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10. RELATIONSHIP BETWEEN POROSITY, ELECTRICAL CONDUCTIVITY,
AND CATION EXCHANGE CAPACITY IN BARBADOS WEDGE SEDIMENTS1

Pierre Henry2

ABSTRACT

Measurements of grain densities in a shore-based laboratory show that the high dispersion of measurements obtained on
board the JOIDES Resolution is probably related to insufficiently precise volumetric measurements, but that the effect of this
imprecision on porosity determinations is generally less than 5%. A correlation is found between the total water content of the
samples and their cation exchange capacity (CEC). This correlation confirms that smectites strongly influence the ability of the
sediment to retain both adsorbed and pore water. Chemical analysis show that (1) interlayer cations are dominantly Na, (2)
divalent cations (Mg, Ca) take up to 30%−40% of the surface charge, and (3)  to more than  of the water present in the
sample is chloride free. This chloride-free water corresponds to smectite interlayer water and to water adsorbed on external sur-
faces. Electrical resistivity logs as well as measurements on samples indicate a sharp decrease in resistivity in the transition
from lithologic Units II to III. Lithologies with the highest smectite content (and highest CEC) have the lowest electrical con-
ductivities at a given porosity. This result may in part be explained by water and ion adsorption in the smectite interlayer spaces
but also leads to an unsolved question: Do 0.6-nm smectite interlayer spaces have the same conductance as the external sur-
faces of the particles?
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INTRODUCTION

Porosity has been used extensively as an indicator of the effective
stress supported by sediments in accretionary wedges (Bangs et al.,
1990; Bray and Karig, 1985; Shi and Wang, 1988), and zones of ab-
normally high porosity of the sediment are interpreted as zones of
high fluid pressure (Moore et al., 1995). This approach is supported
by the general consistency of average compaction trends in marine
sediments, but caution should be taken when different lithologies are
encountered at a single location.

In the Ocean Drilling Program (ODP), porosities are usually de-
rived from water content, and density measurements routinely made
on board and referred to as index properties (IP). What is actually
measured is a total water content, which includes the pore water as
well as some of the intramineral water if hydrous minerals are
present. In the Barbados wedge, some of the sediments from the off-
scraped sequence are very smectite rich (Tribble, 1990), and water
present inside the clay particles as interlayer water cannot be neglect-
ed.

Alternatively, sediment electrical resistivity can be used as a po-
rosity indicator, through empirical laws such as Archie’s law (Arch
1942), or through more complex models that include terms for
surface conductivity of the minerals (Clavier et al., 1977; de Li
and Sharma, 1990; Sen and Goode, 1988; Waxman and Smits, 1
The surface conductivity terms may be dominant and can ca
strong variations of porosity estimates depending on the mineral
notably for clay-rich sediments. In general, electrical resistivity 
creases when porosity decreases but data from the logging-w
drilling (LWD) across the décollement zone at Site 948 follow 
opposite trend (Fig. 1; Shipley, Ogawa, Blum, et al., 1995). This
usual behavior is investigated here.

1Shipley, T.H., Ogawa, Y., Blum, P., and Bahr, J.M. (Eds.), 1997. Proc. ODP, Sci.
Results, 156: College Station, TX (Ocean Drilling Program).

2Ecole Normale Supérieure, Laboratoire de Géologie—CNRS URA 1316 & U
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A first objective of this study is to assess the quality of the por
ity measurements made on board by comparing these with mea
ments made in a shore-based laboratory on a limited number of 
ples. A more fundamental problem is also to understand the mea
of porosity (or water content) data, as this parameter not only refl
the stress applied to the sample, but also the ability of the minera
adsorb water on their external and internal surfaces. Large differ
es exist in the behavior of soil or sediment depending on the pro
tion of expandable clays, on the nature of the adsorbed cations
on clay microstructure (Bruand and Prost, 1987; Meade, 1964;
Tessier, 1991). Because there is no well-established law linking
ter retention with physical properties of minerals, this problem is
ten ignored in marine science. In this study, determinations of the
ion exchange capacity, the exchangeable cation chemistry, an
electrical conductivity are used to extract information on the beha
of the clay surfaces and to estimate the in situ interlayer water 
tent.

MEASUREMENT PROCEDURES

Determination of Water Content and Grain Density

The procedure used on board is summarized here, because
presented in more detail elsewhere (Blum, 1994). The wet, satur
sample is weighed, and its volume measured in a helium pycnom
After oven drying at 105°C for 24 hr, the sample is left to cool
room temperature in a desiccator, weighted, and its volume meas
again. The bulk density ρ, grain density ρg and porosity ϕ are com-
puted from the wet and dry masses (mw and md respectively) and one
of the two volumetric measurements. In computing Method B, 
wet volume Vw is used, giving a direct measurement of bulk dens
whereas in Method C, the dry volume Vd is used, giving a direct mea
surement of the grain density ρg. A correction is applied for the sal
precipitated during drying. Grain density is

(1)

with Method B, and

ρg

md mw md–( )– S 1 S–( )⁄⋅
Vw mw md–( )– 1 S–( )ρf⁄------------------------------------------------------------------=
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(2)

with Method C; S is pore-fluid salinity (assumed 35‰), ρf is fluid
density (assumed 1024 kg/m3), and ρs is salt density. Grain densitie
computed using Method B are systematically higher than grain 
sities computed using Method C by at least 0.1 g/cm3, and the differ-
ence is sometimes more than 0.5 g/cm3 (Shipboard Scientific Party
1995). This error cannot be related to the salt correction, bec
this correction is much smaller. The balance was calibrated on b
and the error in the measurements is less than 0.1%. The relia
of the volume measurements is lower for several reasons. The 
ducibility of the measurements is ±0.02 cm3 at best (±0.25%). Larg-
er systematic errors occur for samples significantly smaller tha
standard 2 × 2 × 2 cm cubes cut on board, and although stand
were run, the device was not calibrated during Leg 156.

Measurements were performed in a shore-based laborato
samples from Hole 949B and 949D and on whole-round trimm
(Table 1). The procedure is identical except for the volume mea
ments. The wet volume was measured by weighing the samp
kerosene (density 0.870 g/cm3; Monnier et al., 1973). The dry volum
was not measured. As is standard in ODP, porosity here refers 
total volume occupied by water, without distinction between p
water and interlayer water.

