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Permeability–porosity relationships for sediments from the northern Barbados, Costa Rica, Nankai, and Peru
subduction zones were examined based on sediment type, grain size distribution, and general mechanical and
chemical compaction history. Greater correlation was observed between permeability and porosity in
siliciclastic sediments, diatom oozes, and nannofossil chalks than in nannofossil oozes. For siliciclastic
sediments, grouping of sediments by percentage of clay-sized material yields relationships that are generally
consistent with results from other marine settings and suggests decreasing permeability as percentage of
clay-sizedmaterial increases. Correction of measured porosities for smectite content improved the correlation
of permeability–porosity relationships for siliciclastic sediments and diatom oozes. The relationship between
permeability and porosity for diatom oozes is very similar to the relationship in siliciclastic sediments, and
permeabilities of both sediment types are related to the amount of clay-size particles. In contrast, nannofossil
oozes have higher permeability values by 1.5 orders of magnitude than siliciclastic sediments of the same
porosity and show poor correlation between permeability and porosity. More indurated calcareous
sediments, nannofossil chalks, overlap siliciclastic permeabilities at the lower end of their measured
permeability range, suggesting similar consolidation patterns at depth. Thus, the lack of correlation between
permeability and porosity for nannofossil oozes is likely related to variations in mechanical and chemical
compaction at shallow depths. This study provides the foundation for a much-needed global database with
fundamental properties that relate to permeability in marine settings. Further progress in delineating controls
on permeability requires additional carefully documented permeability measurements on well-characterized
samples.
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1. Introduction

Physical properties of marine sediments have been widely studied
both in academic and industrial research.With the introduction of the
Deep Sea Drilling Project (DSDP) and the Ocean Drilling Program
(ODP), new levels of understanding have been added to the
knowledge about marine sediments during the past few decades.
Physical properties of submarine sediments have been studied
through recovered cores, down-hole logging, and also by in-situ
instrumentation and testing. Permeability is one such physical
property that has been closely studied because of its importance in
fluid flow and pore pressures in the subsurface. A number of
investigations have focused on subduction zones because fluid flow
and overpressures play an important role in thermal and solute
transport and are thought to affect deformation and earthquakes (e.g.
Bekins et al., 1995; Fisher and Hounslow, 1990; Hubbert and Rubey,
1959). Investigations based on numerical modeling have shown that
permeability is a crucial parameter to accurately simulate fluid flow
and overpressure development in subduction zone settings (e.g.
Bekins et al., 1995; Bruckmann et al., 1997; Saffer and Bekins, 1998;
Gamage and Screaton, 2006; Matmon and Bekins, 2006).

Sediments vary in permeability by several orders of magnitude
based on factors related to composition, grain size and the overall
mechanical and chemical compaction history of the sediment. For
example, permeability data presented in Neuzil (1994) for argilla-
ceous sediments indicate as much as nine orders of magnitude
variation. Spinelli et al. (2004) show similar permeability variations
for marine argillaceous sediments and a lesser degree of variation
(five orders of magnitude) for carbonate-rich sediments. Prior to the
availability of core samples of marine sediments, many studies
extrapolated permeabilities from fine-grained terrigenous sediments
found on-shore, creating uncertainty in the results (e.g. Bryant et al.,
1981). With the availability of more marine samples, the quantity of
permeability data has significantly increased.

Previous studies based on permeability measurements from both
marine and terrestrial sediments have suggested that correlation
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between permeability and porosity could provide insight to a large
range of sediments in nature (e.g. Neuzil, 1994; Bryant, 2002; Spinelli
et al., 2004). Given the large variation in sediment permeability, it is
necessary to use a systematic relationship between permeability and
porosity to approximate the permeability structure in subduction
zone fluid flowmodels (e.g. Saffer and Bekins, 1998). Similarly, lack of
basic permeability–porosity relationships has greatly hampered the
understanding of fluid flow and pressure generation in sedimentary
basins (e.g. Alpin et al., 1999).

The primary purpose of this study is to synthesize available
permeability data from the northern Barbados, Costa Rica, Nankai,
and Peru subduction zones (Fig. 1 and Fig. S1) with the aim of
defining and understanding permeability–porosity relationships.
Here we developed permeability–porosity relationships based on
sediment type and grain size distribution. Variations observed in
permeability–porosity relationships were assessed based on the
effect of interlayer water in smectite and the general compaction
history.

2. Sampling locations

2.1. Barbados

The Barbados accretionary complex is formed where the North
American Plate (Fig. S1a) is being subducted beneath the Caribbean
Plate at a rate of about 2 cm a−1 in an east to west direction (DeMets
et al., 1990). Active accretion of sediments at the Barbados
accretionary complex takes place at the eastern end of the complex.
At the location of DSDP and ODP drilling, the incoming sediments are
predominantly clay and claystones. This study used core permeability
measurements fromODP Leg 156 Sites 948 and 949 (Bruckmann et al.,
1997; Zwart et al., 1997) and ODP Leg 110 Sites 671, 672, and 676
(Taylor and Leonard, 1990). The heat flow values at the drilled sites
vary from 80 to 110 mW/m2 and the thermal gradients vary from 66
to 97 °C/km (Shipboard Scientific Party, 1995a, b).

2.2. Costa Rica

The Middle American Trench (MAT) is formed by the eastward
subduction of the Cocos Plate beneath the Caribbean Plate (Fig. S1b) at
a rate of about 8.8 cm a−1 (Silver et al., 2000). Near the Nicoya
Peninsula of Costa Rica, the incoming sedimentary sequence is about
380 m thick and consists of approximately 160 m of siliceous
hemipelagic sediments overlying about 220 m of pelagic carbonates
(Silver et al., 2000). Based on seismic reflection profiles and gamma
ray logs, less than 5 m of sediments are being off-scraped at the toe of
the margin, thus representing a nearly non-accretionary margin
(Shipboard Scientific Party, 1997b). In this study we used core
permeability measurements from ODP Leg 170, Sites 1039 and 1040
(Saffer et al., 2000; Screaton et al., 2006), and from ODP Leg 205, Sites
1253, 1254, and 1255 (McKiernan and Saffer, 2006; Screaton et al.,
2006), including silty clays, diatom oozes, nannofossil chalks, and
Fig. 1. Global location map showing drill sites where whole-round samples were taken
for permeability measurements.
nannofossil oozes. Anomalously low heat flow values of ~13.5 mW/
m2 were measured in the trench (Langseth and Silver, 1996),
increasing to 23.5 mW/m2 landward of the frontal thrust and
~30 mW/m2 farther upslope (Shipboard Scientific Party, 1997a). The
average thermal gradient at Site 1039 is 9.6 °C/km (Shipboard
Scientific Party, 1997b) and 7.2 °C/km at Site 1040 (Shipboard
Scientific Party, 1997c).

