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10. RELATIONSHIP BETWEEN POROSITY, ELECTRICAL CONDUCTIVITY,
AND CATION EXCHANGE CAPACITY IN BARBADOSWEDGE SEDIMENTS!

Pierre Henry?

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 determinationsis 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) ¥s to more than ; of the water present in the
sampleischloride free. This chloride-free water corresponds to smectite interlayer water and to water adsorbed on external sur-
faces. Electrica resistivity logs as well as measurements on samples indicate a sharp decrease in resistivity in the transition
from lithologic Units 11 to 1. Lithologies with the highest smectite content (and highest CEC) have the lowest electrical con-
ductivities at agiven 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?

INTRODUCTION

Porosity has been used extensively as an indicator of the effective
stress supported by sediments in accretionary wedges (Bangs et a.,
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 d., 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 asingle location.

In the Ocean Drilling Program (ODP), porosities are usualy 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. |n 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 asinterlayer 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 (Archie,
1942), or through more complex models that include terms for the
surface conductivity of the minerals (Clavier et al., 1977; de Lima
and Sharma, 1990; Sen and Goode, 1988; Waxman and Smits, 1968
The surface conductivity terms may be dominant and can cau
strong variations of porosity estimates depending on the mineralog
notably for clay-rich sediments. In general, electrical resistivity in
creases when porosity decreases but data from the Iogging-whilg
drilling (LWD) across the décollement zone at Site 948 follow the

opposite trend (Fig. 1; Shipley, Ogawa, Blum, et al., 1995). This urf

usual behavior is investigated here.

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

A first objective of this study is to assess the quality of the poros-
ity measurements made on board by comparing these with measure-
ments made in a shore-based laboratory on a limited number of sam-
ples. A more fundamental problem is also to understand the meaning
of porosity (or water content) data, as this parameter not only reflects
the stress applied to the sample, but also the ability of the minerals to
adsorb water on their external and internal surfaces. Large differenc-
es exist in the behavior of soil or sediment depending on the propor-
tion of expandable clays, on the nature of the adsorbed cations, and
on clay microstructure (Bruand and Pro$987; Meade, 1964;
Tessier, 1991). Because there is no well-established law linking wa-
ter retention with physical properties of minerals, this problem is of-
ten ignored in marine science. In this study, determinations of the cat-
ion exchange capacity, the exchangeable cation chemistry, and the
electrical conductivity are used to extract information on the behavior
of the clay surfaces and to estimate the in situ interlayer water con-
tent.

MEASUREMENT PROCEDURES
Determination of Water Content and Grain Density

The procedure used on board is summarized here, because it is

é)ee'sented in more detail elsewhere (Blum, 1994). The wet, saturated

Sample is weighed, and its volume measured in a helium pycnometer.
Riter oven drying at 105°C for 24 hr, the sample is left to cool to
room temperature in a desiccator, weighted, and its volume measured
gain. The bulk density, grain densityp, and porosityp are com-
uted from the wet and dry masseg @andm, respectively) and one
of the two volumetric measurements. In computing Method B, the
wet volumeV,, is used, giving a direct measurement of bulk density,
whereas in Method C, the dry voluidgis used, giving a direct mea-
surement of the grain densjy. A correction is applied for the salt
precipitated during drying. Grain density is

~ my—(m,—my) 5/(1-9) O

Pg = vV, =(m,—my/(I-9p,

2Ecole Normale Supérieure, Laboratoire de Géologie—CNRS URA 1316 & URM

8, 24 Rue Lhomond, 75231 Paris Cedex 05, France. henry@sphene.ens.fr

with Method B, and
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_ my—(m,—my) [5/(1-9) (2 Porosity (%)
p. = 30 40 50 60 70
9 Vy—(m,—-my) 5/(1-9p, U o —

with Method C; Sis pore-fluid salinity (assumed 35%¢); is fluid
density (assumed 1024 kgfmandp, is salt density. Grain densities
computed using Method B are systematically higher than grain der
sities computed using Method C by at least 0.1 §/amd the differ-
ence is sometimes more than 0.5 ¢/¢&hipboard Scientific Party,
1995). This error cannot be related to the salt correction, becau:
this correction is much smaller. The balance was calibrated on boa
and the error in the measurements is less than 0.1%. The reliabili 500 |-
of the volume measurements is lower for several reasons. The repi ,
ducibility of the measurements4€9.02 cni at best£0.25%). Larg- [Unit !

er systematic errors occur for samples significantly smaller than th | Unit i g

Decollement zone

standard 2 2 x 2 cm cubes cut on board, and although standard

were run, the device was not calibrated during Leg 156.
Measurements were performed in a shore-based laboratory ¢

samples from Hole 949B and 949D and on whole-round trimming:

(Table 1). The procedure is identical except for the volume measur 550

ments. The wet volume was measured by weighing the samples

kerosene (density 0.870 g/&rivionnier et al., 1973). The dry volume

was not measured. As is standard in ODP, porosity here refers to t

total volume occupied by water, without distinction between pore

water and interlayer water.