Cation Exchange Capacity and Determination
of Exchangeable Cations

All measurements where made at the Institut National de Re
che Agronomique (INRA) soil analysis laboratory at Arras. Ca
exchange capacity (CEC) was measured by exchanging the c
with cobaltihexamine chloride (about 2 g material in 50 mL of
mmol/L solution). This Method is standard and gives similar res
as the ammonium acetate exchange method (Orsini and Remy, 1
Major cations (Na+, K+, Ca2+, Mg2+) are determined on the exchan
solution by atomic emission or absorption. Standard error is a
1.5% on all determinations, corresponding to an uncertainty o
with a 99% probability. To obtain the true exchangeable cation c
position, a correction must be applied for soluble salts. Soluble
represent 0.15−0.3 eq/kg of the dry sample, whereas the CEC ran
from 0.24 to 1.03 eq/kg. During the extraction, exchange of m
valent for divalent cations occur as predicted qualitatively by Don
equilibrium (Murthy and Ferrell, 1972), which results in a very 
tered salt composition compared to the original pore fluid. For
reason, the chloride content determined by water extraction is us
a reference, and cation composition is computed assuming the
position of the salt is the same as that determined on board on
stitial water samples extracted from the same core. Errors may 
from using different samples for the cation exchange and for the
water. Soluble salts were extracted with the same solid water ra
for the cation exchange (2 g for 50 mL). To check that dissolutio
chloride during the extraction was complete, total chloride cont
were determined independently by a colorimetric method on 20 o
samples (samples were dissolved after alcaline fusion). Exclu
two samples from a whole round that was particularly heteroge
(interval 156-949B-15X-5, 65−76 cm), there is no systematic diffe
ence between the two methods, and the standard deviation is 
the Cl determination. Finally, in all of the interlayer cation deter
nations retained here, the corrected total cation charge is within
eq/kg (7%) of the cobaltihexamine CEC.

The cation exchange capacity and all other chemical determ
tions are given in meq per gram of sample air dried in normal lab
tory conditions (20°−25°C, relative humidity 45%−70%; Tables 2–
4). For water content measurements, dry weight refers to oven d
at 105°C; a correction is therefore needed for consistency in th

ρg

md mw md–( )– S 1 S–( )⁄⋅
Vd mw md–( )– S 1 S–( )ρs⁄⋅-----------------------------------------------------------------------=
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termination of water distribution and of the number of adsorbed wa
molecules per cation charge. The water content after air drying
room temperature was determined by differential thermal analy
(DTA) on some of the samples (Table 3). For other samples, the 
ter content after air drying at room temperature is computed fr
CEC using Equation 6 (see Results section).

Electrical Conductivity Measurements

Measurements made on board were properly calibrated only
Site 949, and the absolute conductivity values obtained at this 
should still be taken with caution (Shipboard Scientific Party, 1995
Measurements were reproducible within about 10% and thus see
be fairly reliable as relative measurements. In the shore-based la
ratory, measurements were made on 2.5-cm-diameter push cores
en from whole-round samples. The electrical impedance of the cy
drical sample held between two stainless steel electrodes was m
sured using a Hewlett-Packard 4284A component analyzer. S
thetic pore water (conductivity 4.7 S/m at 17.5°C) is used to obtai
good contact between electrodes and sample. Measurements
made at 100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz. The measu
imaginary component of the impedance is large at the lowest frequ
cies (100 Hz and 1 KHz), but neglectable at 100 kHz, when compa
to the real part. The imaginary term lacks in reproducibility and, u
like the real part, appeared to be independent of sample length, w
leads us to suspect an electrode polarization problem. The elect
contact between cleaned electrodes, either dry or wet, is good. W
electrodes are brought in contact immediately after a measuremen
a sample, a nonzero impedance is measured, and its imaginary c
ponent is usually within 20% of the value measured with the sam
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Figure 1. Porosity and uncorrected phase (shallow) resistivity from logging-
while-drilling (LWD) at Site 948 in the interval around the décollement zon
The boundary between lithologic Units II and III is indicated.



POROSITY, ELECTRICAL CONDUCTIVITY, CATION EXCHANGE
Table 1. Density measurements and cation exchange capacity.

Notes: CEC = cation exchange capacity. * = heterogeneous whole-round samples.

Core, section,
interval (cm)

Depth
(mbsf)

Bulk density
(g/cm3)

Water content
(dry wt%)

Porosity
(%)

Grain density
(g/cm3)

CEC
 meq/g

Qv
eq/L

156S-949B-
2X-6, 137-139 262.67 1.67 60.5 63.7 2.80 0.520 0.83
3X-2, 21-23 265.21 1.69 57.7 62.4 2.78 0.514 0.86
4X-1, 103-105 274.13 1.53 84.1 71.0 2.78
5X-2, 45-51 284.75 1.61 72.5 68.3 2.86
5X-4, 65-67 287.95 1.64 64.8 65.2 2.79 0.578 0.86
7X-4, 91-93 307.51 1.75 51.5 60.1 2.83 0.440 0.83
13X-3, 33-36 353.53 1.64 65.0 65.6 2.83 0.557 0.83
15X-3, 15-18 363.05 1.57 79.2 70.1 2.85 0.582 0.71
15X-3, 26-28 363.16 1.59 72.8 67.9 2.79
19X-2, 25-31 400.55 1.65 60.6 62.9 2.70 0.513 0.82
19X-3, 15-17 401.45 1.66 59.3 62.4 2.70
22X-2, 25-32 429.15 1.74 49.1 57.9 2.72 0.482 0.95
22X-6, 66-73 435.56 1.75 49.6 58.8 2.80 0.451 0.88
25H-2, 7-9 459.97 1.87 38.7 52.7 2.80 0.364 0.92

156S-949D-
7R-1, 64-66 454.74 1.82 42.5 54.8 2.78 0.354 0.81

156S-949B-, whole-round samples
7X-3, 14-25 305.24 1.82 43.1 55.4 2.80 0.357 0.81
7X-3, 14-25 305.24 1.81 43.7 55.8 2.81 0.366 0.81
15X-5, 65-76 a* 366.55 1.62 69.8 67.3 2.83 0.975 1.35
15X-5, 65-76 b*    366.55 1.56 78.1 69.3 2.77 0.754 0.93
25H-2, 139-150 461.29 1.84 40.3 53.6 2.79 0.374 0.90
25H-2, 139-150 461.29 1.80 44.1 55.7 2.77

