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Abstract

Electrical properties of sediments encompass information about other linked physical properties, such as porosity and

thermal conductivity. In situ measurements of electrical resistivity offer a cost- and time effective method for obtaining a

comprehensive overview of near surface sediment physical properties. They also provide a quality check for in situ

measurements of related sediment properties or for data obtained from sediment core analysis.

We present results from the deployment of a sediment penetrating in situ probe which logs electrical resistivity of marine or

limnic sediments up to 4 mbsf. Additionally, acceleration and pressure are recorded during sediment penetration. As the

integration of acceleration delivers penetration depth with respect to time, a resistivity–depth profile can be derived.

The measurements presented were performed during cruise SO-149 in the Cascadia Basin and at the eastern flank of the Juan

de Fuca Ridge. The in situ probe is attached to a Lister-type heat flow instrument; therefore simultaneous measurements of

thermal and electrical resistivities are possible. Strongly influenced by porosity, both data sets show good correlation.

Continuous recordings of electrical resistivity can be used to validate and supplement the thermal data, which is only measured

in depth intervals of 30 cm. Comparison with other independent measurements such as porosity measured on sediment cores

also confirm the correct operation of the probe.
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1. Introduction

The electrical properties of deep sea sediments are

linked to other sediment properties through various

physical processes. An interesting parameter in

marine geoscience and engineering is, for example,

the porosity of sediments, which can be determined
(2005) 17–26
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from electrical resistivity by means of Archie’s Law

(Archie, 1942). A commonly used method of survey-

ing physical properties is the coring and analysis of

the cored sediments in the laboratory. However, the

change in temperature and in pressure while lifting the

sediment core aboard, or during storage, can influence

the sediment properties. Therefore it is of advantage to

determine sediment properties under in situ condi-

tions. In this paper we present results obtained using

an in situ electrical resistivity probe for the uppermost

4 m of deep sea sediment. The primary purpose of this

instrument was to complement and validate thermal

conductivity measurements, and it is thus attached to a

Lister-type heat flow probe (Hyndman et al., 1979). In

addition, the probe can be deployed separately

allowing the mapping of surficial sediment porosities

at comparatively low cost.

In the following a short introduction of the

construction and measurement principle will be given,

for details see Rosenberger et al. (1999). We will

focus on presenting the data and on comparison and

validation of this electrical data with independent

measurements like thermal conductivity and porosity

of sediment cores.

The data presented were collected in the summer

of 2000 during cruise SO-149 of the German R/V

bSonneQ. The aim of SO-149 was to investigate

different types of suspected fluid flow regimes at the
Fig. 1. An overview of the working area. Sea floor topography: persona
eastern flank and the active part of the Juan de Fuca

Ridge and in the Cascadia basin. During the cruise

physical properties of sediments were mapped

acoustically in attempt to quantify exchanges

between ocean and sediment and to detect possible

lateral gradients (Spieß and Fahrtteilnehmer, 2001).

In particular, in situ measurements were carried out

to substantiate a seismic survey from a previous

cruise of R/V bSonneQ, SO-111, in which narrow

zones of low seismic reflection were observed and

associated with low porosity values (Zühlsdorff et

al., 1999).
2. Working area

The working area of SO-149 was the Cascadia

Basin, which extends from the western continental

margin of Canada, Vancouver Island, to the Juan de

Fuca Ridge several hundreds of kilometers west of the

coastline. The ridge forms a barrier for terrigenous

sediments transported across the continental slope.

Therefore the basin is filled with turbiditic sediments

and even the eastern flank of the ridge is fully covered

with sediment (Shipboard Scientific Party, 1997). In

this area measurements were carried out on several

profiles at locations with different conditions of

sedimentation and sea floor morphology (Fig. 1).
l communication L. Zuehlsdorff, University of Bremen, Germany.
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The oceanic crust at the eastern flank of the Juan de

Fuca Ridge shows a sequence of alternating ridges

and troughs parallel to the main ridge, which are due

to normal faulting and variations in volcanic supply

during formation of the crust (Kappel and Ryan,

1986). The first ridge, which is fully covered with

sediments, is located 40 km east of the actual ridge on

1.4 Ma old crust (Davis and Villinger, 1992). The

sediment cover varies from 20 to 150 m, while the sea

floor topography reflects the basement structure

(Spieß and Fahrtteilnehmer, 2001). Perpendicular to

this ridge, in the following referred to as First Ridge,

profiles of electrical and thermal data were surveyed.