2.3. Nankai

The Nankai accretionary complex is formed by the subduction of
the Philippine Sea Plate beneath the southwest Japan arc on the
Eurasian Plate (Fig. S1c) at a rate of about 4 cm a−1 (Seno et al., 1993).
The incoming sediments are predominantly composed of silty clays.
Core permeability measurements presented in this study are from
ODP Leg 190 Sites 1173, 1174 (Gamage and Screaton, 2003; Skarbek
and Saffer, 2009), and 1177 (personal communication, T. Hays, 2005).
Heat flow values range from 180 mW/m2 at Sites 1173 and 1174 to
130 mW/m2 at Site 808 (Shipboard Scientific Party, 2001b,c,d). The
thermal gradients vary from 183 °C/km for Sites 1173/1174 (Ship-
board Scientific Party, 2001b,c) to 60 °C/km at Site 1177 (Shipboard
Scientific Party, 2001d).

2.4. Peru

The Peru accretionary complex is formed by the northeastward
subduction at approximately 6.1 cm a−1 of the Nazca Plate (Hampel,
2002) below the Andean continental margin along the Peru Trench
(Fig. S1d). This study used core permeability measurements from ODP
Leg 201, Sites 1225, 1226, 1230, and 1231 (Gamage et al., 2005). These
sites represent a wide range of subsurface environments in both
open-ocean (Sites 1225, 1226, and 1231) and ocean-margin (Site
1230) provinces of the eastern tropical Pacific Ocean. Sediments vary
from nannofossil oozes and chalks to diatom oozes. At the open-ocean
sites, heat flow estimates vary from ~15 mW/m2 at Site 1225 to
~49 mW/m2 at Site 1226 and 51–64 mW/m2 at Site 1231 (D'Hondt et
al., 2003). At the ocean-margin Site 1230, estimated heat flow is
28 mW/m2 (D'Hondt et al., 2003). The thermal gradient at Site 1225 is
7.4 °C/km (Shipboard Scientific Party, 2003a), at Site 1226 is 54 °C/km
(Shipboard Scientific Party, 2003b), at Site 1230 is 34.3 °C/km
(Shipboard Scientific Party, 2003c) and at Site 1231 it varies from
90 °C/km from 0–55 mbsf and 35 °C/km from 55–115 mbsf (Ship-
board Scientific Party, 2003d).

3. Methods

3.1. Laboratory-measured permeability data

Laboratory-measured permeability data were provided by several
sources for each of the four subduction zones. The two widely used
methods for permeability measurements are direct flow tests (e.g.,
falling or constant head, constant-rate flow) and consolidation tests.
Some studies have noted inconsistencies between calculated perme-
ability values from consolidation tests and direct flow tests (Bryant et
al., 1981; Taylor and Leonard, 1990; Zwart et al., 1997). Bryant et al.
(1981) made a general observation that the permeability values
computed from consolidation tests are one order of magnitude less
than values obtained from direct measurements. A similar observa-
tion was made by Taylor and Leonard (1990) on ODP Leg 110
Barbados samples. In contrast, Zwart et al. (1997) found that
permeability calculated using consolidation tests on Leg 156 (pri-
marily claystone) samples generally overestimated direct measure-
ment values and that the difference between the values for a given
consolidation step varied from negligible up to a factor of 20. Saffer
and McKiernan (2005), based on samples from Leg 205 (primarily
clayey diatomite and diatom ooze), concluded that results between
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the two methods were consistent. Although in general, consolidation
tests are suitable for determining low permeability of fine-grained
sediments, uncertainties linked to estimation of permeabilities from
consolidation curves (e.g. difficulty in separating primary consolida-
tion from secondary compression) could affect the estimated
permeabilities. To minimize these uncertainties we constrain our
data to only those obtained from direct flowmeasurements. Although
this omits some Costa Rica data from McKiernan and Saffer (2006)
and Nankai data from Skarbek and Saffer (2009), we note that these
samples are represented in this study by their flow-through test
results. We further limit our permeability measurement selection to
those that have reported porosity or void ratio information. For
consistency, only vertical permeabilities were used in this study; data
on horizontal permeabilities are extremely limited. A brief explana-
tion of methods used for permeability determination can be found in
Appendix S1.

3.2. Sample selection and limitations

The data chosen for this study were obtained from homogeneous
and coherent sections of whole-round cores preferentially selected to
avoid large structural features such as faults. Even though the data
used here include samples from structurally deformed regimes (e.g.,
accretionary prism, décollement), samples did not include scaly fabric
and other deformational features that could provide dynamic flow
paths or reduced permeability. Permeability values presented here
therefore closely represent the matrix permeability of the sediment
and exclude large-scale formation/fracture permeability.

Previous studies (e.g. Bolton and Maltman, 1998; Bolton et al.,
2000) have shown that the largest decrease in permeability during
sample testing occurs as effective stress increases from 0 to 100 kPa
and subsequently, permeabilities remain relatively constant. We note
that this observation applies only for effective stresses that do not
exceed preconsolidation stress. Permeabilities used in this study were
measured at varying effective stress values ranging from 20 to
1215 kPa (Table 1). In general, permeabilities decreased with
increasing effective stress and deeper samples showed less variation
with increase in effective stress. Overall, the maximum change of
permeability is less than an order of magnitude over the range of test
effective stress conditions. Many of the samples in this study were
measured under confining pressures significantly less than in situ
stress. By combining results from a variety of depths and testing
conditions, we can assess whether this introduces anomalous values.
If conducting the tests under stresses much less than in situ
introduced significant error, we would not expect good relationships
between permeability and porosity. Thus, in sediment typeswherewe
find good relationships between permeability and porosity, we feel
confident that the introduced error by testing at effective stresses less
than in situ is negligible. In contrast, where we do not see a good
relationship, it is possible that there are artifacts introduced.

Grain alignment during consolidation can affect the tortuosity and,
thus, permeability of sediments. However, Brown and Moore (1993)
suggested that permeability increase by grain alignment is compen-
sated by porosity decrease and by collapse of clay framework. In
addition, several studies on natural and artificial clays suggest that the
grain alignment does not increase significantly at loads over 250 kPa
(e.g. Mcconnachie, 1974; Bennett et al., 1989; Clennell et al., 1999).