Depth (mbsf)

Porosity

Resistivity

Cation Exchange Capacity and Deter mination
of Exchangeable Cations
600 L— L L
) . 0.6 0.8 1.0 1.2 1.4
All measurements where made at the Institut National de Reche Resistivity (Qm)

che Agronomiqug (INRA) soil analysis laboratory at A.rras' Catio.nFigure 1. Porosity and uncorrected phase (shallow) resistivity from logging-
Sv?&higgglt?ﬁgfggilngETEI:())r\i%zs (g]t?;iu;eg rt‘)nyafe);(i::ﬁ?]gé%gr:]hLeocfaggwhile-drilling (LWD) at Site 948 in the interval around the décollement zone.
mmol/L solution). This Method is standard and gives similar resultsThe boundary between lithologic Units Il and 11 is indicated.
as the ammonium acetate exchange method (Orsini and Remy, 197
Major cations (N K*, Ca&*, Mg?#) are determined on the exchange o S
solution by atomic emission or absorption. Standard error is abodgrmination ofwaterdlstrlbutlon and of the number of adso_rbed \_Nater
1.5% on all determinations, corresponding to an uncertainty of 59310lecules per cation charge. The water content after air drying at
with a 99% probability. To obtain the true exchangeable cation conf@0m temperature was determined by differential thermal analysis
position, a correction must be applied for soluble salts. Soluble saf®TA) on some of the samples (Table 3). For other samples, the wa-
represent 0.19.3 eq/kg of the dry sample, whereas the CEC rangel€r content after air drying at room temperature is computed from
from 0.24 to 1.03 eg/kg. During the extraction, exchange of mono©EC using Equation 6 (see Results section).
valent for divalent cations occur as predicted qualitatively by Donnan
equilibrium (Murthy and Ferrell, 1972), which results in a very al- Electrical Conductivity M easurements
tered salt composition compared to the original pore fluid. For this
reason, the chloride content determined by water extraction is used as Measurements made on board were properly calibrated only for
a reference, and cation composition is computed assuming the co®ite 949, and the absolute conductivity values obtained at this site
position of the salt is the same as that determined on board on intahould still be taken with caution (Shipboard Scientific Party, 1995).
stitial water samples extracted from the same core. Errors may restieasurements were reproducible within about 10% and thus seem to
from using different samples for the cation exchange and for the potee fairly reliable as relative measurements. In the shore-based labo-
water. Soluble salts were extracted with the same solid water ratio aatory, measurements were made on 2.5-cm-diameter push cores tak-
for the cation exchange (2 g for 50 mL). To check that dissolution oén from whole-round samples. The electrical impedance of the cylin-
chloride during the extraction was complete, total chloride contentdrical sample held between two stainless steel electrodes was mea-
were determined independently by a colorimetric method on 20 of theured using a Hewlett-Packard 4284A component analyzer. Syn-
samples (samples were dissolved after alcaline fusion). Excludingpetic pore water (conductivity 4.7 S/m at 17.5°C) is used to obtain a
two samples from a whole round that was particularly heterogenowgood contact between electrodes and sample. Measurements are
(interval 156-949B-15X-5, 6576 cm), there is no systematic differ- made at 100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz. The measured
ence between the two methods, and the standard deviation is 7%iwfaginary component of the impedance is large at the lowest frequen-
the CI determination. Finally, in all of the interlayer cation determi-cies (100 Hz and 1 KHz), but neglectable at 100 kHz, when compared
nations retained here, the corrected total cation charge is within 0.@d the real part. The imaginary term lacks in reproducibility and, un-
eg/kg (7%) of the cobaltihexamine CEC. like the real part, appeared to be independent of sample length, which
The cation exchange capacity and all other chemical determindeads us to suspect an electrode polarization problem. The electrical
tions are given in meq per gram of sample air dried in normal labor@ontact between cleaned electrodes, either dry or wet, is good. When
tory conditions (20°25°C, relative humidity 45%70%; Tables 2— electrodes are brought in contact immediately after a measurement on
4). For water content measurements, dry weight refers to oven dryirgsample, a nonzero impedance is measured, and its imaginary com-
at 105°C; a correction is therefore needed for consistency in the dpenent is usually within 20% of the value measured with the sample
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Table 1. Density measurements and cation exchange capacity.

Core, section, Depth  Bulk density Water content Porosity Grain density CEC Q,
interval (cm) (mbsf) (g/cmd) (dry wt%) (%) (g/lcmd) meg/g eg/L
156S-949B-
2X-6, 137-139 262.67 167 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, 103-105 274.13 153 84.1 71.0 2.78
5X-2, 45-51 284.75 161 725 68.3 2.86
5X-4, 65-67 287.95 1.64 64.8 65.2 2.79 0.578 0.86
7X-4,91-93 307.51 175 515 60.1 2.83 0.440 0.83
13X-3, 33-36 353.53 164 65.0 65.6 2.83 0.557 0.83
15X-3, 15-18 363.05 157 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 57.9 272 0.482 0.95
22X-6, 66-73 435.56 175 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 1.82 425 54.8 278 0.354 0.81
156S-949B-, whole-round samples
7X-3, 14-25 305.24 1.82 431 55.4 2.80 0.357 0.81
7X-3, 14-25 305.24 181 43.7 55.8 281 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 69.3 277 0.754 0.93
25H-2, 139-150 461.29 1.84 40.3 53.6 279 0.374 0.90
25H-2, 139-150 461.29 1.80 441 55.7 277
156-948C-, whole-round samples
7X-6, 63-74 a* 477.13 1.67 62.8 65.1 287 1.033 1.59
7X-6, 63-74 b* 477.13 1.62 67.3 66.0 278 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 29.5 449 271
15X-6, 103-109 553.93 1.90 35.0 499 2.78 0.396 111
18X-5, 139-150 580.69 1.94 319 475 2.76 0.244 0.75