The Juan de Fuca Ridge consists mainly of narrow

axial rift zones, split in segments of about 50- to 100-

km length. This morphology resembles typical mod-

erate to fast spreading ridges (Davis and Villinger,

1992). In the northern part of the ridge the spreading

zone consists of three axial deep valleys: West Valley,

Endeavor Valley and Middle Valley (e.g. McManus et

al., 1972). Middle Valley is filled with hemipelagic

and turbiditic sediments, and sediment cover partly

reaches a thickness of 2 km (Shipboard Scientific

Party, 1992). At this location two profiles of electrical

resistivity were surveyed.
Fig. 2. The resistivity tip (circled) is part of a Lister type heat probe.

The strength member carries a 500-kg weight stand of triangular

shape. The electronics are placed in pressure cases which can be

fixed inside of the weight stand (Rosenberger et al., 1999).
3. Construction and measurement principle

As described in Rosenberger et al. (1999) the in

situ probe is fitted to a Lister-type heat flow instru-

ment (Hyndman et al., 1979), comprising a 500 kg

weight stand which also houses the pressure cases of

the data loggers (Fig. 2). The electrical sensing array

is mounted at the tip of the violin bow strength

member. Tip and head of the probe are made of steel

and connected with a steel bolt to provide inner

stability (Fig. 3). Two electrode arrays constructed

from sea water grade bronze are embedded in a

cylindric covering of delrin, a non-conducting, non

abrasive plastic material very stable under high

pressure conditions. The interior void between bolt

and covering is filled with polyurethane, so that the

probe hardly needs any maintenance.

The two electrode arrays are operated independ-

ently, thus providing an instant test of repeatability.

Due to a vertical spacing of 10 cm between them,

resistivity features are measured at different times by
the upper and lower array. Therefore, penetration

velocity can be estimated from these two profiles.

Since each electrode array consist of two current

electrodes and four potential electrodes, the arrange-

ment resembles two Wenner type configurations

projected onto a half cylinder (Fig. 4). To compen-

sate small scale lateral changes in resistivity, the

potential electrodes of the opposite Wenner config-

urations are connected and deliver an average

voltage.

The current electrodes are fed by an alternating DC

current with a frequency of 500 Hz. The two arrays

alternate during each cycle, which leads to a sample

rate of 250 Hz for the voltage difference between the

potential electrodes. The recorded value represents the

RMS value of ten samples. To monitor the penetration

process, the probe includes an acceleration sensor and
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a pressure sensor. Both parameters are also sampled

with a frequency of 250 Hz.

An additional function of the pressure sensor is to

control data acquisition. Before deployment of the

probe a pressure threshold value has to be chosen. If

the measured value exceeds the predetermined thresh-

old, data recording will begin, and end when the value

drops below. In this way the amount of data which is

to be stored is reduced and bpogoQ style measurements

are enabled: the probe is lifted back on board only at

the end of a profile, whereas it is just lifted for several

hundred meters above the sea floor between single

penetrations (Hyndman et al., 1979).
P: Potential Electrodes

C: Current Electrodes
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Fig. 4. A cut through the resistivity probe. The electrode arrange-

ment resembles two Wenner type arrays projected onto a cylinder

surface (Rosenberger et al., 1999).
4. Data processing

As a first step, the single penetrations of the probe

have to be extracted from the continuous data record.

Beginning and end of the sediment penetrating

process are marked by sudden changes on all data

channels. High amplitudes in acceleration data are a

characteristic indication for the weight stand hitting

the sea floor (Fig. 5).

Penetration depth vs. time is obtained by two-fold

integration of acceleration. The acceleration sensor is
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Fig. 5. Raw data of a typical penetration process (Profile 54, Firs

Ridge, Penetration 5). Begin and end of the penetration are marked

by sudden changes on all data channels. High amplitudes in

acceleration data are characteristic for the weight stand hitting the

sea floor.
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not calibrated absolutely, and hence the calculated

penetration depth is normalized to a thermal pene-

tration depth which can be derived from the thermal

data measured by the heat flow probe. Thermal

penetration depth is based on Bullard (1939):

T zð Þ ¼ q

Z z

0

dz4

k z4ð Þ þ T0 ð1Þ

where T0 is the bottom water temperature, k the

thermal conductivity and q the heat flow. The integral

is known as thermal resistance or Bullard depth. The

thermal conductivity profile is measured with the

pulsed line source method (Lister, 1979). The

complete data processing of the thermal measure-

ments is described in detail by Hyndman et al. (1979),

Villinger and Davis (1987), and Hartmann and

Villinger (2002). Since the temperature sensors are

30 cm apart, the integral in Eq. (1) turns into a discrete

sum. The heat flow is obtained by linear regression of

temperature versus thermal resistance. The position of

the uppermost thermistor relative to the sea floor can

now be estimated from the average thermal conduc-

tivity and the calculated thermal resistance for which

T is equal to bottom water temperature T0. At some

sites only electrical data exist. In this case the

calculated penetration depth has to be normalized by

the distance from the bottom of the weight stand to the

tip of the probe.