3.3. Permeability–porosity relationship

Bryant et al. (1975) and Neuzil (1994) observed that permeability
of argillaceous sediments follows a log-linear relationship with
porosity. The log-linear relationship is given by log (k)=log (k0)+
bn, where k0 is the (fictitious) projected permeability at zero porosity,
b is a fitting parameter, and n is the porosity. The coefficient of
correlation (R2) of the regression equation describes the variability of
the estimates around the mean. However, the R2 value inherits the
problem of statistically small sample size. Thus, in such situations the
derived statistics are not necessarily the best indicator of “goodness of
fit”.

3.4. Porosity correction for smectite

In clay-rich sediments where smectite is present, the existence of
significant intragranular porosity can overestimate the intergranular
porosity available for fluid flow. Smectite is a hydrated mineral that
retains variable amounts of water in the interlayer region, and the
amount of water retained is a function of temperature, pressure,
interlayer cation species, and salinity (Colten-Bradley, 1987). The
volumetric significance of interlayer water increases with burial
(Brown and Ransom, 1996), and with increasing temperature and
effective stress, the hydrated phase of smectite becomes unstable
triggering the smectite–illite transformation, where illite is precipi-
tated as a more stable diagenetic mineral.

The correction for smectite discussed in the following section is an
attempt to calculate the intergranular porosity of clay-rich sediments
(Table 1).We compared results with andwithout porosity corrections
made following methods of Brown et al. (2001). For the correction,
the mass fraction of interlayer water is assumed to be 0.20,
corresponding to an interlayer spacing of 15 Å. This assumption was
based on Brown et al. (2001) because smectite in contact with
seawater may have an initial interlayer spacing of 18 Å at shallow
burial depths, partially dehydrating to 15 Å as stress levels rise above
~1.5–3 MPa. It should be noted that samples used here may not
represent depths reflecting stress levels of 1.5–3 MPa, and thus, using
15 Å spacing (mass fraction of 0.2) provides a conservative estimate of
porosity related to interlayer water. However, at shallow depths
(b1.5 km) and temperatures less than 60 °C, some of the interlayer
water may have been released due to simple compaction (Colten-
Bradley, 1987).

Smectite contents in the bulk sediment (Table 1) were available
for all Nankai samples (Steurer and Underwood, 2003b) and some of
the Barbados (Tribble, 1990; Underwood and Deng, 1997) and Peru
samples (personal communication, M. Underwood, 2007). Weight
percentage of smectite was calculated from X-ray diffraction (XRD)
analyses of smectite relative percentage of clays and shipboard XRD
clay relative percentage (Tribble, 1990; Shipboard Scientific Party,
1995a, b, 2001b, c, d). Values for Peru samples (except for Peru
nannofossil ooze and chalk) were also determined using XRD smectite
relative abundance and XRD relative clay abundance (personal
communication, M. Underwood, 2007). Clay mineralogy data for
Peru nannofossil oozes and chalks were unavailable to calculate
corrected porosities.

Smectite content for clay-rich sediments from Costa Rica was
established based on seafloor samples (Spinelli and Underwood,
2004) where clays averaged 87% smectite. This value is consistent
with results for clay-rich ODP Leg 205 samples (Cardace, 2006).
Absolute weight percentage of smectite averaged 60% (Spinelli and
Underwood, 2004). Because data were unavailable for individual
samples and smectite content for Costa Rica clay-rich sediments was
observed to be relatively consistent (Spinelli and Underwood, 2004),
this value (60%) was applied to all Costa Rica clay-rich samples. It
should be noted that using seafloor samples at Costa Rica can
overestimate smectite content at depth, as early diagenesis and
overburden stress at shallow depths can release some of the interlayer
water, as mentioned earlier. Costa Rica pelagic carbonates from Site
1253 had little clay minerals present in the samples (Cardace, 2006)
and therefore the porosities were not affected by the porosity
correction. Because this site is located along the same transect as
Leg 170 Sites 1039 and 1040, it was assumed that pelagic carbonates
from those sites are similar, and therefore porosity was unaffected by
smectite interlayer water.



Table 1
Listing of permeability, porosity, grain size data, smectite, and clay percentages with references used in this study. † Grain size and carbonate data were assigned based on the grain
size data available for similar samples from Screaton et al. (2006) for Costa Rica. *Represents samples used in the grain size classification. The following samples were excluded from
lithologic classification due to lack of sufficient numbers of samples representing a lithological group or lithologic information was insufficient to assign to a group :170-1039B-10 H;
201-1231B-6 H, 3 H; 201-1225A-26 H; 110 (671B-3 H-3, 672A-5 H-3, 676A-2 H-3, 676A-5 H-3). # Where only hydraulic conductivity was provided, permeability was calculated
using (Fetter, 1994), k=K μ/ρg, where k is intrinsic permeability [L2], K is hydraulic conductivity [L T−1], ρ is fluid density [M L−3], g is the gravitational constant [L T−2], and μ is
the kinematic viscosity [M L−1 T−1]. Values of fluid density and viscosity were determined based on temperature values reported for the experiment and the salinity of the
permeant used. In cases where temperature and/or permeant used were not reported, a temperature of 25 °C and a density (for the permeant) of 1023 kg/m3 were assumed. Sample
ID includes ODP site (hole) number and sequence, and the type of core barrel used: H = hydraulic piston core, X = extended core barrel, R = rotary core barrel, CC = core catcher.

Location Permeability
reference

Depth
(mbsf)

Effective stress
(kPa)

Permeability Porosity Permeant
type

Structural
domain

Lithology

log k (m2)

Barbados
156-948 C-13X-3* Vrolijk et al.

(unpubl. data) in
Zwart et al. (1997)

530.4 241 −18.31 4.90E−19 0.55 Saline Underthrust Gray claystone

156-949B-2X-1* Maltman et al.
(unpubl. data) in
Zwart et al. (1997)

254.08 85 −17.33 4.70E−18 0.62 Fresh water Prism Gray to light gray-
olive nannofossil-
bearing claystone

160 −17.35 4.50E−18 0.61
305 −17.78 1.66E−18 0.59
335 −17.79 1.64E−18 0.59
420 −17.84 1.45E−18 0.59
435 −17.89 1.30E−18 0.58
630 −17.87 1.36E−18 0.57
735 −18 1.00E−18 0.57

1215 −18.52 3.00E−19 0.56
156-949B-15X-5* Bruckmann

et al. (1997)
366.23 192 −15.09 8.06E−16 0.7 Fresh water Prism Light olive-gray

claystone384 −16.38 4.18E−17 0.69
768 −17.49 3.27E−18 0.69

156-949B-19X-1* 399.2 96 −16.95 1.12E−17 0.62 Decollement Yellowish brown
radiolarian-bearing
claystone

192 −17.49 3.27E−18 0.62
384 −17.79 1.63E−18 0.61

156-949B-22X-1* 428.75 192 −17.1 7.86E−18 0.55 Decollement Light brownish gray
radiolarian-bearing
claystone