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

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/im).
As checked by recutting one sample, the corrected conductivity
showed little dependence on sample length. Measurements at 100 Hz
weretoo strongly affected by the correction and are discarded. Asthe
phase angleis minimal in the 10-kHz to 100-kHz range, | 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 x 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 = Ogmpie/ Orig, 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-
tentsand lithologies. Thereisno evidence for water loss during trans-
portation. Grain densities obtained on these samples cluster around
2.8 g/cm?®, halfway between values obtained with Method B and
Method C (Fig. 3). Samples from lithological Unit Ile (from 398.80
to 430.92 mbsf) have alower 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 alarge error on the grain densities only has moderate ef-
fects on the computed porosities. Porosity, ¢, is expressed as a func-
tion of wet and dry masses (m,, and my, respectively) and grain and
fluid density

(m,—my)/ (1-9)p;
(m,,—my)/ (1-9)p; + [my—(m,—my) [S/(l—S)]/pg‘

and the error on ¢ resulting from an error on py can be approximated
as

¢ = ©)

Ad = ¢ (1-¢) Apg/pg. 4)

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

Cation Exchange Capacity

Cation exchange capacities (CEC; Tables 1-4; Fig. 4) were mea-
sured on sediment samples from Site 948, and on whole-round trim-
mings from both Site 948 and Site 949. For Site 949, additional mea-
surements were done on samples that had been squeezed on board for
interstitial water extraction. These samples are referred to as intersti-
tial water squeeze cakes (Table 4). At both sites, the CEC is higher in
lithological Unit Il than in lithological Unit 11l and follows the varia-
tions of smectite abundance (Underwood and Deng, Chapter 1, this
volume). Typical CEC values are 0.3 eqg/kg in Unit lll and 0.6 eg/kg
in Unit Il, but CEC is more variable in Unit Il than in Unit Il and
reaches 1 eqg/kg in the most smectite-rich samples. At Site 949, the
CEC variations with depth follow roughly the water content varia-
tions. The progressive decrease of the CEC from 480 to 530 mbsf at
Site 948 mimics the resistivity decrease observed over the same in-
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Table 2. Interlayer cation composition.

Soluble extract Exchangeable cations (meg/100 g)
Sediment sample: | W, sample: Interstitial water composition* (meg/100 g) uncorrected data
core, section, core, section, Cl 2CalCl  2Mg/Cl K/CI Na/Cl
interval (cm) interval (cm) (mM) (%) (%) (%) (%) Cl Ca Mg K Na
156-949B-
2X-6, 137-139 2X-5,110-150 547 14.1 15 077 79.7 24.1 135 8.7 47 511
3X-2, 21-23 3X-5,110-150 545 14.0 16 075 79.6 230 134 8.8 4.6 499
5X-4, 65-67 5X-4,110-150 535 14.2 114 073 79.6 20.4 16.3 9.6 41 526
7X-4, 91-93 7X-2,110-150 563 134 98 087 82.2 194 135 8.1 33 415
13X-3, 33-36 13X-1,110-150 544 14.3 109 079 80.0 233 16.6 7.3 4.8 56.0
15X-3, 15-18 15X-2,110-150 541 14.9 12 074 793 239 16.4 9.9 45 54.9
19X-2, 25-31 19X-2,60-100 532 145 129 073 778 225 14.2 11.0 2.0 475
22X-2, 25-32 22X-5,110-150 540 14.0 120 072 79.1 19.6 13.4 9.7 24 438
22X-6, 66-73 22X-5,110-150 540 14.0 120 072 79.1 16.0 13.8 7.0 33 39.4
25H-2, 7-9 25H-3,110-150 559 14.9 129 059 76.6 1538 11.7 55 34 33.1
156-949C-
7R-1, 64-66 7R-1, 80-902 563 14.2 125 059 76.6 179 11.3 6.5 34 344
Seawater reference 1H-1,143-150 559 40 184 1.95 86.2
Notes: |.W. = interstitial water.
1Shipboard determination.
2K/Cl and Na/Cl assumed.
terva with the LWD (Fig. 1). The observation that resistivity de- Relationship Between Water Content
creases over an interval where both porosity and cation exchange ca- and Cation Exchange Capacity
pacity decrease is unusua will be the subject of the discussion
section. The total water contentv( in percent of dry weight) and the CEC
) o (in eqg/kg) are strongly correlated. For samples at Site 949 (Fig.6)
Exchangeable Cation Composition with CEC in the range 0.3-0.6 eg/kg,
Interlayer cation compositions were only determined at Site 949 w = (116.53)x CEC— (1.62), R = 0.92. (5)

(Tables 2-5). They are fairly constant over the cored interval (Fig. 5).
The interstitial fluid contains much more calcium (3 to 4 times more)

. . -/ This correlation fails for samples having a CEC higher than 0.6
than seawater, abou; half less magnesium, apout a.thlrd potassmga,/kg_ Total water content then decreases with increasing CEC. The
and slightly less sodium. When comparing with typical values for, amples cored from Site 949 were presumably subject to a low pre-

smeciites in equilibrium with seawater (Sayles and MangelSdo;Eonsolidation stress, ranging from 200 to 700 kPa (Briickmann et al.,