156-948C-, whole-round samples
7X-6, 63-74 a* 477.13 1.67 62.8 65.1 2.87 1.033 1.59
7X-6, 63-74 b* 477.13 1.62 67.3 66.0 2.78 0.897 1.29
15X-6, 55-61 553.45 1.92 30.7 45.6 2.67 0.244 0.78
15X-6, 55-61 553.45 1.95 29.5 44.9 2.71
15X-6, 103-109 553.93 1.90 35.0 49.9 2.78 0.396 1.11
18X-5, 139-150 580.69 1.94 31.9 47.5 2.76 0.244 0.75
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in place. The value obtained was interpreted as a contact impedance
and subtracted from the measurement. Residual imaginary imped-
ance component is not considered to be significant, and no dielectric
constant has been determined. The reproducibility of the conductivity
measurements is increased by this correction (down to ±0.02 S/m).
As checked by recutting one sample, the corrected conductivity
showed little dependence on sample length. Measurements at 100 Hz
were too strongly affected by the correction and are discarded. As the
phase angle is minimal in the 10-kHz to 100-kHz range, I would rec-
ommend to use these relatively high frequencies when doing mea-
surements on board. Also, it would be convenient to measure conduc-
tivity on the cubes cut for P-wave measurements and index properties
by placing them between 2 × 2 cm plate electrodes. A small amount
of seawater is needed to obtain a reliable contact between the elec-
trodes and the sample.

For measurements on board, conversion to apparent formation
factor, F = σsample/σfluid, was made assuming a pore-fluid conductivity
equal to that of standard seawater. For the shore-based measurement,
the conductivity of the synthetic pore fluid is used.

RESULTS: WATER CONTENT AND CATION 
EXCHANGE CAPACITY

Grain Density

The raw water content measured on samples collected from Site
949 is comparable to that obtained on board (Fig. 2). Although only
15 samples were processed, they span the whole range of water con-
tents and lithologies. There is no evidence for water loss during trans-
portation. Grain densities obtained on these samples cluster around
2.8 g/cm3, halfway between values obtained with Method B and
Method C (Fig. 3). Samples from lithological Unit IIe (from 398.80
to 430.92 mbsf) have a lower grain density, possibly in relation with
the presence of radiolarians (Shipley, Ogawa, Blum, et al., 1995).
Abnormally high densities were measured on several samples, but
bulk X-ray diffraction (XRD) analysis did not help to identify the
cause of these high values.
The method used to measure the grain density on board appears
imprecise, and most of the scatter is probably related to the volumet-
ric measurement rather than to actual variations of the grain density.
It may be a better choice in some cases to assume an average density
than to measure it systematically on all samples. However, the con-
sequences of a large error on the grain densities only has moderate ef-
fects on the computed porosities. Porosity, ϕ, is expressed as a func-
tion of wet and dry masses (mw and md, respectively) and grain and
fluid density

,(3)

and the error on ϕ resulting from an error on ρg can be approximated
as

∆ϕ = ϕ (1−ϕ) ∆ρg/ρg. (4)

Then, for example, varying the assumed grain density from 2.5 to 3
g/cm3 changes the porosity by less than 4.5% at any porosity.

Cation Exchange Capacity

Cation exchange capacities (CEC; Tables 1–4; Fig. 4) were m
sured on sediment samples from Site 948, and on whole-round tr
mings from both Site 948 and Site 949. For Site 949, additional m
surements were done on samples that had been squeezed on boa
interstitial water extraction. These samples are referred to as inte
tial water squeeze cakes (Table 4). At both sites, the CEC is highe
lithological Unit II than in lithological Unit III and follows the varia-
tions of smectite abundance (Underwood and Deng, Chapter 1, 
volume). Typical CEC values are 0.3 eq/kg in Unit III and 0.6 eq/
in Unit II, but CEC is more variable in Unit II than in Unit III and
reaches 1 eq/kg in the most smectite-rich samples. At Site 949,
CEC variations with depth follow roughly the water content vari
tions. The progressive decrease of the CEC from 480 to 530 mbs
Site 948 mimics the resistivity decrease observed over the same

ϕ
mw md–( ) 1 S–( )ρf⁄

mw md–( ) 1 S–( )ρf⁄ md mw md–( )– S 1 S–( )⁄⋅[ ] ρg⁄+
--------------------------------------------------------------------------------------------------------------------------------------------------=
139
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Table 2. Interlayer cation composition.

Notes: I.W. = interstitial water.
1Shipboard determination.
2K/Cl and Na/Cl assumed.

Sediment sample:
core, section,
interval (cm)

I.W. sample:
core, section, 
interval (cm)

Interstitial water composition1
Soluble extract 

(meq/100 g)
Exchangeable cations (meq/100 g)

uncorrected data

Cl
(mM)

2Ca/Cl 
(%)

2Mg/Cl 
(%)

K/Cl
(%)

Na/Cl
(%) Cl Ca Mg K Na

156-949B-
2X-6, 137-139 2X-5, 110-150 547 14.1 11.5 0.77 79.7 24.1 13.5 8.7 4.7 51.1
3X-2, 21-23 3X-5, 110-150 545 14.0 11.6 0.75 79.6 23.0 13.4 8.8 4.6 49.9
5X-4, 65-67 5X-4, 110-150 535 14.2 11.4 0.73 79.6 20.4 16.3 9.6 4.1 52.6
7X-4, 91-93 7X-2, 110-150 563 13.4 9.8 0.87 82.2 19.4 13.5 8.1 3.3 41.5
13X-3, 33-36 13X-1, 110-150 544 14.3 10.9 0.79 80.0 23.3 16.6 7.3 4.8 56.0
15X-3, 15-18 15X-2, 110-150 541 14.9 11.2 0.74 79.3 23.9 16.4 9.9 4.5 54.9
19X-2, 25-31 19X-2, 60-100 532 14.5 12.9 0.73 77.8 22.5 14.2 11.0 2.0 47.5
22X-2, 25-32 22X-5, 110-150 540 14.0 12.0 0.72 79.1 19.6 13.4 9.7 2.4 43.8
22X-6, 66-73 22X-5, 110-150 540 14.0 12.0 0.72 79.1 16.0 13.8 7.0 3.3 39.4
25H-2, 7-9 25H-3, 110-150 559 14.9 12.9 0.59 76.6 15.8 11.7 5.5 3.4 33.1

156-949C-
7R-1, 64-66 7R-1, 80-902 563 14.2 12.5 0.59 76.6 17.9 11.3 6.5 3.4 34.4

Seawater reference 1H-1, 143-150 559 4.0 18.4 1.95 86.2
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terval with the LWD (Fig. 1). The observation that resistivity de-
creases over an interval where both porosity and cation exchange ca-
pacity decrease is unusual will be the subject of the discussion
section.