The electrical data are presented as formation

factor, which is defined as the ratio of total resistivity

q to pore fluid resistivity qf :

FF ¼ q
qf

ð2Þ

As the conductivity of porous media depends on

pore fluid rather than on the isolating matrix, the

formation factor provides information about sediment

porosity. This relation between porosity and conduc-

tivity or resistivity was described by Archie (1942):

FF ¼ q
qf

¼ a

um
ð3Þ

where u is the sediment porosity and a and m are

empirical constants which depend on sediment com-

position and texture. Data derived from ODP-Sites

1030 and 1031 indicate, that the measurement sites

are characterised by sediments with a relatively high
carbonate content and little sand (Shipboard Scientific

Party, 1992). Thus, we chose values for a and m

determined by Boyce (1968), which were obtained

from carbonate bearing to sediments of the Bering

Sea: a=1.3 and m=1.45.

Porosity values obtained by Eq. (3) with these

parameters show good correlation with porosities

obtained from independent measurements (see next

section). In all calculations it is assumed that the

salinity and therefore resistivity of the pore fluid are

constant and equal to bottom water salinity.

As mentioned before, porosity also affects thermal

conductivity, described by an empirical formula

(Brigaud and Vasseur, 1989):

k ¼ ku
f k1�u

m ð4Þ

were k is thermal conductivity of the sediment, kf is

the thermal conductivity of the pore fluid and km the

thermal conductivity of the sediment matrix. There-

fore, porosity can also be calculated from thermal

conductivity measurements, if kf and km are known.

For the data presented here we assumed a matrix

conductivity of 3.2 W/mK, taken from ODP meas-

urements during leg 139 in Cascadia Basin (Kinosh-

ita, 1994), and a thermal conductivity of seawater

with an average salinity at 0 8C of 0.5602 W/mK

(Schön, 1996). Thus, the combination of a heat flow

and electrical resistivity probe allows a direct com-

parison of porosity obtained from independent in situ

data recorded at the same time, location and depth

interval.
5. Results and discussion

The in situ probe for electrical resistivity was

deployed during cruise SO-149 in the area of

Cascadia Basin at several sites with different sea

floor morphology and sedimentation conditions. In

total we performed 75 successful measurements in

water depths ranging from 1200 to 2600 m. The first

site presented is First Ridge, where measurements

have been carried out on four profiles perpendicular to

the ridge structure. Fig. 6 shows formation factor of

the upper and lower array vs. time during a typical

penetration. The records show narrow peaks, which

enclose several sample intervals. They are super-
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imposed on a nearly constant background value and

there is a time shift between the records of upper and

lower array. The fact that both arrays record the peaks

at different times supports the interpretation that they

are real and connected to the local sediment properties

and structure. The penetration velocity estimated from

the time shift and the vertical distance between the

arrays is in good agreement with the velocity derived

from integration (Fig. 7).

We assume that the spurious high resistivity

measurements are due to an inclined penetration of

the probe combined with strong porosity gradients, as

inhomogenities in porosity and therefore resistivity

cause a distortion of the electromagnetic field. In

particular, if one current electrode is connected to a

sediment layer with low resistivity and the other

electrodes to a layer with higher resistivity, the

measured potential difference would be too high, a

problem well known from borehole measurements
(e.g. Ellis, 1987). Fig. 8 shows a typical resistivity log

obtained from a lateral device measurement for a thin

high resistivity layer. Therefore the peaks may not be

evaluated quantitatively, but they are probably an

indication for strong porosity gradients. However, not

all peaks are observed by both arrays, as the

inclination may change during penetration.

Along with the electrical measurements, heat flow

and thermal conductivity measurements were per-

formed. In Fig. 9 a comparison of porosity derived

from electrical and thermal data from the penetration

shown in Fig. 5 is presented. We also included data

obtained from two sediment cores taken in close

vicinity (personal communication, A. Fisher, UCSC,

Santa Cruz, USA). On average there is a good

correlation of these independently measured data sets.

Small scale variation shown in electrical data cannot

be verified by core data or thermal data, as the latter
l

:

l
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are only given for discrete points in certain depth

intervals. Variation of porosity, however, is of the

order of about 8% in all data sets. The average value

of porosity which is about 70% is in good agreement

with ODP measurements near this site (Shipboard

Scientific Party, 1997).

