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Summary

Figure 2: Resistivity magnitude at 1 Hz vs. sample number (A) and vs. porositv (B). The
lines in panel B indicate Archie’s law for a=1and m=1,3 (solid) and m=2,4 (dashed)
(after Spagnoli et al., 2016).

Figure 4. Selected spectra of three samples with no significant sulfide content (basalt samples)
and three samples with significant sulfide content, saturated with 5 S/m sodium chlorite
solution. Top panel: resistivity magnitudes. Bottom panel: phase shift.

Figure 4 shows 6 selected spectra, 3
of which are for unmineralized, and 3
for mineralized samples. The
sulphide-bearing samples generally
have large phase shifts in the range of
several 100 mrad, and low
resistivities, whereas sulfide-free
samples have small phase shift and
high resistivities.

Introduction
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CONCLUSIONS

Seafloor massive sulfides show a strong IP effect, i.e. large imaginary
conductivities and phase shifts, even under highly saline conditions.

The results indicate that using the imaginary conductivity, even different
types of mineralization (e.g. Cu-rich and Fe-rich) might be discriminated.
Many of the samples investigated here have resistivities so small that they
can not be explained by electrolytic conductivity. We conclude that the
minerals in those samples must be connected, and thus the spectra cannot
be understood with existing theories, which are based on disseminated
minerals (eg. Wong, 1979; Revil et al., 2015).

We also observe large phase shifts for the dry samples. If confirmed, the
consequences could be important because existing theories assume the
electrolyte as essential to explain IP effects.

REFERENCES

Bartetzko A., Klitzsch, N,, Itturino, G., Kaufhold, S., and Arnold,
J., 2006, Electrical properties of hydrothermally altered dacite from
the PACMANUS hydrothermal field (ODP Leg 193): Journal of
Volcanology and Geothermal Research 152, 109-120.
Hannington, M., Jamieson, J., Monecke, T., Petersen S., Beaulieu,
S. 2011. The abundance of seafloor massive sulfide deposits:
Geology 39. 1155–1158.
Pelton, W.H., S.H. Ward, G. Hallof, W.R. Sill, and P.H. Nelson,
1978, Mineral discrimination and removal of inductive coupling
with multifrequency IP: Geophysics 43, 588-609.
Revil, A., Florsch, N., Mao, D. 2015, Induced polarization response
of porous media with metallic particles -Part 1: A theory for
disseminated semiconductors: Geophysics, 80 (5), D525-D538.
Spagnoli, G., Hannington, M., Bairlein, K., Hördt, A., Jegen, M.,
Petersen, S., and Laurila, T., 2016, Electrical properties of seafloor
massive sulfides: Geo-marine letters, DOI 10.1007/s00367-016-
0439-5.
Wong, J., 1979, An electrochemical model of the induced
polarization phenomenon in disseminated sulfide ores: Geophysics,
44, 1245-1265.

The electrical properties of continental ore-bearing rocks have
been studied extensively (e.g. Pelton et al., 1978). Except for
some local studies (e.g. Bartetzko et al., 2006), little is known
about seafloor deposits. There is an increasing interest, in
particular in seafloor massive sulfides (SMS), which are
considered a new source of base metals with economic
relevance (e.g. Hannington et al., 2011). Here, we discuss
electrical spectra of seafloor samples and investigate potential
relationships between SIP parameters and mineral content.

We measured electrical impedance spectra of 40 seafloor samples,
30 of which are sulfide-bearing, and 10 are unmineralized host-
rock. The resistivity magnitude shows a clear difference between
mineralized and unmineralized samples, and also a weak grouping
between the different types of mineralization. The imaginary
conductivity at 1 Hz indicates an even more pronounced
discrimination, suggesting that complex measurements might be
useful for exploration purposes.
Surprisingly, even under dry conditions the sulfide-bearing
samples exhibit significant phase shifts, indicating that an
electrolyte is not necessary to generate an IP effect.

The samples represent a variety of compositions, ranging from
basalt host rock, non-ore mineralization to massive sulfide
mineralizations. Table 1 provides a detailed description.

Materials and Methods

Figure 1. Left: Sketch of the sample holder. Right: SMS
sample wrapped with Teflon tape.

Table 1: List of samples with some physical properties and
composition (Spagnoli et al., 2016)
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Figure 2A shows the resistivity magnitude at 1 Hz, sorted by sample number, which
corresponds to a grouping according to the dominant mineralization type. In particular, the Fe-
rich and Cu-rich samples have very low resistivities below 1m, and some even below the
resistivity of the fluid used for saturation (0,2 m). The low resistivities cannot be explained
by Archie’s law (Figure 2B). We conclude that the conducting minerals are connected in these
samples.

Results: Resistivity magnitude

Figure 3: Imaginary conductivity at 1 Hz vs. sample number (A) and vs. porosity
(B) (after Spagnoli et al., 2016)).

Results: Imaginary conductivity

The non-mineralized samples have small imaginary conductivities, the sulfides have much
larger values, with maxima for the Fe-rich and Cu-rich samples (Figure 3). Compared to the
resistivity magnitudes, the discrimination is considerably enhanced. The relationship with
porosity (figure 3B) is much weaker.

Saturated and dry spectra

The samples were also measured
under dry conditions. The resistivity
magnitudes (figure 5, left panel) have
considerably increased. However, the
resistivities of two mineralized
samples are still small (below 10
m), confirming that the conducting
minerals are connected.

The phase shifts of the dry samples
(figure 5, right panel) are large.
This is unexpected, because it is
generally assumed that the
elctrolyte is essential to generate an
IP effect. One hypothesis is that the
phase shifts are an artefact caused
by coupling or impedance effects.
An alternative hypothesis might be
that the phase shift is caused by the
conducting minerals themselves,
without an electrolyte.

Figure 5. Spectra of the same samples as in figure 4, after drying in a vacuum chamber at
10 mbar and 40°C for at least 24 hours.

Figure 2: Resistivity magnitude at 1 Hz vs. sample number (A) and vs. porosity (B)
(after Spagnoli et al., 2016)). The lines in panel B indicate Archi’s law with a=1,
m=1,3 (A) and m=2,4 (B).

The 40 plugs with 25 mm diameter and 50 mm length were measured with the sample holder
shown in figure 1. A highly conductive sodium chloride solution with 5 S/m conductivity was
used to saturate the samples to simulate the seafloor conditions. In order avoid a current
bypass through at the interface between sample and acrylic glass cylinder, the samples were
wrapped with teflon tape (figure 1).