Exchangeable Cation Composition

Interlayer cation compositions were only determined at Site 949
(Tables 2–5). They are fairly constant over the cored interval (Fig
The interstitial fluid contains much more calcium (3 to 4 times mo
than seawater, about half less magnesium, about a third potass
and slightly less sodium. When comparing with typical values 
smectites in equilibrium with seawater (Sayles and Mangelsd,
1977), the change in Ca/Mg value of the pore fluid is reflected in 
exchangeable cation composition. The proportion of potass
among exchangeable cations is larger than that expected for a
smectite and may be explained by a contribution of illite to the CE
In average, 60% of the charge is compensated by Na+, 3%−10% by
K+, 8%−15% by Mg2+, and 20%−25% by Ca2+. This makes predic-
tions of the hydration state uncertain, but the behavior of the sme
should be closer to that of a sodium smectite. A sodium smectite 
ically retains one layer of water after air drying (under 50% water 
por saturation). One layer of water corresponds to a 1.3 nm (0
spacing, to a water content of about 10% dry weight, and to 2−2.5 wa-
ter molecules per unit formula (Si,Al)4O10 (Bird, 1984; Keren and
Shainberg, 1975; Ransom and Helgeson, 1995). Calcium smec
under the same conditions have a 1.5- to 1.6-nm layer spacing
contain about 20% dry weight water, or 4.5 water molecules per 
formula. When in low ionic strength water (less than 0.3 NaC
smectites, especially when the interlayer cation is Na, form gels 
retain much larger amounts of water in the interlayer spaces. 
equilibrium state depends on the temperature, the ionic force of
fluid, and the applied effective pressure. For a fluid at room temp
ature that has the ionic strength of seawater, the layer spacing col
es to 2 or 3 water layers (1.6 or 1.9 nm spacing; Meade, 1964). A
ticular property of Na-smectites is an ability to regain equilibriu
water content regardless of past effective stresses, whereas sme
with divalent interlayer cations have a very partial recovery (Tess
1991). This has obvious implications for the behavior during tecto
unloading, especially if the unloading is attributed to the effect of f
id injections.
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Relationship Between Water Content
and Cation Exchange Capacity

The total water content (w, in percent of dry weight) and the CEC
(in eq/kg) are strongly correlated. For samples at Site 949 (Fig
with CEC in the range 0.3–0.6 eq/kg,

w = (116.53) × CEC − (1.62), R2 = 0.92. (5)

This correlation fails for samples having a CEC higher than 0
eq/kg. Total water content then decreases with increasing CEC. 
samples cored from Site 949 were presumably subject to a low p
consolidation stress, ranging from 200 to 700 kPa (Brückmann et 
Chapter 7, this volume). Although they presumably experienced
higher level of stress, whole-round samples from Site 949 appare
follow the same trend, but data are too few to reach a definite conc
sion. These results cast doubts about the possible identification
zones of high pore pressures from porosity measurements only.
deed, consolidation tests on samples from Barbados wedge that w
collected during Legs 156 and 110 show a large dispersion of the 
tial water content for a given preconsolidation stress (Taylor a
Leonard, 1990). Furthermore, preconsolidation stresses determi
on samples from Hole 949B decrease with depth between Cores 1
949B-15X (336 mbsf) and 22X (428.75 mbsf), following a trend op
posite to that of porosity over the same depth interval (Brückmann
al., Chapter 7, this volume).

Several approaches have been tried to estimate the water reten
properties of the samples. Differential thermal analysis (DTA) curv
were obtained from samples from Site 949 after air drying und
50%–70% water vapor saturation. As is usually obtained (Gri
1953), adsorbed water is removed between room temperature 
300°C, but most of it is removed before 110°C is reached. In t
curves obtained from the Barbados samples, the water fraction
moved between 110° and 300°C represents only 2% of the 
weight. The adsorbed water content after air drying (wa) has been es-
timated from the weight loss between room temperature and 200
Values are correlated with CEC by

wa = (13.04) × CEC + (1.78), R2 = 0.77. (6)

This correlation is an indication that most water is adsorbed at sm
tite interlayer sites.



POROSITY, ELECTRICAL CONDUCTIVITY, CATION EXCHANGE
Table 3. Interlayer cation, CEC, and water retention.

Sediment sample:
core, section, 
interval (cm)

    Exchangeable cations (meq/100 g)
salt-corrected Cobaltihexamine CEC

(meq/100 g)

Original water content (dry wt%) Air dried samples

Cl free (bound) Vapor 
saturation

Weight loss at 200°C

Ca Mg K Na ΣCharges Total Pore % H2O/charge % H2O/charge

156-949B-
2X-6, 137-139 10.1 5.9 4.6 31.9 52.5 52.0 60.5 46.9 13.6 15.7 47% 7.8 7.7
3X-2, 21-23 10.2 6.2 4.4 31.6 52.4 51.4 57.7 45.4 12.3 14.5 8.7 8.6
5X-4, 65-67 13.3 7.2 4.0 36.3 60.9 57.8 64.8 41.1 23.7 24.8 8.9 7.9
7X-4, 91-93 10.9 6.2 3.1 25.5 45.7 44.0 51.5 36.8 14.7 20.1 70% 7.9 9.2
13X-3, 33-36 13.3 4.7 4.6 37.4 59.9 55.7 65.0 45.9 19.1 20.7 47% 8.6 7.9
15X-3, 15-18 12.8 7.2 4.3 35.9 60.3 58.2 79.2 48.0 31.2 32.7 55% 9.8 8.5
19X-2, 25-31 10.9 8.1 1.9 30.0 50.9 51.3 60.6 45.8 14.8 17.6 52% 9.6 9.5
22X-2, 25-32 10.7 7.3 2.3 28.3 48.5 48.2 49.1 38.8 10.3 12.8 61% 8.1 8.6
22X-6, 66-73 11.5 5.1 3.1 26.7 46.5 45.1 49.6 31.5 18.1 24.0 47% 7.3 8.4
25H-2, 7-9 9.3 3.4 3.3 21.0 37.1 36.4 38.7 29.8 8.9 14.5 63% 6.8 9.8

156-949C-
7R-1, 64-66 8.8 4.3 3.3 20.7 37.1 35.4 42.5 33.3 9.2 15.3 47% 5.9 8.8
Table 4. Cation exchange capacity and water retention.