384 −17.44 3.67E−18 0.55
768 −17.95 1.12E−18 0.54

110-671B-3 H-3# Taylor and
Leonard (1990)

20.95 140 −15.99 1.02E−16 0.67 Not specified Decollement Calcareous mud

110-672A-5 H-3# 36.24 196 −17.44 3.60E−18 0.69 Reference site
(incoming sediments)

Calcareous clay
and mud

110-676A-2 H-3# 10.64 20 −17.51 3.09E−18 0.73 Deformation
front site

Calcareous mud

110-676A-5 H-3# 39.12 33 −16.99 1.02E−17 0.75 Deformation
front site

Calcareous mud

Nankai
190-1173A-22 H-2* Gamage and

Screaton (2003)
199.9 240 −16.29 5.18E−17 0.57 Seawater Reference site

(incoming sediments)
Silty clay

420 −16.39 4.05E−17 0.56
540 −16.41 3.92E−17 0.55

190-1173A-31X-1* 284.59 270 −16.7 1.99E−17 0.62 Reference site
(incoming sediments)

Silty claystone to
clayey siltstone420 −16.89 1.29E−17 0.6

190-1173A-39X-5* 367.07 260 −17.61 2.48E−18 0.41 Reference site
(incoming sediments)

Silty claystone
390 −17.66 2.19E−18 0.36
550 −17.82 1.52E−18 0.33

190-1173A-41X-CC* 388.75 290 −17.6 2.50E−18 0.45 Reference site
(incoming sediments)

Silty claystone,
mottled410 −17.78 1.67E−18 0.43

550 −17.93 1.18E−18 0.43
190-1173A-46X-1* 428.59 250 −17.72 1.91E−18 0.45 Reference site

(incoming sediments)
Silty claystone

400 −17.82 1.53E−18 0.43
510 −17.9 1.25E−18 0.41

190-1174B-42R-3* 538.23 190 −17.1 7.89E−18 0.37 Prism Silty claystone,
altered ash480 −17.7 2.01E−18 0.34

620 −17.82 1.53E−18 0.32
190-1174B-59R-5* 704.95 270 −18.28 5.22E−19 0.32 Prism Silty claystone

410 −18.45 3.55E−19 0.3
550 −18.53 2.96E−19 0.28

190-1174B-69R-2* 795.17 270 −18.07 8.54E−19 0.29 Prism Silty claystone
410 −18.24 5.82E−19 0.28
550 −18.54 2.85E−19 0.26

190-1174B-74R-1* 842.75 270 −18.19 6.44E−19 0.3 Underthrust Silty claystone
410 −18.21 6.20E−19 0.28
550 −18.32 4.74E−19 0.27

190-1177A-25R-2* Hays (University
of Florida, personal
communication, 2005)

533.2 414 −17.79 1.63E−18 0.45 Seawater Reference site
(incoming sediments)

Silty claystone
620 −17.97 1.07E−18 0.42
827 −18.09 8.22E−19 0.4
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Listing of permeability, porosity, grain size data, smectite, and clay percentages with references used in this study. † Grain size and carbonate data were assigned based on the grain
size data available for similar samples from Screaton et al. (2006) for Costa Rica. *Represents samples used in the grain size classification. The following samples were excluded from
lithologic classification due to lack of sufficient numbers of samples representing a lithological group or lithologic information was insufficient to assign to a group :170-1039B-10 H;
201-1231B-6 H, 3 H; 201-1225A-26 H; 110 (671B-3 H-3, 672A-5 H-3, 676A-2 H-3, 676A-5 H-3). # Where only hydraulic conductivity was provided, permeability was calculated
using (Fetter, 1994), k=K μ/ρg, where k is intrinsic permeability [L2], K is hydraulic conductivity [L T−1], ρ is fluid density [M L−3], g is the gravitational constant [L T−2], and μ is
the kinematic viscosity [M L−1 T−1]. Values of fluid density and viscosity were determined based on temperature values reported for the experiment and the salinity of the
permeant used. In cases where temperature and/or permeant used were not reported, a temperature of 25 °C and a density (for the permeant) of 1023 kg/m3 were assumed. Sample
ID includes ODP site (hole) number and sequence, and the type of core barrel used: H = hydraulic piston core, X = extended core barrel, R = rotary core barrel, CC = core catcher.

Grain size (wt.%) Carbonate
(wt.%)

Grain size and
carbonate (wt.%)
reference

Calculations based on phyllosilicate (clay mineral) content

Sand
(N63 μm)

Silt
(63–4 μm)

Clay
(b4 μm)

Smectite
(% of clay)

Smectite
reference

Clay
%

Clay
reference

Calculated
smectite
(% of solids)

Smectite %
reference

Corrected
porosity

0 8 92 0 Meyer and Fisher
(1997)

19 Underwood and
Deng, 1997

75.1 Shipboard
Scientific
Party, 1995a

14.3 0.51

0 9 91 9.9 Meyer and Fisher
(1997)

30 Underwood and
Deng, 1997

64.6 Shipboard
Scientific
Party, 1995b

19.4 0.57
0 9 91 9.9 19.4 0.56
0 9 91 9.9 19.4 0.54
0 9 91 9.9 19.4 0.54
0 9 91 9.9 19.4 0.54
0 9 91 9.9 19.4 0.52
0 9 91 9.9 19.4 0.51
0 9 91 9.9 19.4 0.51
0 9 91 9.9 19.4 0.50
0 9 91 0 Meyer and Fisher