1977), the change in Ca/Mg value of the pore fluid is reflected in th hapter 7, this volume). Although they presumably experienced a

exchangeable cation composition. The proportion of potassiu igher level of stress, whole-round samples from Site 949 apparently
among exchangeable cations is larger than that expected for a p IS

smectite and may be explained by a contribution of illite to the CE
In average, 60% of the charge is compensated by 3¢4-10% by

ow the same trend, but data are too few to reach a definite conclu-
sion. These results cast doubts about the possible identification of

K, 8%-15% by Mg, and 20%25% by Car. This makes predic- 5207 © 0L BLt B e L ey e e ere
tions of the hydration state uncertain, but the behavior of the smecti ’ P 9

e . . . oY
. . . . oOllected during Legs 156 and 110 show a large dispersion of the ini-
should be closer to that of a sodium smectite. A sodium smectite tygél water content for a given preconsolidation stress (Taylor and

ically retain; one layer of water after air drying (under 50% water vay onard, 1990). Furthermore, preconsolidation stresses determined
por §aturat|on). One layer of water cc;rresponqls to a 1.3 nm (00 samp’les from Hole 949B décrease with depth between Cores 156-
Spacing, I0 & walter Sgirt‘tfor}tnﬁ’;gbgit /;L(g % (dé?;&”el'ggt‘i_aK'merenm:r; 4 949B-15X (336 mbsf) and 22X (428.75 mbsf), following a trend op-

; p i 410 ! ol .. pasite to that of porosity over the same depth interval (Briickmann et
Shainberg, 1975; Ransom and Helgeson, 1995). Calcium smectltg Chapter 7, this volume)
" , .

under the same conditions have a 1.5- to 1.6-nm layer spacing a . . .
contain about 20% dry weight water, or 4.5 water molecules per unit Several approaches have been tried to estimate the water retention

formula. When in low ionic strength water (less than 0.3 NaCl)propertles of the samples. Differential thermal analysis (DTA) curves

smectites, especially when the interlayer cation is Na, form gels arﬁ)ere obtained from samples from Site 949 after air drying under

o700 ; . ) ;
retain much larger amounts of water in the interlayer spaces. Th 5{03)721305(\)’\:255 v\\//Z?eorr iiartgl’rr?él\(/)Qd ﬁ:wlvse euns ur?)l(l));nott:r?ng?atg?grg’n d
equilibrium state depends on the temperature, the ionic force of t% ! P

0°C, but most of it is removed before 110°C is reached. In the

fluid, and the applied effective pressure. For a fluid at room tempe . .
L . rves obtained from the Barbados samples, the water fraction re-
ature that has the ionic strength of seawater, the layer spacing colla&léved between 110° and 300°C represents only 2% of the dry

es to 2 or 3 water layers (1.6 or 1.9 nm spacing; Meade, 1964). A pép- . - . i
ticular property of Na-smectites is an ability to regain equilibriumwe'ght' The adsorbed water content after air drymg fas been es

. timated from the weight loss between room temperature and 200°C.
water content regardless of past effective stresses, whereas smec

with divalent interlayer cations have a very partial recovery (Tessier, allies are correlated with CEC by
1991). This has obvious implications for the behavior during tectonic
unloading, especially if the unloading is attributed to the effect of flu-
id injections.

W, = (13.04)x CEC + (1.78), R= 0.77. (6)

This correlation is an indication that most water is adsorbed at smec-
tite interlayer sites.
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Table 3. Interlayer cation, CEC, and water retention.

Sediment sample: Exchangeable cations (meg/100 g) Original water content (dry wt%) Air dried samples
core, section, salt-corrected Cobaltihexamine CEC __Clfree(bound)  yjgpor Weight loss at 200°C
interval (cm) Ca Mg K Na ZCharges (meq/100 g) Total Pore %  J@/charge saturation %  HO/charge
156-949B-
2X-6, 137-139 10.1 59 46 319 52.5 52.0 60.5 469 136 15.7 47% 7.8 7.7
3X-2, 21-23 102 6.2 44 316 52.4 51.4 57.7 454 123 14.5 8.7 8.6
5X-4, 65-67 133 7.2 40 36.3 60.9 57.8 64.8 411 237 24.8 8.9 7.9
7X-4,91-93 109 6.2 31 255 45.7 44.0 515 36.8 14.7 20.1 70% 7.9 9.2
13X-3, 33-36 133 47 46 374 59.9 55.7 65.0 459 19.1 20.7 47% 8.6 7.9
15X-3, 15-18 128 7.2 43 359 60.3 58.2 79.2 48.0 31.2 32.7 55% 9.8 8.5
19X-2, 25-31 109 81 19 30.0 50.9 51.3 60.6 458 14.8 17.6 52% 9.6 9.5
22X-2, 25-32 107 73 23 283 48.5 48.2 49.1 38.8 10.3 12.8 61% 8.1 8.6
22X-6, 66-73 115 51 31 26.7 46.5 45.1 496 315 18.1 24.0 47% 7.3 8.4
25H-2, 7-9 93 34 33 210 37.1 36.4 38.7 29.8 8.9 14.5 63% 6.8 9.8
156-949C-
7R-1, 64-66 88 43 33 207 37.1 354 425 333 9.2 15.3 47% 5.9 8.8

Table 4. Cation exchange capacity and water retention.