Notes: I.W. = interstitial water.
1Heterogeneous whole-round samples.
2Shipboard determination.

Sediment sample: 
core, section, 
interval (cm)

Depth
(mbsf)

I.W. sample: 
core, section, 
interval (cm)

I.W.
Cl2

(mM)

Soluble extract 
Cl

(meq/100 g)

Cobaltihexamine
CEC

(meq/100 g)

Original water content
(dry wt%)

Total Pore

Cl free (bound)

% H2O/charge

156-948C interstitial water squeeze cakes
7X-6, 120-150 477.8 Same sample 511 15.5 72.7 45.1 33.4 14.8 12.6
8X-3, 110-150 483.0 Same sample 512 11.8 64.2 36.2 25.2 13.1 12.5
9X-4,115-150 494.2 Same sample 461 14.4 72.0 45.6 34.3 14.4 12.3
10X-3, 110-150 502.4 Same sample 511 13.1 54.3 38.1 27.7 12.4 13.8
11X-3, 120-150 512.1 Same sample 538 12.6 49.4 34.2 25.1 10.7 13.0
12X-4, 110-150 523.2 Same sample 564 15.2 42.1 36.9 28.5 10.0 14.1
13X-4, 115-150 532.6 Same sample 571 13.1 31.1 31.6 24.0 8.7 16.4
15X-6, 110-150 554.2 Same sample 560 13.3 35.3 35.1 24.9 11.5 19.2

156-948C whole-round samples
7X-6, 63-74 a1 477.13 7X-6, 120-150 511 17.0 103.3 62.8 37.9 25.0 15.5
7X-6, 63-74 b1 477.13 7X-6, 120-150 511 23.4 89.7 67.3 51.4 15.8 11.1
15X-6, 55-61 553.45 15X-6, 110-150 560 13.0 24.4 29.5 24.1 5.4 12.9
15X-6, 103-109 553.93 15X-6, 110-150 560 14.6 39.6 35.0 27.6 7.4 11.1
18X-5, 139-150 580.69 18X-4, 110-150 554 14.6 24.4 31.9 27.2 4.7 11.2

156-949B whole-round samples
7X-3, 14-25 305.24 7X-2, 110-150 563 17.8 35.7 43.1 33.2 9.9 16.3
7X-3, 14-25 305.24 7X-2, 110-150 563 17.6 36.6 43.7 32.8 10.9 17.6
15X-5, 65-76 a1 366.55 15X-5, 110-150 538 24.2 97.5 69.8 51.0 18.8 12.3
15X-5, 65-76 b1 366.55 15X-5, 110-150 538 30.0 75.4 78.1 61.6 16.5 13.5
25H-2, 139-150 461.29 25H-3, 110-150 559 15.6 37.4 40.3 29.4 10.9 17.2
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Another way to interpret these data is to compute the number of
water molecules per cation charge. For an ideal smectite having a lay-
er charge between 0.3 and 0.4, the expected number of water mole-
cules per charge are 6–8, 12–16, and 18–24 for one, two, and t
water layers, respectively. The number of water molecules per cat
charge consistently lies between 7.7 and 9.8 in all samples, wh
could indicate either that one water layer is retained in smectites w
1.8 wt% water adsorbed on uncharged surfaces, such as fine-gra
kaolinite, or that these smectites have a behavior intermediate 
tween a typical Na and a typical Ca or Mg smectite.

The proportion of true interstitial water in the saturated samples
estimated from the total water content and the chloride content in 
extract. As shown earlier, all the chloride salts are dissolved dur
the extraction by dilution in deionized water. Anions are exclude
from the interlayer of smectites and, according to the double la
theory, from a thin layer around external positively charged surfac
The thickness of this layer decreases with salinity up to a critical co
centration when all counter-ions are concentrated in a single laye
hydrated cations, the Helmholtz layer. The thickness of the Hel
holtz layer is about 0.6 nm, and the critical concentration is reach
for a salinity only slightly higher than that of seawater (Clavier et a
ree
ion
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be-
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-
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l.,

1977; Pride, 1994; Revil and Glover, 1997). The thickness of the d
ble layer is thus comparable, in seawater, to the smectite interla
spacing. It is possible to schematically split the total water conten
the sample in a fraction that contains the same chloride concentra
as the pore water and a fraction that is totally chloride free (Fig.
This chloride-free part represent interlayer water, and water in 
double layer. This method thus gives a reasonable upper bound t
tal adsorbed water.

As shown on Figure 6B, pore water determined by this method
pears to be less variable and less correlated with CEC than total w
content. Except for one anomalous sample, the chloride-free w
content ranges from 5 to 25 wt%, and the number of water molec
per cation charge ranges from 11 to 25. Assuming most of the c
ride-free water lies in smectite interlayers, these values are comp
ble with 2 or 3 water layers, depending on the samples (Tables 2
Fig. 8). Samples from Site 948 (whole rounds and squeeze cakes
parently retain fewer water molecules per cation charge than sam
from Site 949. This may indicate that a fraction of the adsorbed w
is expelled during natural compaction and/or squeezing. Regard
of the model for water adsorption, it is important for chemical bu
gets to note that between  and  of all the water present in the s1 6⁄ 1

3⁄
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ples is chloride free, and that this water is expected to be released con-
tinuously as temperature and effective pressure increases, even if no
recrystallization occurs (Bird, 1984; Colten-Bradley, 1987; Ransom
and Helgeson, 1995).