Previous seismic surveys of the First Ridge area

revealed linear zones of reduced seismic reflectivity

which where orientated roughly parallel to the ridge

crest and associated with areas of high porosity

(Zühlsdorff et al., 1999). According to Zühlsdorff

and Spieß (submitted for publication), these narrow

zones of deceased reflection amplitudes are clearly

correlated with pronounced basement peaks, but are

independent from seafloor inclination or distance from

the ridge crest. As all observed blanking zones are

linked with locally flexed layering, Zqhlsdorff and
Spiess suggest, that the vertical zones of higher

porosity are related to forced folding, which is defined

by Stearns (1978), as folding, in which the final

overall shape and trend of the fold are dominated by

the shape of some forcing member below. They

further assume that the extensional stress field, which

is caused by layer perpendicular shortening and layer

parallel extension within forced folds (Cosgrove and

Ameen, 2000), explains part of the locally high

porosity in their vicinity.

To detect the expected lateral changes of sediment

porosity based on resistivity measurements, median

values of each penetration were calculated for both

formation factor and thermal conductivity, shown in

Fig. 10. The good correlation of thermal and electrical

data is evident here, too. The profile starts about 2 km

west of the ridge and the last penetration is positioned

on the ridge crest. While the values for the formation

factor and thermal conductivity are comparatively

high at the beginning of the profile, there is a sudden

change in the fourth penetration, after which the

measurements yield lower values. The absolute

change of porosity is about 7%. Another profile

perpendicular to the ridge about 7 km south shows

similar results (Fig. 11). However, the total increase of

porosity along the profile is lower than expected. But

results from several penetration indicate, that porosity

is also increasing with depth (Fig. 12). This additional

porosity change of about 10% is supported by the

analysis of a sediment core, although the change

occurs at a 1-m higher depth level here, which could
r

t
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be due to core loss or possibly strong lateral variation

of the depth of the high porosity zone. Thus, the 4 m

penetration of the in situ resistivity probe might be too

short for adequate mapping of this porosity anomaly.

The relatively impermeable sediment cover over

very young and hot crust above the active part of the

Juan de Fuca Ridge at Middle Valley allows the

thermal regimes to be characterized by heat flow

measurements (Shipboard Scientific Party, 1992). For

supplementation of the thermal data, resistivity

measurements were also carried out on several sites.

The resistivity survey at these sites did not reveal any

lateral porosity anomalies along the single profiles,

but due to the smooth and continuos layering of the

turbiditic sediments, certain features could be tracked

in each penetration along the profile. In Fig. 13 all

porosity depth profiles of one measurement site are

plotted in line to give an overview. Several sections

with characteristic gradients or peaks are present in all

measurements and marked in grey. Sudden changes

from low to high porosity may be an indication for a

base of turbiditic deposits. The turbiditic profile of

relatively coarse sediment at the base and gradually

finer sediment above also is reflected in porosity. Fig.

14 shows a section of a measured porosity profile,

which resembles this structure. In this case porosity

change amounts to about 15%, this may correspond to

a change from silt to clay. The complete section has a

thickness of 0.25 m, which agrees well with sediment

cores taken near this site during ODP Leg 139, Site

855. The upper part of the core, up to about 10 mbsf,
consists of hemipelagic silty clay with interbedded silt

turbidites with a sharp basal boundary (Shipboard

Scientific Party, 1992).
6. Conclusions

Attached to a heat flow probe, the in situ probe for

electrical resistivity complemented well thermal

measurements with comparatively little effort and

no additional ship time. Due to the implemented

acceleration sensor, resistivity–depth profiles, or

finally porosity–depth profiles, with vertical resolu-

tion of the order of a centimeter could be obtained, in

contrast to a vertical resolution of 30 cm for the

thermal data. In case of smooth and continuos

layering of the sediments, the high resolution allowed

a relatively easy assignment of characteristic struc-
t

,
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tures in the vertical porosity profiles throughout the

horizontal profile. This was the case at the Middle

Valley measurement site, where certain profile sec-

tions may probably be interpreted as silt turbidites,
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Fig. 14. Part of Profile 60, Penetration 1. The arrow shows a feature

which may be interpreted as a turbidity base.
which would be supported by ODP cores taken in the

close vicinity. Considering lateral changes of resis-

tivity, the high porosity zones in the vicinity of the

forced folds of Fist Ridge could be detected in the

resistivity data, although the porosity increase is

lower than expected in the uppermost 4 m of

sediment, which can be profiled by the in situ probe.

Confirmed by independent measurements, the in situ

probe proved to be a reliable instrument which allows

mapping of near surface porosities of marine deep sea

sediments with high vertical resolution at compara-

tively low cost.
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