Original water content

' i ) (dry wt%)
Sediment sample: I.W. sample: |.W. Soluble extractCobaltihexamine I
core, section, Depth  core, section, CI? cl CEC __ Clfree (bound)
interval (cm) (mbsf) interval (cm) (mM) (meg/100g) (meqg/100g) Total Pore %  H,O/charge

156-948C interstitial water squeeze cakes

7X-6, 120-150 477.8  Same sample 511 155 72.7 45.1 33.4 148 12.6
8X-3, 110-150 483.0 Samesample 512 11.8 64.2 36.2 252 131 125
9X-4,115-150 494.2  Same sample 461 14.4 72.0 45.6 34.3 144 12.3
10X-3, 110-150 502.4  Same sample 511 131 54.3 38.1 27.7 124 13.8
11X-3, 120-150 512.1  Same sample 538 12.6 49.4 342 251 107 13.0
12X-4, 110-150 523.2  Same sample 564 15.2 42.1 36.9 285 10.0 14.1
13X-4, 115-150 532.6  Same sample 571 13.1 31.1 31.6 240 87 16.4
15X-6, 110-150 554.2  Same sample 560 13.3 35.3 351 249 115 19.2
156-948C whole-round samples
7X-6, 63-74 a 47713  7X-6,120-150 511 17.0 103.3 62.8 37.9 25.0 15.5
7X-6, 63-74 b 477.13  7X-6,120-150 511 23.4 89.7 67.3 514 158 11.1
15X-6, 55-61 553.45 15X-6, 110-150 560 13.0 24.4 295 241 54 12.9
15X-6, 103-109 553.93 15X-6, 110-150 560 14.6 39.6 350 276 74 11.1
18X-5, 139-150 580.69 18X-4,110-150 554 14.6 24.4 319 272 47 11.2
156-949B whole-round samples
7X-3, 14-25 305.24  7X-2,110-150 563 17.8 35.7 43.1 332 99 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 a  366.55 15X-5,110-150 538 24.2 97.5 69.8 51.0 188 12.3
15X-5,65-76 b 366.55 15X-5,110-150 538 30.0 75.4 78.1 61.6 165 135
25H-2, 139-150 461.29 25H-3,110-150 559 15.6 37.4 40.3 29.4 109 17.2

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

Another way to interpret these data is to compute the number of 1977; Pride, 1994; Revil and Glover, 1997). The thickness of the dou-
water molecules per cation charge. For anideal smectite having alay- ble layer is thus comparable, in seawater, to the smectite interlayer
er charge between 0.3 and 0.4, the expected number of water mole- spacing. It is possible to schematically split the total water content of
cules per charge are 6-8, 12-16, and 18-24 for one, two, and thrise sample in a fraction that contains the same chloride concentration
water layers, respectively. The number of water molecules per catias the pore water and a fraction that is totally chloride free (Fig. 7).
charge consistently lies between 7.7 and 9.8 in all samples, whicFhis chloride-free part represent interlayer water, and water in the
could indicate either that one water layer is retained in smectites witthouble layer. This method thus gives a reasonable upper bound to to-
1.8 wt% water adsorbed on uncharged surfaces, such as fine-grairtatiadsorbed water.
kaolinite, or that these smectites have a behavior intermediate be- As shown on Figure 6B, pore water determined by this method ap-
tween a typical Na and a typical Ca or Mg smectite. pears to be less variable and less correlated with CEC than total water

The proportion of true interstitial water in the saturated samples isontent. Except for one anomalous sample, the chloride-free water
estimated from the total water content and the chloride content in trentent ranges from 5 to 25 wt%, and the number of water molecules
extract. As shown earlier, all the chloride salts are dissolved duringer cation charge ranges from 11 to 25. Assuming most of the chlo-
the extraction by dilution in deionized water. Anions are excludedide-free water lies in smectite interlayers, these values are compati-
from the interlayer of smectites and, according to the double layésle with 2 or 3 water layers, depending on the samples (Tables 2—4;
theory, from a thin layer around external positively charged surfacegig. 8). Samples from Site 948 (whole rounds and squeeze cakes) ap-
The thickness of this layer decreases with salinity up to a critical corparently retain fewer water molecules per cation charge than samples
centration when all counter-ions are concentrated in a single layer &bm Site 949. This may indicate that a fraction of the adsorbed water
hydrated cations, the Helmholtz layer. The thickness of the Helmis expelled during natural compaction and/or squeezing. Regardless
holtz layer is about 0.6 nm, and the critical concentration is reacheaf the model for water adsorption, it is important for chemical bud-
for a salinity only slightly higher than that of seawater (Clavier et al.gets to note that betweésn and  of all the water present in the sam-
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Figure 2. Comparison of water contents measured on board and after the
cruise. Thereis no evidence for water loss during transport.

plesischloridefree, and that thiswater is expected to be rel eased 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). Thereis evidence that the acti-
vation energy is higher for surface conduction than for conductionin
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-
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%9 2]
250 — m
gy * oo o o
L e “'_ & g’%?ég 5 o 1
"oo o 5% o C?oo ©
. |
I PN Y oo S0
300 +~ =
| o o g% ]
[
7]
kel
£
350 0g 0@ |
< $ Ho @
=1 ° P ° o O il
g A IR ,
400 - i K o 7
° S5 @,
i 'a% g% Code 1
450 - o] o o O _o T
oo o @ 0o o
500 L T I Tt L oo |
2 2.5 3 35 4

Grain density (g/cm3)

Figure 3. Comparison of grain density measurements made on board and in a
shore-based Iaboratory.

to 500 mbsf at Site 948, which corresponds to the radiolarian-bearing
Unit lle. For this unit, a grain density of 2.71 gfdmassumed.