RESULTS: ELECTRICAL CONDUCTIVITY

Site 948 LWD Data

For comparison with laboratory measurements, resistivity mea-
surements from LWD must be corrected for temperature variations
with depth (Von Herzen et al., 1983). There is evidence that the acti-
vation energy is higher for surface conduction than for conduction in
seawater, which implies that surface conduction becomes more im-
portant when temperature increases (Olhoeft, 1981; Pezard, 1990),
but there is no well-established law for marine sediments. In the case
of Site 948, the high porosity of the sediments and the moderate tem-
perature range (0°–40°C) justify computation of an approximate 
rection based on the variation of seawater conductivity σ0 with tem-
perature as follows:

σ0 = 2.8 + 0.1 T (°C) Ω–1m–1. (7)

The same linear approximation was used for the correction of
measurements on board (Shipboard Scientific Party, 1995). Temper-
atures are computed by linear interpolation between bottom-hole
temperature measurements (with WSTP probe), and extrapolated as-
suming a constant gradient of 66°C/km below 420.5 mbsf.

To convert the LWD gamma-ray densitometry data into poros
the grain density is assumed at 2.8 g/cm3, except in the zone from 490
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Figure 2. Comparison of water contents measured on board and after the
cruise. There is no evidence for water loss during transport.
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to 500 mbsf at Site 948, which corresponds to the radiolarian-bea
Unit IIe. For this unit, a grain density of 2.71 g/cm3 is assumed.

The resistivity vs. porosity cross-plot of all LWD data from Hol
948A shows two distinct populations (Fig. 9). The main, elongate
cluster corresponds to all lithologies from the surface to the déco
ment. The cluster of lower resistivity points corresponds to the und
thrust sequence (Unit III). The lithological boundary thus appears
a major change in electrical conductivity. Looking more closely 
the data, a bump of higher resistivities in the main cloud for porosit
of 50%–60% corresponds to data from the high porosity interv
within Unit II. Four LWD zones are defined. Zone 1 corresponds
the first thrust packet, down to 130 mbsf. Zone 2 correspond to 
upper part of the thrust packet down to the top of the low-poros
zone at 400 mbsf. Zone 3 corresponds to the high-porosity zone
tween 400 and 515 mbsf. Zone 4 corresponds to the underthrust
terial and to lithological Unit III.

The next step is to correct for variations in pore-fluid conductivi
caused by fluid composition. Two synthetic pore-fluid samples we
prepared. One corresponds to the average composition of inters
water samples. The other corresponds to interval 156-948C-7X
120−150 cm. With a chlorinity of 511 mM, it can be considered typ
ical of the high-porosity zone. The average fluid has a chlorinity 
553 mM and a conductivity of 4.68 ± 0.2 Ω–1m–1 at 17.5°C, compara-
ble to that of seawater at the same temperature (4.55 Ω–1m–1). The
conductivity of the lower chlorinity fluid is 4.3 ± 0.2 Ω–1m–1. The
conductivity difference is thus 8.8%, whereas the chlorinity differ-
ence is 8.2%. In view of this result and considering that sodium chlo-
ride is the main contributor to conductivity in seawater, an approxi-
mate correction is applied assuming that fluid conductivity is propor-
tional to chlorinity. Chlorinity is interpolated from a compilation of
Sites 671 and 948 data. Other variations of fluid chemistry are ig-
nored here.

The apparent formation factor (F) is defined as the ratio of the
temperature corrected resistivity to the assumed fluid conductivity.
This formation factor is of convenient use for data comparison, but is
not tied to a physical model of porous medium because surface con-
ductivity is not taken into account at this stage.
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Figure 3. Comparison of grain density measurements made on board and in a
shore-based laboratory.
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The sharp contrast in resistivity between the offscraped units
(lithological Units I and II) and the underthrust unit (lithological Unit
III) is still observed after the salinity correction (Fig. 10). For the pur-
pose of figure legibility, logging data are averaged for each 5-m in-
terval. A sliding average method is applied, using a Gaussian curve
of 5-m half-width for weighting. Data from all of Units I and II define
a trend that can be fit by a power law,

F = 1.24 ϕ–2.31, R = 0.96. (8)

This fit is in the range considered typical for marine sediments
(Iversen and Jørgensen, 1993; Manheim and Waterman, 1974)
high-porosity zone within Unit II plots close to the main trend af
the salinity correction. This suggests that its anomalous behavi
mostly due to the lower salinity of the pore fluid, but the uncertai
on the temperature correction does not allow for a firm conclusio

Measurements on Samples

Conductivity measurements made on board as well as mea
ments made in the shore-based laboratory (tab 5) were convert
apparent formation factor (F), assuming a conductivity equal to th
of seawater for the pore fluid. Measurements made on board ind
that the most smectite-rich units (lithological Units IIc and IIe) ha
an anomalously high resistivity considering their water cont
(Fig. 11). These high-porosity, high-resistivity zones are from 
same cores as the samples with CEC higher than 0.5 eq/kg (C
156-949C-2X through 5X, 13X through 15X, and 19X). Variations
salinity of the pore fluid is here an unlikely explanation, because
chlorinity of interstitial water varies by 5% maximum at Site 94
The calcareous mud from Unit IIb typically has a lower resistivity
high dispersion is observed in samples from lithological Unit III.

Whole-round samples span a wide range of CEC from 0.23 e
to more than 1 eq/kg (Tables 2–4). Quantitative XRD analysis of
clay fraction is only available for three of the whole-round samp
Interval 156-949B-15X-5, 65−76 cm, from Unit IIc, has a very high
smectite content in the clay fraction (more than 90%), and co
sponds to one of the benthonite-like layers reported by Underw
and Deng (Chapter 1, this volume). Interval 156-948C-7X-6, 63−74
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Figure 4. Cation exchange capacity determined on sediment samples by
cobaltihexamine (Co(NH3)6)

3+ substitution.
 The
er
r is
ty
n.

ure-
d to
t
cate
ve
nt
he
ores
in
the
9.
 A

/kg
the
es.

re-
ood

cm, also has a CEC close to 1 eq/kg and is probably similar. B
samples are heterogenous. The whitish benthonite is interlay
with a darker claystone that contains some kaolinite and quartz (f
qualitative XRD) and has a lower CEC. These samples have a 
high water content (69% and 66%, respectively), but once a cor
tion for adsorbed water content is applied, the true porosity of th
samples (49% and 39%, respectively) is comparable with that of
other samples. Section 156-949B-7X-3, from Unit IIb, has only ab
30% smectites in the clay fraction, and interval 156-948C-18X
139−150 cm, from Unit III, has less than 20% smectites in the c
fraction. These results are consistent with the CEC determinati
Although dispersed, the conductivity measurements confirm that
smectite-rich samples from Unit IIc have an anomalously high re
tivity for their water content (Table 5; Fig. 12). Unfortunately, the
two samples are probably too smectite rich to be representative o
bulk of Unit IIc.