(1997)
70 Underwood and

Deng, 1997
60.6 Shipboard

Scientific
Party, 1995b

42.4 0.61
0 9 91 42.4 0.60
0 9 91 42.4 0.60
3 12 85 0 Meyer and Fisher

(1997)
43 Underwood and

Deng, 1997
63.0 Shipboard

Scientific
Party, 1995b

27.1 0.55
3 12 85 27.1 0.55
3 12 85 27.1 0.54
1 7 92 0 Meyer and Fisher

(1997)
30 Underwood and

Deng, 1997
65.7 Shipboard

Scientific
Party, 1995b

19.7 0.49
1 7 92 19.7 0.49
1 7 92 19.7 0.48

38.7 Taylor and
Leonard (1990)

29 Tribble (1990) 27.0 Tribble (1990) 7.8 0.65

48.6 Taylor and
Leonard (1990)

28 Tribble (1990) 42.0 Tribble (1990) 11.8 0.67

30.1 Taylor and
Leonard (1990)

18.6 Taylor and Leonard (1990)

1 48 51 3.56 Steurer and Underwood
(2003a); Shipboard
Scientific Party, 2001b

35.6 Steurer and
Underwood
(2003b)

42.0 Shipboard
Scientific
Party (2001b)

14.9 0.53
1 48 51 14.9 0.52
1 48 51 14.9 0.50
2 39 59 5.94 Steurer and Underwood

(2003a); Shipboard
Scientific Party, 2001b

46.2 Steurer and
Underwood
(2003b)

48.0 Shipboard
Scientific
Party (2001b)

22.2 0.56
2 39 59 22.2 0.54

1 55 44 2.45 Steurer and Underwood
(2003a); Shipboard
Scientific Party, 2001b

63.4 Steurer and
Underwood
(2003b)

55.0 Shipboard
Scientific
Party (2001b)

34.9 0.27
1 55 44 34.9 0.21
1 55 44 34.9 0.17
1 51 48 1.4 Steurer and Underwood

(2003a); Shipboard
Scientific Party, 2001b

64.3 Steurer and
Underwood
(2003b)

54.0 Shipboard
Scientific
Party (2001b)

34.7 0.32
1 51 48 34.7 0.30
1 51 48 34.7 0.30
0 31 69 1.12 Steurer and Underwood

(2003a); Shipboard
Scientific Party, 2001b

48.0 Steurer and
Underwood
(2003b)

57.0 Shipboard
Scientific
Party (2001b)

27.3 0.35
0 31 69 27.3 0.32
0 31 69 27.3 0.30
1 44 56 1.54 Steurer and Underwood

(2003a); Shipboard
Scientific Party, 2001c

43.6 Steurer and
Underwood
(2003b)

52.0 Shipboard
Scientific
Party (2001c)

22.7 0.27
1 44 56 22.7 0.24
1 44 56 22.7 0.22
1 32 68 0.96 Steurer and Underwood

(2003a); Shipboard
Scientific Party, 2001c

53.1 Steurer and
Underwood
(2003b)

49.0 Shipboard
Scientific
Party (2001c)

26.0 0.20
1 32 68 26.0 0.18
1 32 68 26.0 0.15
1 37 62 1.75 Steurer and Underwood

(2003a); Shipboard
Scientific Party, 2001c

36.8 Steurer and
Underwood
(2003b)

52.0 Shipboard
Scientific
Party (2001c)

19.2 0.20
1 37 62 19.2 0.19
1 37 62 19.2 0.16
0 26 74 33.36 Steurer and Underwood

(2003a); Shipboard
Scientific Party, 2001c

30.5 Steurer and
Underwood
(2003b)

26.0 Shipboard
Scientific
Party (2001c)

7.9 0.26
0 26 74 7.9 0.24
0 26 74 7.9 0.23
0 30 70 0.65 Steurer and Underwood

(2003a); Shipboard
Scientific Party, 2001d

47.5 Steurer and
Underwood
(2003b)

56.0 Shipboard
Scientific
Party (2001d)

26.6 0.35
0 30 70 26.6 0.32
0 30 70 26.6 0.29

(continued on next page)
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Table 1 (continued)

Location Permeability
reference

Depth
(mbsf)

Effective stress
(kPa)

Permeability Porosity Permeant
type

Structural
domain

Lithology

log k (m2)

Nankai
190-1177A-46R-2 Hays (University of

Florida, personal
communication, 2005)

732.54 689 −17.81 1.54E−18 0.37 Reference site
(incoming sediments)

Silty claystone
827 −18.29 5.15E−19 0.36

190-1173A-12 H-4* Skarbek and Saffer
(2009)

107.14 1324 −16.57 2.72E−17 0.61 Reference site
(incoming sediments)

Silty clay

107.14 3563 −16.93 1.17E−17 0.58 Reference site
(incoming sediments)

Silty clay

107.14 6186 −17.34 4.56E−18 0.54 Reference site
(incoming sediments)

Silty clay

107.14 12386 −17.82 1.50E−18 0.51 Reference site
(incoming sediments)

Silty clay

190-1173A-24 H-1* Skarbek and Saffer
(2009)

217.44 7028 −17.16 6.95E−18 0.43 Reference site
(incoming sediments)

Silty clay

190-1173A-49X* Skarbek and Saffer
(2009)

464.71 817 −18.11 7.78E−19 0.4 Reference site
(incoming sediments)

Silty claystone

464.71 1224 −18.23 5.94E−19 0.39 Reference site
(incoming sediments)

Silty claystone

464.71 7008 −18.97 1.06E−19 0.31 Reference site
(incoming sediments)

Silty claystone

Costa Rica
170-1039B-10 H-2 Saffer et al.

(2000)
80.85 −16.4 3.98E−17 0.62 Reference site

(incoming sediments)
Diatom ooze/silty-clay
with ash layers−16.4 3.98E−17 0.68

−16 1.00E−16 0.75
−15.9 1.26E−16 0.75

170-1039B-16X-8 141.54 −17.6 2.51E−18 0.67 Reference site
(incoming sediments)

Silty clay with calcareous
clay, ash layers−17.1 7.94E−18 0.68

−16.4 3.98E−17 0.76
−15.5 3.16E−16 0.79
−14.8 1.58E−15 0.8

170-1039B-26X-6 237.25 −15.5 3.16E−16 0.53 Reference site
(incoming sediments)

Nannofossil ooze
−15.2 6.31E−16 0.56
−15.3 5.01E−16 0.58
−15 1.00E−15 0.59
−14.8 1.58E−15 0.61
−14.2 6.31E−15 0.62

170-1040 C-30R-4 442.7 −15.1 7.94E−16 0.79 Underthrust Silty claystone with
ash layers−15.8 1.58E−16 0.78

−16.8 1.58E−17 0.69
−16.9 1.26E−17 0.72

205-1253A-2R-4 McKiernan and
Saffer (2006)

380.07 −15.99 1.03E−16 0.46 Freshwater Reference site
(incoming sediments)

Nannofossil chalk
with diatoms

205-1253A-3R-2 386.83 −16.3 5.07E−17 0.5 Reference site
(incoming sediments)

Nannofossil chalk
with diatoms

205-1253A-4R-1 394.91 −16.9 1.25E−17 0.47 Reference site
(incoming sediments)

Nannofossil chalk
with diatoms

205-1254A-16R-4 366.74 −18.58 2.62E−19 0.39 Decollement Clayey diatomite with
ash layers and silty sand

205-1255A-2R-CC* 134.89 −19.03 9.25E−20 0.32 Underthrust Silty clay and breccia
−15.32 4.81E−16 0.50
−17.1 7.86E−18 0.47
−17.82 1.52E−18 0.44
−18.34 4.57E−19 0.39
−18.83 1.49E−19 0.32