The resistivity vs. porosity cross-plot of all LWD data from Hole
948A shows two distinct populations (Fig. 9). The main, elongated,
cluster corresponds to all lithologies from the surface to the décolle-
ment. The cluster of lower resistivity points corresponds to the under-
thrust sequence (Unit 111). The lithological boundary thus appears as
a major change in electrical conductivity. Looking more closely at
the data, a bump of higher resistivities in the main cloud for porosities
of 50%-60% corresponds to data from the high porosity interval
within Unit Il. Four LWD zones are defined. Zone 1 corresponds to
the first thrust packet, down to 130 mbsf. Zone 2 correspond to the
upper part of the thrust packet down to the top of the low-porosity
zone at 400 mbsf. Zone 3 corresponds to the high-porosity zone be-
tween 400 and 515 mbsf. Zone 4 corresponds to the underthrust ma-
terial and to lithological Unit 111

The next step is to correct for variations in pore-fluid conductivity
caused by fluid composition. Two synthetic pore-fluid samples were
prepared. One corresponds to the average composition of interstitial
water samples. The other corresponds to interval 156-948C-7X-6,
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 of
553 mM and a conductivity of 4.680.2Q-'mat 17.5°C, compara-

perature range (0°-40°C) justify computation of an approximate comle to that of seawater at the same temperature (367). The

rection based on the variation of seawater conductiytyith tem-
perature as follows:

0,=2.8+0.1T (CRm? @

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 extrapol ated as-
suming a constant gradient of 66°C/km below 420.5 mbsf.

conductivity of the lower chlorinity fluid is 4.3 + 0.2 Q-'m™. The
conductivity difference is thus 8.8%, whereas the chlorinity differ-
enceis8.2%. In view of thisresult 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.

To convert the LWD gamma-ray densitometry data into porosity;This formation factor is of convenient use for datacomparison, but is
the grain density is assumed at 2.8 gj@mcept in the zone from 490 not tied to a physical model of porous medium because surface con-
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Site 948 Site 949 cm, also has a CEC close to 1 eg/kg and is probably similar. Both
450 200 samples are heterogenous. The whitish benthonite is interlayered
with a darker claystone that contains some kaolinite and quartz (from
qualitative XRD) and has a lower CEC. These samples have a very
high water content (69% and 66%, respectively), but once a correc-
tion for adsorbed water content is applied, the true porosity of these
500 i 300 b samples (49% and 39%, respectively) is comparable with that of the
, b ®e other samples. Section 156-949B-7X-3, from Unit IIb, has only about
Unitll = o 30% smectites in the clay fraction, and interval 156-948C-18X-5,
Unit il 139-150 cm, from Unit Ill, has less than 20% smectites in the clay
fraction. These results are consistent with the CEC determinations.
Although dispersed, the conductivity measurements confirm that the
550 400 ° smectite-rich samples from Unit lic have an anomalously high resis-
o tivity for their water content (Table 5; Fig. 12). Unfortunately, these
Unit Il & two samples are probably too smectite rich to be representative of the
450 | YNt bulk of Unit llc.
° % Measurements made on board using a Wenner 4-needles array did
not show a significant conductivity difference depending on the ori-
600 500 entation of the array with respect to bedding. Anisotropy could only
05 1 0 0.5 1 be tested on two of the whole-round samples, and the horizontal and
C.E.C. (meq/g) C.E.C. (meq/g) vertical measurements are indeed very close considering the preci-
sion of the measurements. The lack of evidence for sample scale
anisotropy of course does not exclude formation scale anisotropy in
a heterogeneous bedded formation such as lithological Unit IIl.

e © o 250

Depth (mbsf)
Depth (mbsf)
w
[

o

o

Figure 4. Cation exchange capacity determined on sediment samples by
cobaltihexamine (Co(NH3))®* substitution.

The sharp contrast in resistivity between the offscraped units Comparison with LWD
(lithological Units| and 11) and the underthrust unit (lithological Unit
I11) isstill observed after the salinity correction (Fig. 10). For the pur- Although the conductivity contrast between the zones immediate-

pose of figure legibility, logging data are averaged for each 5-m in- ly above and below the lithological boundary is shown both by LWD
terval. A diding average method is applied, using a Gaussian curve and measurements on samples, LWD resistivities are systematically
of 5-m half-width for weighting. Datafrom all of Unitsl and |1 define lower in the deeper part, although they fit for the mudline cores. Mea-

atrend that can befit by a power law, surements made on board may be higher than shore-based measure-
ments because of difficulties to obtain a reliable electrical contact be-
F=1.24¢2% R=0.096. 8) tween the electrode array used on board and the sediment, but this

should not apply when comparing shore-based measurements and
LWD. Although the frequency range is different{D0 kHz for the
oratory measurements vs. 2 MHz for the LWD), frequency depen-
ence of conductivity is not a likely explanation because laboratory