Measurements made on board using a Wenner 4-needles arra
not show a significant conductivity difference depending on the 
entation of the array with respect to bedding. Anisotropy could o
be tested on two of the whole-round samples, and the horizonta
vertical measurements are indeed very close considering the p
sion of the measurements. The lack of evidence for sample s
anisotropy of course does not exclude formation scale anisotrop
a heterogeneous bedded formation such as lithological Unit III.

Comparison with LWD

Although the conductivity contrast between the zones immedi
ly above and below the lithological boundary is shown both by LW
and measurements on samples, LWD resistivities are systemati
lower in the deeper part, although they fit for the mudline cores. M
surements made on board may be higher than shore-based me
ments because of difficulties to obtain a reliable electrical contact
tween the electrode array used on board and the sediment, bu
should not apply when comparing shore-based measurements
LWD. Although the frequency range is different (1−100 kHz for the
laboratory measurements vs. 2 MHz for the LWD), frequency dep
dence of conductivity is not a likely explanation because labora
measurements showed that the variation of conductivity with 
quency is moderate (15% maximum between 1 kHz and 100 kHz)
frequency dependence of conductivity in sediment is likely to be
lated to polarization effects in the diffuse boundary layer (de Li
and Sharma, 1992), the effects should be small in seawater. Fu
more, the good agreement between the phase and attenuation re
ity measurements indicates that at 2 MHz, polarization effects are
small to alter the resistivity measurement. The temperature co
tion, however, may be incorrect if surface conductivity contributes
the sample conductivity.

Discussion

Putting aside the discrepancy between LWD and laboratory re
tivity measurements, relative resistivity variations are consist
Both data sets indicate that there is probably an inverted correla
between the CEC and the sediment electrical conductivity in the
terval around the Barbados décollement. This is an apparent par
because an increase of the CEC should result in an increase of su
conductivity. However, this behavior can be understood from se
empirical models for electrical conductivity of shaly sands (Clav
et al., 1977; de Lima and Sharma, 1990; Sen and Goode, 1988; W
man and Smits, 1968). All these models use the total CEC as a pa
eter and therefore assume, although not always explicitly, that 
face conduction can be described in the same way in smectite i
layer spaces and on the external surfaces of the clay particles
overall correlation observed between CEC and conductivity supp
this assumption. It should be noted that although the Barbados 
143



P. HENRY
Table 5. Electrical conductivity measurements on whole-round samples.

Notes: V = vertical, H = horizontal. TR = trace. Assumed fluid conductivity = 4.7 S/m.

Core, section, 
interval (cm)

 Normalized mineral abundance 
from shipboard XRD (wt%)

Porosity
 (%)

Conductivity (S/m)
at frequency

Apparent formation factor
 at frequency

V/H Unit Clay Qtz. Plag. Calc. Uncorrected Corrected 1 kHz 10 kHz 100 kHz 1 MHz 1 kHz 10 kHz 100 kHz 1 MHz

156-948C
7X-6, 63-74 a     H IIc 57.0 27.7 15.3 0.0 66.0 39 0.71 0.78 0.82 0.80 6.7 6.0 5.7 5.9
15X-6, 55-61   V IIIb 53.6 29.1 0.0 17.3 44.9 37 0.49 0.49 0.49 9.5 9.5 9.6
15X-6, 103-109     V IIIb 62.3 37.7 TR 0.0 49.9 39 0.51 0.52 0.53 0.53 9.3 9.1 8.9 8.9
18X-5, 139-150     H IIIb 57.8 19.5 2.3 20.4 47.5 40 0.87 0.88 0.90 0.88 5.4 5.3 5.2 5.4

156-949B
7X-3, 14-25   V IIb 53.0 25.0 3.6 18.4 55.4 43 0.83 0.87 0.91 0.89 5.6 5.4 5.2 5.3

H 55.8 42 0.90 0.90 0.92 0.89 5.2 5.2 5.1 5.3
15X-5, 65-76 a     H IIc 62.1 30.4 7.6 0.0 68.7 49 0.69 0.84 0.79 6.8 5.6 5.9
25H-2, 139-150 H III 55.7 37 0.96 1.06 1.12 1.12 4.9 4.4 4.2 4.2

V 53.6 39 0.95 0.99 1.01 0.97 4.9 4.8 4.7 4.9
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ples have a higher clay content than the samples to which these mod-
els were applied, the range of cation exchange capacity per unit fluid
volume, Qv, (Qv = [CEC] × ρg[1−ϕ]/ϕ) is similar because of the high-
er porosity of the Barbados samples (Table 1). In the high salinity do-
main (i.e., when most counter-ions are confined in the Helmholtz lay-
er), an asymptotic effective conductivity of the surface-conducting
layer can be defined as the ratio of surface conductance to its thick-
ness (about 0.6 nm, as discussed earlier). For a NaCl solution, a value
of about 6 S/m at 20°C, compatible with experiments on montm
lonite gels, is obtained (Clavier et al., 1977; de Lima and Sha
1990). As this value is only slightly higher than that of seawater a
same temperature (4.8 S/m), the effect of surface conduction i
pected to be moderate. On the other hand, the tortuosity incr
very sharply with CEC (Clavier et al., 1977; Sen and Goode, 1
Waxman and Smits, 1968), so that the net effect may be a decre
conductivity, and decreasing conductivities with increasing CEC
indeed documented for a high-salinity pore fluid (Manheim a
Waterman, 1974).