205-1255A-3R-CC* 146.48 −19.02 9.55E−20 0.41 Underthrust Diatom Ooze

205-1255A-4R-CC* 152.38 −19.12 7.66E−20 0.26 Underthrust Diatom Ooze
−17.01 9.76E−18 0.65
−17.07 8.50E−18 0.65
−17.79 1.63E−18 0.57

170-1040 C-38R-2 Screaton et al.
(2006)

518 140 −14.88 1.31E−15 0.57 Seawater Underthrust Siliceous nannofossil chalk
480 −14.92 1.20E−15 0.55
620 −14.97 1.07E−15 0.54
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Table 1 (continued)

Grain size (wt.%) Carbonate
(wt.%)

Grain size and
carbonate (wt.%)
reference

Calculations based on phyllosilicate (clay mineral) content

Sand
(N63 μm)

Silt
(63–4 μm)

Clay
(b4 μm)

Smectite
(% of clay)

Smectite
reference

Clay
%

Clay
reference

Calculated
smectite
(% of solids)

Smectite %
reference

Corrected
porosity

38 27 32 1 Steurer and Underwood
(2003a); Shipboard
Scientific Party, 2001d

75.3 Steurer and
Underwood
(2003b)

41.0 Shipboard
Scientific
Party (2001d)

30.9 0.24
38 27 32 30.9 0.23

3 74 23 0.92 Steurer and Underwood
(2003a); Shipboard
Scientific Party, 2001b

22 Steurer and
Underwood
(2003a)

47.0 Shipboard
Scientific
Party (2001b)0

10.0 0.58

3 74 23 0.92 10.0 0.55

3 74 23 0.92 10.0 0.51

3 74 23 0.92 10.0 0.48

4 41 56 8.25 Steurer and Underwood
(2003a); Shipboard
Scientific Party, 2001b

48 40.0 Shipboard
Scientific
Party (2001b)

19.0 0.36

0 31 69 0.75 Steurer and Underwood
(2003a); Shipboard
Scientific Party, 2001b

43 56.0 Shipboard
Scientific
Party (2001b)

24.0 0.30

0 31 69 0.75 10.0 0.35

0 31 69 0.75 10.0 0.26

†51 4.67 Screaton et al. (2006) 60 Spinelli and
Underwood
(2004)

0.47
†51 4.67 60 0.55
†51 4.67 60 0.65
†51 4.67 60 0.65
†51 4.67 Screaton et al. (2006) 60 Spinelli and

Underwood
(2004)

0.54
†51 4.67 60 0.55
†51 4.67 60 0.66
†51 4.67 60 0.70
†51 4.67 60 0.72

0.0 Cardace (2006) 0.53
0.0 0.56
0.0 0.58
0.0 0.59
0.0 0.61
0.0 0.62

†51 4.67 Screaton et al. (2006) 60 Spinelli and
Underwood
(2004)

0.70
†51 4.67 60 0.69
†51 4.67 60 0.56
†51 4.67 60 0.61

†1 49 50 57.41 Screaton et al. (2006) 0.0 Cardace (2006) 0.46

†2 43 55 47.41 Screaton et al. (2006) 0.0 Cardace (2006) 0.5

†8 50 42 _ Screaton et al. (2006) 0.0 Cardace (2006) 0.47

†6 39 55 1.43 Screaton et al. (2006) 60 Spinelli and
Underwood
(2004)

0.14

†3 46 51 4.67 Screaton et al. (2006) 60 Spinelli and
Underwood
(2004)

0.04
†3 46 51 4.67 60 0.30
†3 46 51 4.67 60 0.26
†3 46 51 4.67 60 0.21
†3 46 51 4.67 60 0.14
†3 46 51 4.67 60 0.04
†1 34 65 1.59 Screaton et al.

(2006)
60 Spinelli and

Underwood
(2004)

0.17

†1 34 65 1.77 Screaton
et al. (2006)

60 Spinelli and
Underwood
(2004)

-0.04
†1 34 65 1.77 60 0.51
†1 34 65 1.77 60 0.50
†1 34 65 1.77 60 0.39
1 54 46 89.66 Screaton et al. (2006) 0.0 Cardace (2006) 0.57
1 54 46 89.66 0.0 0.55
1 54 46 89.66 0.0 0.54

(continued on next page)
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Table 1 (continued)

Location Permeability
reference

Depth
(mbsf)

Effective stress
(kPa)

Permeability Porosity Permeant
type

Structural
domain

Lithology

log k (m2)

Costa Rica
170-1040 C-46R-4 598 140 −15 1.01E−15 0.6 Underthrust Nannofossil chalk,

diatomite and breccia480 −15.04 9.12E−16 0.59
620 −15.05 8.86E−16 0.58

205-1253A-02R-3 379 140 −15.17 6.83E−16 0.66 Reference site
(incoming sediments)

Nannofossil chalk
with diatoms480 −15.23 5.95E−16 0.64

620 −15.27 5.42E−16 0.62
205-1253A-03R-1 386 140 −15.02 9.60E−16 0.71 Reference site

(incoming sediments)
Nannofossil chalk
with diatoms480 −15.27 5.43E−16 0.69

620 −15.39 4.10E−16 0.67
205-1255A-02R-CC* 135 140 −17.51 3.07E−18 0.57 Underthrust Silty clay and breccia

480 −17.62 2.39E−18 0.56
620 −17.77 1.69E−18 0.53

205-1255A-03R-CC* 147 140 −17.76 1.75E−18 0.49 Underthrust Diatom oozes
480 −17.76 1.74E−18 0.47
620 −17.79 1.64E−18 0.46

205-1255A-04R-CC* 152 140 −17.44 3.61E−18 0.66 Underthrust Diatom oozes
480 −17.52 3.00E−18 0.64
620 −17.64 2.28E−18 0.59

Peru
201-1231B-3 H Gamage et al. (2005) 17.1 140 −16.5 3.14E−17 0.89 Seawater Peru Basin Diatom-rich clay

270 −16.99 1.02E−17 0.87
410 −17.17 6.77E−18 0.86
550 −17.46 3.44E−18 0.85

201-1231B-6 H 44.1 140 −15.83 1.49E−16 0.85 Peru Basin Volcanic glass-rich clay
270 −16.27 5.36E−17 0.83
410 −16.6 2.49E−17 0.82
550 −16.82 1.51E−17 0.8

201-1231B-9 H 75.7 140 −15.11 7.75E−16 0.59 Peru Basin Nannofossil ooze
270 −15.25 5.66E−16 0.58
410 −15.34 4.55E−16 0.57
550 −15.37 4.26E−16 0.56