This fit is in the range considered typical for marine sediments
(Iversen and Jgrgensen, 1993; Manheim and Waterman, 1974). T

high-porosity zone within Unit Il plots close to the main trend after

- ; ; ; : ts showed that the variation of conductivity with fre-
the salinity correction. This suggests that its anomalous behavior [geasuremen .
mostly due to the lower salinity of the pore fluid, but the uncertaintydU€NCY is moderate (159 maximum between 1 kHz and 100 kHz). As

on the temperature correction does not allow for a firm conclusion.frequency depen_dence of co_nductivi_ty in sediment is likely to bg re-
lated to polarization effects in the diffuse boundary layer (de Lima

and Sharma, 1992), the effects should be small in seawater. Further-
M easurements on Samples more, the good agreement between the phase and attenuation resistiv-

ity measurements indicates that at 2 MHz, polarization effects are too

small to alter the resistivity measurement. The temperature correc-

Conductivity measurements made on board as well as measukgsn however, may be incorrect if surface conductivity contributes to
ments made in the shore-based laboratory (tab 5) were convertedify sample conductivity.

apparent formation factoFJ, assuming a conductivity equal to that
of seawater for the pore fluid. Measurements made on board indicate Discussion
that the most smectite-rich units (lithological Units lic and lle) have
an anomalously high resistivity considering their water content Putting aside the discrepancy between LWD and laboratory resis-
(Fig. 11). These high-porosity, high-resistivity zones are from theivity measurements, relative resistivity variations are consistent.
same cores as the samples with CEC higher than 0.5 eqg/kg (Coi@sth data sets indicate that there is probably an inverted correlation
156-949C-2X through 5X, 13X through 15X, and 19X). Variations inbetween the CEC and the sediment electrical conductivity in the in-
salinity of the pore fluid is here an unlikely explanation, because th&erval around the Barbados décollement. This is an apparent paradox
chlorinity of interstitial water varies by 5% maximum at Site 949.because an increase of the CEC should resultin an increase of surface
The calcareous mud from Unit IIb typically has a lower resistivity. Aconductivity. However, this behavior can be understood from semi-
high dispersion is observed in samples from lithological Unit Ill.  empirical models for electrical conductivity of shaly sands (Clavier
Whole-round samples span a wide range of CEC from 0.23 eqg/ket al., 1977; de Lima and Sharma, 1990; Sen and Goode, 1988; Wax-
to more than 1 eg/kg (Tables 2—4). Quantitative XRD analysis of thman and Smits, 1968). All these models use the total CEC as a param-
clay fraction is only available for three of the whole-round sampleseter and therefore assume, although not always explicitly, that sur-
Interval 156-949B-15X-5, 6576 cm, from Unit lic, has a very high face conduction can be described in the same way in smectite inter-
smectite content in the clay fraction (more than 90%), and corrdayer spaces and on the external surfaces of the clay particles. The
sponds to one of the benthonite-like layers reported by Underwooalverall correlation observed between CEC and conductivity supports
and Deng (Chapter 1, this volume). Interval 156-948C-7X-6763  this assumption. It should be noted that although the Barbados sam-
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Table 5. Electrical conductivity measurements on whole-round samples.

Normalized mineral abundance Porosity Conductivity (S/m) Apparent formation factor
Core, section from shipboard XRD (wt%) (%) at frequency at frequency
interval (cm)  V/H Unit Clay Qtz. Plag. Cadc. Uncorrected Corrected 1kHz 10kHz100kHz1MHz 1kHz 10 kHz 100 kHz 1 MHz
156-948C
7X-6,63-74 a H Ilc 570 27.7 153 0.0 66.0 39 0.71 a8 0.82 080 6.7 6.0 57 5.9
15X-6, 55-61 vV llib 536 291 00 173 44.9 37 0.49 09 049 95 95 9.6
15X-6,103-109 VvV  llIb 623 377 TR 00 49.9 39 0.51 032 053 053 93 91 8.9 8.9
18X-5,139-150 H I1b 57.8 195 23 204 475 40 0.87 08 090 0.88 54 53 5.2 54
156-949B
7X-3, 14-25 \% Ilb 53.0 250 36 184 55.4 43 0.83 087 091 0.89 5.6 54 52 5.3
H 55.8 42 0.90 00 092 0.89 5.2 52 51 5.3
15X-5, 65-76 a H llc 62.1 304 76 00 68.7 49 0.69 o 0.79 6.8 5.6 5.9
25H-2,139-150 H Il 55.7 37 0.96 106 112 112 49 44 42 42
\Y 53.6 39 0.95 0® 101 097 49 48 47 49

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

Exchangeable cation composition

2X-6
3X-2
5X-4
7X-4
13X-3
15X-3
19X-2
22X-2
22X-6
25H-2
7R-1

Sample

smectite
mixed layer
illite
kaolinite \

Percent equivalent fraction

Figure 5. Exchangeable cation composition in per- H ca H Mg [0 K [] Na
cent of total charge (Site 949).

ples have a higher clay content than the samples to which these mod- water with the CEC (Clavier et al., 1977; Sen and Goode, 1988). An
elswere applied, the range of cation exchange capacity per unit fluid effective porosity is then defined as

volume, Q,, (Q, = [CEC] x p,[1-¢]/¢) issimilar because of the high-

er porosity of the Barbados samples (Table 1). In the high salinity do- berr = O —Vo(1-0)p, * (CEQ), 9)

main (i.e., when most counter-ionsare confined in the Helmholtz | ay- € Q g

en), an asymptotic effective conductivity of the surface-conducting  yhereg is the total porosity, and, is the water volume per surface

