration
explain the low electrical conductivity. This sample
belongs to a unit of fresh lava flows at the Snowcap
site that cover the underlying, strongly hydrothermally
altered rocks (Binns et al., 2002).

All other samples are completely altered and 95% to
100% of the primary igneous mineral phases have been
replaced by secondary alteration mineral phases (Table
1; Binns et al., 2002). Samples are from depth intervals
that show beaching, green silica clay (GSC) alteration,
silica sulfate clay (SSC) alteration and/or siliceous al-
teration. Dominant alteration minerals are silica (25—
85%), clay (8-55%), and sulfate (14-30%). Clay
minerals commonly found at these depth intervals are
chlorite, illite, chlorite-vermiculite, chlorite—smectite,
illite—smectite, illite—vermiculite mixed layer clays
and also monomineralic pyrophyllite within the
bleached intervals (Lackschewitz et al., 2004).

Fig. 5 shows a plot of surface electrical conductivity
versus clay content and CEC for the samples measured
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Fig. 5. Relationship between surface electrical conductivity, clay content and cation exchange capacity. Surface conductivity values are derived by
fitting Eq. (3) to the data shown in Fig. 2. Clay content values were obtained from Binns et al., 2002.

at RWTH Aachen. The two samples from the Snowcap
Site are similar in surface electrical conductivity (0.002
and 0.003 S/m), clay content (~15%), and CEC (0.5 and
1 meq/100 g). Also, the four samples from the Roman
Ruins Site have similar surface electrical conductivity
(0.005 to 0.007 S/m), clay content (~40%) and CEC
values (6.5-8.9 meq/100 g). Surface electrical conduc-
tivity, clay content, and CEC are significantly higher in
the Roman Ruins samples than in the Snowcap sam-
ples. The two samples from the Snowcap Site are from
a narrow (~5 m) interval with siliceous alteration, char-
acterized by high contents of silica (85%) and clays
(14-15%) including chlorite, illite, and illite—chlorite
mixed-layers (Binns et al., 2002; Lackschewitz et al.,
2004). The samples from the Roman Ruins site are
from a depth interval with silica—sulfate—clay (SSC)
and siliceous types of alteration. Typical secondary
alteration mineral phases of this interval are quartz
(58-70%) and clay minerals (30—40%). The clay min-
eral phase of this depth interval does not contain chlo-
rite and illite, but instead chlorite-vermiculite and
illite—vermiculite mixed layer clay minerals (Binns et
al., 2002; Lackschewitz et al., 2004). Differences in
surface electrical conductivity and CEC between the
two sites can to some degree be explained by the higher
clay content in the samples from the Roman Ruins site.
However, clay mineral content is 2-3 times higher
while CEC is 6-9 times higher in the samples from
the Roman Ruins site than in the samples from the
Snowcap. The most likely explanation for the signifi-
cantly higher CEC in the samples from the Roman
Ruins site is the different composition of the clay
mineral phase, e.g. the presence of vermiculite in
mixed layer minerals. Vermiculite has a much higher

CEC (100-150 meq/100 g) than illite (10-40 meq/100
g) and chlorite (1040 meq/100 g; Grim, 1968), which
predominate in the Snowcap samples. However, com-
pared to the values of the pure clay minerals and
considering the high clay content of the rocks, CEC
values measured on the Leg 193 samples are low and
indicate a generally low content of swelling clays.

The higher CEC and surface conductivity of the
Roman Ruins samples also affects formation factor.
The sample with the largest CEC value (8.9 meq/100
g; sample 1189B-12R-2, 65-67) also has the highest
formation factor (143 using Eq. (3)) while the sample
with the lowest CEC (0.5 meq/100 g; sample 1188F-
25Z-1, 12—14) has the lowest formation factor (76 using
Eq. (3)). The difference between the formation factor
values derived from Eq. (1), which does not consider
surface conductivity, and from Eq. (3), which takes into
account surface conductivity, is significantly larger for
the Roman Ruins samples than for the samples from the
Snowcap field (Table 3).