A large part of the variation of the tortuosity with CEC can 
modeled by taking into account the increase of the volume of bo
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water with the CEC (Clavier et al., 1977; Sen and Goode, 1988). 
effective porosity is then defined as

, (9)

where ϕ is the total porosity, and vQ is the water volume per surface
charge. To illustrate the consequences of variations of the CEC a
of the amount of bound water, conductivities computed with Equ
tion 10 from Sen and Goode (1977),

, (10)

are compared with LWD measurements (Fig. 13). σ is the bulk sedi-
ment conductivity, σ0 is the pore-fluid conductivity, and other pa-
rameters are already defined. CEC is made to vary from 0.3 eq/
typical of lithological Unit III, to 0.6 eq/kg, which is considered rep
resentative of Unit II, to 1 eq/kg, which is the maximum value me
sured. Cases with different values of exponent m and of the specific
absorbed water volume vQ are considered. If vQ = 0, m must be more

ϕeff ϕ vQ– 1 ϕ–( )ρg CEC( )×=

σ
σ0
------ ϕeff

m
1

m1.93Qv

σ0
----------------------+ 

  1.3ϕmQv

σ0
------+=
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than 4, and the conductivity increases as a function of the CEC (Fig.
13A). Such a high value of m is physically unrealistic, even for a
sediment composed of platelets of high aspect ratio (Jackson et al.,
1978). Assuming vQ = 0.28 l/eq (Clavier et al., 1977; Sen and
Goode, 1988), which corresponds roughly to the two water layer
case, conductivity appears to depend little on the CEC (Fig. 13B),
and the main trend is fit with m = 2.7. vQ = 0.40 l/eq corresponds
roughly to the three water layer case and is an upper bound for the
estimated chloride-free water content of most of the samples (22 wa-
ter moles per eq). In this case, m is of the order of 2, and a trend of
increasing resistivity with CEC is obtained (Fig. 13C).

Laboratory measurements on the smectite-rich samples with the
highest porosities (>60%) cannot be fit by the models with any rea-
sonable value of m and vQ (m < 3 and vQ < 0.45 l/eq). However, the
model assumption that all exchangeable cations participate equally to
surface conduction may be wrong when most of the exchangeable
cations are interlayer cations. Smectite interlayer cations are mobile,
and therefore should participate in the conduction, but their mobility
is not known for the interlayer spacings usually found in sediments
(0.6 or 0.9 nm). Furthermore, model surface conductance is derived
from measurements in NaCl solutions, and the influence of having a
higher divalent cation content (40% of the total charge) in the bound-
ary layers and/or interlayers is not known. An alternative explanation
is to assume a high tortuosity for the network of conductive surfaces
(Revil et al., 1996)

CONCLUSION

Because of the correlation between total water content in the sed-
iment and CEC, which essentially reflects smectite content, quantita-
tive interpretation of porosity logs in term of pore pressure may be bi-
ased. The proportion of water adsorbed on particle surfaces and in
smectite interlayers varies from  to more than  in Barbados sam-
ples. This water is included in the routine porosity measurements and
in the porosity computed from density logs and may obscure the
“true” porosity trends. Although there is little doubt that the wh
formation is undercompacted, a correlation of oedometer tests 
other relevant physical properties, such as CEC, are needed to d
a more precise porosity-effective pressure relationship.

Electrical conductivity measurements also show the influenc
clay mineralogy. The conductivity at a given water content tend
decrease with CEC, for CEC > 0.30 eq/kg. For a pore-fluid cond
tivity comparable to that of seawater, this behavior may be expla
if the increase in surface conductivity is more than balanced by
loss of “true” pore space as water is adsorbed in smectite interla
The particularly high resistivity of some of the samples leads to w
der whether the conductance of the smectite interlayers is equ
smaller than the conductance of the external double layers desc
by physical models.

Additionally, determination of bound water content is of inter
to establish the chloride budget of the wedge, and measureme
electrical conductivity have implications for the modeling of the m
gration of chemical elements, as electrical conductivity can be r
ed to ion diffusivity (Iversen and Jørgensen, 1993; Manheim 
Waterman, 1974; McDuff and Ellis, 1979).
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Figure 6. A. Water contents (dry wt%) as a function of cobaltihexamine
cation exchange capacity. 1 = total water content at Site 948 (whole-round
samples); 2 = total water content at Site 949 (all samples); and 3 = water
retained after air drying, determined by heating to 200°C. B. Distribution
of water content between pore water (water of same chlorinity as intersti
water extract) and chloride-free water (interlayer and double layer water
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Figure 8. Water adsorption per counter-ion charge for 
pore-water saturated samples and air dried samples (see 
text). Adsorbed water content is the chloride-free water 
as in Figure 6. Counter-ion charge is assumed equal to 
cobaltihexamine CEC.
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Figure 9. Temperature-corrected LWD phase resistivity 
vs. porosity computed from LWD gamma densitometry. 
Symbols 1, 2, 3, and 4 refer to zones 1, 2, 3, and 4, as 
defined in the text.
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Figure 10. Temperature- and salinity-corrected apparent formation factor
from LWD, vs. porosity from LWD gamma densitometry. Symbols 1, 2, 3,
and 4 refer to zones 1, 2, 3, and 4, as defined in the text.
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Figure 11. Apparent formation factor measured on board at 40 kHz on cores
from Holes 949B and 949D. 1 = 255.4−291.9 mbsf (lithologic Unit IIc); 2 =
0−255.4 mbsf and 302.1−352 mbsf (calcareous lithologies, lithologic Units I
and IIb); 3 = 352−404 mbsf (lithologic Units IIc and IIe); 4 = 327.5 mbsf and
below (base lithologic Unit IIa and lithologic Unit III); and 5 = trend from
LWD (Fig. 10). Note the cluster of points of anomalously high resistivity.
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Figure 12. Apparent formation factor measured in the shore-based labora-
tory, at 10 kHz. 1 = interval 156-948C-7X-6, 63−74 cm, from lithologic Unit
IIc; 2 = interval 156-949B-7X-3, 14−25 cm, claystone with nannofossils
from lithologic Unit IIb; 3 = interval 156-949B-15X-5, 65−76 cm, from
lithologic Unit IIc; 4 = all samples from lithologic Unit III; and 5 = trend
from LWD (Fig. 10).
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Figure 13. A–C. Comparison of LWD data with electrical conductivity mod-
els including a surface conductivity term (Sen and Goode, 1988). Symbols 1,
2, 3, and 4 correspond to zones 1, 2, 3, and 4, which are defined in the text.
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