layer can be defined "’B.the ratio of gurface conductance to its thick- charge. To illustrate the consequences of variations of the CEC and
ness (aboit 0.6 nm, &s discussed ear_ller). Eor aNaCI_ solution, avalue . of the amount of bound water, conductivities computed with Equa-
of about 6 S/m at 20°C, compatible with experiments on montmorilgo 10 from Sen and Goode (1977)
lonite gels, is obtained (Clavier et al., 1977; de Lima and Sharma, '
1990). As this value is only slightly higher than that of seawater at the g _ m 1 QVD mQy
same temperature (4.8 S/m), the effect of surface conduction is ex- % = berr % * g, a* 1.3¢ 0_0 ’
pected to be moderate. On the other hand, the tortuosity increases
very sharply with CEC (Clavier et al., 1977; Sen and Goode, 1988;
Waxman and Smits, 1968), so that the net effect may be a decreaseapd compared with LWD measurements (Fig. &3% the bulk sedi-
conductivity, and decreasing conductivities with increasing CEC arenent conductivityg, is the pore-fluid conductivity, and other pa-
indeed documented for a high-salinity pore fluid (Manheim andameters are already defined. CEC is made to vary from 0.3 eqg/kg,
Waterman, 1974). typical of lithological Unit Ill, to 0.6 eg/kg, which is considered rep-

A large part of the variation of the tortuosity with CEC can beresentative of Unit Il, to 1 eg/kg, which is the maximum value mea-
modeled by taking into account the increase of the volume of bounslired. Cases with different values of exponemind of the specific

absorbed water volume, are considered. ify = 0,m must be more

(10)
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than 4, and the conductivity increases as a function of the CEC (Fig. 80 m

13A). Such a high value of mis physically unredistic, even for a u

sediment composed of platelets of high aspect ratio (Jackson et a., | 1

1978). Assuming v, = 0.28 l/eq (Clavier et a., 1977; Sen and 701 g2 4+ B
Goode, 1988), which corresponds roughly to the two water layer " o3 ?I +
case, conductivity appears to depend little on the CEC (Fig. 13B),

60 7

50 1 W, v=11653x - 162

i R? = 0.92
40 +
+

1 +/
30 ‘ /

and the main trend is fit with m = 2.7. v4 = 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, mis 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 mand vg (M < 3 and vg < 0.45 I/eq). However, the
model assumption that all exchangeable cations participate equally to
surface conduction may be wrong when most of the exchangeable = 13.04x + 1.78
cations are interlayer cations. Smectite interlayer cations are mobile, r / y =13 ’
and therefore should participate in the conduction, but their mobility 10 + o ,@o@ & R? = 0.77

Water content (dry wt.%)

is not known for the interlayer spacings usually found in sediments L / -
(0.6 or 0.9 nm). Furthermore, model surface conductance is derived 0 - ‘ L L
from measurements in NaCl solutions, and the influence of having a ‘ ' ‘ ’ '
higher divalent cation content (40% of the total charge) in the bound- 0.0 0.2 0.4 0.6 0.8 1.0
ary layersand/or interlayersis not known. An alternative explanation A Cation exchange capacity (meqg/g)
isto assume a high tortuosity for the network of conductive surfaces
(Revil et al., 1996)

- | OTotal water
CONCLUSION 70 1| A Pore water 0 O
—_ - | ACl-free water | OO O
Because of the correlation between total water content in the sed- 2 g0 1 i} A
iment and CEC, which essentially reflects smectite content, quantita- -E | 0
tiveinterpretation pf porosity logsin term of pore pressure may be pl - > 1 EEI A A
ased. The proportion of water adsorbed on particle surfaces and in £50 A
smectite interlayers varies from % to more than %5 in Barbados sam- ~ 1 I
ples. Thiswater isincluded in the routine porosity measurements and € 40 } % A A
in the porosity computed from density logs and may obscure the ‘2’ I I:I‘ A
“true” porosity trends. Although there is little doubt that the whole ¢ A A A
formation is undercompacted, a correlation of oedometer tests wi 2 30 + E ‘A
other relevant physical properties, such as CEC, are needed to def @ " A A A
a more precise porosity-effective pressure relationship. g 20 1 A A A
Electrical conductivity measurements also show the influence c 5 A & A A
clay mineralogy. The conductivity at a given water content tends t 10+ & A
decrease with CEC, for CEC > 0.30 eq/kg. For a pore-fluid conduc A
tivity comparable to that of seawater, this behavior may be explaine I A
if the increase in surface conductivity is more than balanced by tt 04— —t
loss of “true” pore space as water is adsorbed in smectite interlaye 0 0.5 1

The particularly high resistivity of some of the samples leads to wor B

der whether the conductance of the smectite interlayers is equal

smaller than the conductance of the external double layers describ gigyre 6. A. Water contents (dry wt%) as a function of cobaltihexamine

by physical models. . cation exchange capacity. 1 = total water content at Site 948 (whole-round
Additionally, determination of bound water content is of interest gyypjeq): 2 = total water content at Site 949 (all samples); and 3 = water

to establish the chloride budget of the wedge, and measurements retained after air drying, determined by heating to 20@Mistribution

electrical conductivity have implications for the modeling of the mi- o water content between pore water (water of same chiorinity as interstitial

gration of chemical elements, as electrical conductivity can be rela yater extract) and chioride-free water (interlayer and double layer water).

ed to ion diffusivity (Ilversen and Jgrgensen, 1993; Manheim an

Waterman, 1974; McDuff and Ellis, 1979).

Cation exchange capacity (meq/g)
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