201-1231B-13 H 112.1 140 −15.33 4.63E−16 0.66 Peru Basin Nannofossil ooze
270 −15.39 4.09E−16 0.65
410 −15.42 3.78E−16 0.64
550 −15.44 3.66E−16 0.63

201-1230A-4 H* 31 140 −16.73 1.85E−17 0.680 Lower slope of
Peru trench

Clay-rich diatom ooze
270 −16.77 1.70E−17 0.670
410 −16.89 1.30E−17 0.660
550 −16.94 1.15E−17 0.640

201-1230A-9 H 70.7 140 −16.24 5.75E−17 0.68 Lower slope of
Peru trench

Clay-rich diatom ooze
270 −16.37 4.24E−17 0.68
410 −16.47 3.39E−17 0.67
550 −16.51 3.09E−17 0.67

201-1230A-31X* 230.8 140 −16.48 3.32E−17 0.53 Lower slope of
Peru trench

Clay and quartz rich
diatom ooze and
diatom-rich siliciclastic

270 −16.71 1.94E−17 0.49
410 −16.79 1.63E−17 0.48
550 −16.83 1.47E−17 0.45

201-1230A-35X* 252.1 140 −16.69 2.02E−17 0.58 Lower slope of
Peru trench

Clay and quartz rich
diatom ooze and
diatom-rich siliciclastic

270 −16.75 1.79E−17 0.55
410 −16.85 1.41E−17 0.53
550 −16.9 1.25E−17 0.51

201-1226B-4 H 24.8 140 −15.17 6.77E−16 0.76 Equatorial Pacific Diatom-rich
nannofossil oozes270 −15.27 5.36E−16 0.74

410 −15.33 4.69E−16 0.73
550 −15.37 4.24E−16 0.73

201-1226B-26 H 239.6 140 −15.52 3.04E−16 0.67 Equatorial Pacific Diatom-rich
nannofossil oozes270 −15.51 3.06E−16 0.67

410 −15.53 2.92E−16 0.66
550 −15.54 2.86E−16 0.65
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Table 1 (continued)

Grain size (wt.%) Carbonate
(wt.%)

Grain size and
carbonate (wt.%)
reference

Calculations based on phyllosilicate (clay mineral) content

Sand
(N63 μm)

Silt
(63–4 μm)

Clay
(b4 μm)

Smectite
(% of clay)

Smectite
reference

Clay
%

Clay
reference

Calculated
smectite
(% of solids)

Smectite %
reference

Corrected
porosity

1 58 41 69.75 Screaton et al. (2006) 0.0 Cardace (2006) 0.6
1 58 41 69.75 0.0 0.59
1 58 41 69.75 0.0 0.58
1 49 50 57.41 Screaton et al. (2006) 0.0 Cardace (2006) 0.66
1 49 50 57.41 0.0 0.64
1 49 50 57.41 0.0 0.62
2 43 55 47.41 Screaton et al. (2006) 0.0 Cardace (2006) 0.71
2 43 55 47.41 0.0 0.69
2 43 55 47.41 0.0 0.67
3 46 51 4.67 Screaton et al. (2006) 60 Spinelli and

Underwood
(2004)

0.40
3 46 51 4.67 60 0.38
3 46 51 4.67 60 0.34
1 34 65 1.59 Screaton et al. (2006) 60 Spinelli and

Underwood
(2004)

0.28
1 34 65 1.59 60 0.25
1 34 65 1.59 60 0.24
1 34 65 1.77 Screaton et al. (2006) 60 Spinelli and

Underwood
(2004)

0.52
1 34 65 1.77 60 0.49
1 34 65 1.77 60 0.42

Aiello (Moss Landing
Marine Laboratories,
personal
communication, 2005)

37.8 Underwood
(University of
Missouri, personal
communication,
2007)

0.86
37.8 0.84
37.8 0.82
37.8 0.81

30 63 7 Aiello (Moss Landing
Marine Laboratories,
personal
communication, 2005)

30 63 7
30 63 7
30 63 7
0 55 45 Aiello (Moss Landing

Marine Laboratories,
personal
communication, 2005)

0 55 45
0 55 45
0 55 45
0 59 41 Aiello (Moss Landing

Marine Laboratories,
personal
communication, 2005)

0 59 41
0 59 41
0 59 41
0 56 44 14.7 Underwood

(University of
Missouri,
personal
communication,
2007)

0.65
0 56 44 14.7 0.64
0 56 44 14.7 0.63
0 56 44 14.7 0.60

9 77 14 9.2 Underwood
(University of
Missouri,
personal
communication,
2007)

0.66
9 77 14 9.2 0.66
9 77 14 9.2 0.65
9 77 14 9.2 0.65

2 72 26 Aiello (Moss Landing
Marine Laboratories,
personal
communication, 2005)

17.4 Underwood
(University
of Missouri,
personal
communication,
2007)

0.47
2 72 26 17.4 0.43
2 72 26 17.4 0.42
2 72 26 17.4 0.39

0 38 62 Aiello (Moss Landing
Marine Laboratories,
personal
communication,
2005)

35.7 Underwood
(University of
Missouri, personal
communication,
2007)

0.48
0 38 62 35.7 0.44
0 38 62 35.7 0.42
0 38 62 35.7 0.39

0 53 47 Aiello and Kellett
(2006)0 53 47

0 53 47
0 53 47

Aiello and Kellett
(2006)

(continued on next page)
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Table 1 (continued)

Location Permeability
reference

Depth
(mbsf)

Effective stress
(kPa)

Permeability Porosity Permeant
type

Structural
domain

Lithology

log k (m2)

Peru
201-1226B-43X 381.2 140 −16.8 1.57E−17 0.62 Equatorial Pacific Diatom-bearing

nannofossil chalk270 −16.85 1.40E−17 0.58
410 −16.91 1.24E−17 0.57
550 −16.99 1.02E−17 0.56

201-1226B-46X 409.4 140 −17.73 1.85E−18 0.58 Equatorial Pacific Nannofossil chalk
270 −17.85 1.41E−18 0.56
410 −17.88 1.33E−18 0.53
550 −17.9 1.25E−18 0.52

201-1225A-4 H 24.7 140 −15.44 3.61E−16 0.78 Equatorial Pacific Diatom-rich
nannofossil ooze270 −15.55 2.82E−16 0.75

410 −15.79 1.63E−16 0.73
550 −15.7 1.99E−16 0.71

201-1225A-10 H 83.2 140 −15.62 2.41E−16 0.68 Equatorial Pacific Diatom-rich
nannofossil ooze270 −15.68 2.11E−16 0.66

410 −15.77 1.69E−16 0.65
550 −15.84 1.43E−16 0.64

201-1225A-26 H 242.7 140 −15.17 6.78E−16 0.68 Equatorial Pacific Nannofossil-rich
diatom ooze270 −15.22 6.01E−16 0.66