5.3. Implications for the interpretation of in situ elec-
trical downhole measurements from the PACMANUS
hydrothermal field

During ODP Leg 193, downhole logging operations
were carried out in several holes (1188B, 1188F,
1189B, and 1189C; Binns et al., 2002). In all holes,
electrical resistivity logs show high conductivity values
ranging from 0.1 to 11 S/m (Binns et al., 2002). The
highest values of electrical conductivity are localized
and attributed to interconnected pyrite-rich stockwork
mineralization zones (Bartetzko et al., 2003). These
zones were mapped by Bartetzko et al. (2003) using a
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threshold of 6 barns/e™ in the photoelectric factor log as
an alternative indicator for the presence of pyrite. Fig. 6
shows that high electrical conductivity values are often
related to high photoelectric factor values. Thus, elec-
tronic conduction due to the presence of interconnected
sulfides, predominantly pyrite, has a controlling effect
on the electrical properties of the rocks recovered from
Hole 1189B. No samples from the stockwork zone were
available for this study and the samples analyzed in this
study contain only small amounts of macroscopic py-
rite, if any.

Fig. 7 shows a comparison of electrical conductivity
measurements from core and from wireline logging
data in the deeper part of Hole 1189B. Values measured
in the laboratory are lower than values obtained from in
situ wireline logging measurements. High-resolution
microconductivity images obtained from the Formation
MicroScanner™ (FMS) show a clear fracture pattern
and the typical texture of vesicular rocks or dissemi-
nated sulfides. One explanation for the discrepancy
between core and downhole measurements is that log-
ging data integrates over a much larger volume than the
core samples. Therefore, downhole measurements tend
to measure the higher electrical conductivity values

associated with large fractures, sulfide minerals, and
alteration clay minerals that may not be present in
core samples. Another potential explanation for the
disparity between core and log electrical conductivity
measurements is the difference in frequency used by the
different methods. Electrical conductivity and forma-
tion factor values from cores were measured at low
frequencies (7.5 to 10 Hz). Induction logging tools
such as the Phasor Dual Induction Tool™ (Trademark
of Schlumberger) employed during Leg 193 use high
frequencies of 20 and 40 kHz. Four of the nine samples
analyzed at NER show a significant dependence of
electrical conductivity on frequency, i.e. electrical con-
ductivity increases strongly with frequency (Fig. 3).
Two of these samples (1188A-9R-1, 118-120 and
1189B-11R-3, 12—14) contain macroscopic pyrite (Itur-
rino et al., 2004). In particular, sample 1189B-11R-3,
12—14 is representative of a clay-rich interval contain-
ing trace amounts of disseminated pyrite (Binns et al.,
2002; Tturrino et al., 2004) and this characteristic com-
position may contribute to the observed frequency de-
pendence. Fig. 7 shows that the conductivity value of
the core samples obtained at a higher frequency is
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Fig. 7. Comparison of electrical measurements on samples and from
in situ downhole measurements in Hole 1189B (Roman Ruins). The
left panel shows core data (black dots and crosses) and downhole
measurements using a Dual Phasor Induction Tool ™ (Trademark of
Schlumberger). The right panel shows an example of a microconduc-
tivity image carried out with a Formation MicroScanner ™ (Trade-
mark of Schlumberger) tool. The high-resolution image show the
vesicular and fractured character of the rock. See text for discussion.
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closer to the conductivity values from wireline logging
data.

Our results show that at PACMANUS, the effects of
several conduction mechanisms overlap and make it
difficult to compare electrical conductivity data from
cores to downhole logging measurements. Therefore,
most of the classical interpretation methods for down-
hole electrical conductivity measurements that are fre-
quently used to compute, for example, porosity profiles
using Archie’s law in environments where electrical
conductivity is mainly controlled by the (connected)
pore space, cannot be applied in this environment.

6. Conclusions

We investigated the electrical properties of core
samples of hydrothermally altered dacite recovered
during ODP Leg 193 at the PACMANUS hydrother-
mal field. The results of the electrical conductivity
measurements presented in this study show that three
electric conduction mechanisms are important. Elec-
trolytic conduction through the pore space is mainly
controlled by the structure of the rocks. Tortuosity is
highly variable because of a large variety in volcanic
texture due to a complex volcanic architecture and
emplacement history, as well as changes in pore
space structure caused by hydrothermal alteration.
Surface conduction is controlled by alteration style
and the composition of the clay mineral fraction, i.e.
the presence of vermiculite in mixed layer clay miner-
als. The occurrence of disseminated pyrite causes a
frequency dependence of electrical conductivity due to
polarization processes at the interface between metal
and fluid. The overlap of these different conduction
mechanisms complicates a comparison of electrical
conductivity data between core and logging data and
precludes most classical applications of the in situ
electrical conductivity logs.
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