410 −15.28 5.24E−16 0.65
550 −15.35 4.49E−16 0.64

201-1225A-34 H 309.7 140 −15.63 2.37E−16 0.64 Equatorial Pacific Diatom-bearing
nannofossil chalk270 −15.66 2.19E−16 0.63

410 −15.72 1.90E−16 0.62
550 −15.74 1.81E−16 0.61
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3.5. Grain size classification

Grain size is a key factor that controls pore size distribution
(Dewhurst et al., 1999), and it is themost important characteristic of a
sediment in determining permeability (Bryant et al., 1981). Siliciclas-
tic rocks composed predominantly of clay- and silt-sized particles can
have permeabilities varying as much as by 10 orders of magnitude,
spanning a range of three orders of magnitude at a single porosity
(Dewhurst et al., 1999). According to Dewhurst et al. (1999) much of
this variation can be related to grain size. However, a study by
Koltermann and Gorelick (1995) suggests that grain size distribution
has very little effect on permeability once the clay fraction is greater
than 40%.

In order to understand the general trend of permeability–porosity
relationships based on grain size distribution, we subdivided the data
using Bryant's (2002) groupings for Gulf of Mexico sediments.

Group 1, sediment containing more than 80% clay-size material.
Group 2, sediment containing 60% to 80% clay-size material.
Group 3, sediment containing silty clays with less than 60% clay-

size material and less than 5% sand.
Group 4, sediment containing sandy silts with less than 60% clay-

size material and more than 5% sand.
The following particle size criteria were used for classification:

sand (N63 μm), silt (4–63 μm) and clay (b4 μm). The grain size
percentage refers to absolute wt.% values given in Table 1. It should be
noted that in the grain size classification the term “clay” refers to
particle size and is applied to any sediment particle regardless of its
mineralogical composition. In order to understand the general trend
of permeability–porosity relationships based on grain size distribu-
tion, we compared the subduction zone data with Bryant's (2002)
relationships for Gulf of Mexico permeabilities.

Bryant (2002) noted that low amounts of carbonate had no effect
on the permeability–porosity relationship of fine-grained marine
sediments. However, the percent of carbonate that was considered
lowwas not specified; thus, here we used 50 wt.% CaCO3 as the cut off
value. The cutoff value was used primarily because the majority of the
calcareous pelagic samples contained either distinctively high
(NN50 wt.% CaCO3) or low (bb50 wt.% CaCO3) amounts of CaCO3.
For samples that did not have CaCO3 wt.% data, we used information
from other methods such as XRD and inorganic carbon percentages to
infer whether samples were likely to contain greater than 50 wt.%
carbonates. All samples used in the grain size classification (marked
with an asterisk) and values of available weight percentages of CaCO3

are included in Table 1.

3.6. Classification of deep-sea sediments

There is little agreement regarding the classification of deep-sea
sediments. Suggested classifications range from those that are largely
genetic to those that are largely descriptive (e.g. Boggs, 2001).
Unfortunately, there is no single classification that takes into account
both genesis and descriptive properties for all kinds of deep-sea
sediments (Boggs, 2001). To be consistent with the ODP lithological
descriptions applied to samples by other workers, we used a
commonly used ODP descriptive classification scheme based on
Mazzullo et al. (1988), with several simplifying modifications for
sediments that are mixtures of siliciclastic and biogenic components.
Based on this classification, if the total siliciclastic content is N60%, the
main name is determined by the relative proportions of sand, silt, and
clay sizes (i.e., silty claystone). If the total biogenic content is N60%
(i.e., siliciclastic material b40%), then the principal name applied is
ooze or chalk (i.e., diatom ooze, nannofossil ooze or chalk). Oozes
represent unconsolidated calcareous and/or siliceous biogenic sedi-
ment and chalks represent semi-indurated biogenic sediment
composed predominantly of calcareous biogenic grains. For nonbio-
genic clastic sediments, the two classes of induration are soft (i.e., silt,
clay) and hard (i.e., siltstone, claystone). The detailed classification
scheme can be found in Shipboard Scientific Party (2003a).

Based on this classification scheme, samples from northern
Barbados and Nankai were grouped as siliciclastic sediments. Samples



Table 1 (continued)

Grain size (wt.%) Carbonate
(wt.%)

Grain size and
carbonate (wt.%)
reference

Calculations based on phyllosilicate (clay mineral) content

Sand
(N63 μm)

Silt
(63–4 μm)

Clay
(b4 μm)

Smectite
(% of clay)

Smectite
reference

Clay
%

Clay
reference

Calculated
smectite
(% of solids)

Smectite %
reference

Corrected
porosity

0 51 49 Aiello and Kellett
(2006)0 51 49

0 51 49
0 51 49
12 66 22 Aiello and Kellett

(2006)12 66 22
12 66 22
12 66 22
8 75 17 Aiello and Kellett

(2006)8 75 17
8 75 17
8 75 17

0 64 36 Aiello and Kellett
(2006)0 64 36

0 64 36
0 64 36
0 69 31 Aiello and Kellett

(2006)0 69 31
0 69 31
0 69 31
7 80 13 Aiello and Kellett

(2006)7 80 13
7 80 13
7 80 13
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from Costa Rica consist of both siliciclastic and biogenic sediments.
Peru samples consist only of biogenic sediments. Peru samples from
Sites 1225 and 1226 represent undeformed equatorial Pacific
sediments; thus, they do not strictly belong to the Peru subduction
zone. However, these samples predominantly consist of nannofossil
oozes and nannofossil chalk and thus can be compared to nannofossil
oozes and chalks of Costa Rica, and for that purpose they were
included in this study.

4. Results

The majority of permeability values were enveloped within
Neuzil's (1994) plot of permeabilities as a function of porosity for
argillaceous sediments before porosity was corrected for smectite
(Fig. 2a). Several biogenic sediment samples from Site 1231 off Peru
and Sites 1039 and 1040 off Costa Rica plotted outside Neuzil's (1994)
area.

4.1. Effect of porosity correction for smectite

After correction for smectite (Fig. 2b), the entire data set shifted
toward lower porosities except for those samples that do not contain
clay minerals. A considerable number of samples from Costa Rica and
Nankai moved out of Neuzil's (1994) envelope after the correction
because Neuzil's compilation uses uncorrected porosity values. Use of
a single smectite percentage for Costa Rica results in a negative
porosity value for one test, likely reflecting error in the estimated
smectite percentage (Table 1). Although smectite-corrected porosities
are more appropriate when formulating porosity-permeability rela-
tions for clay-rich sediments, here we present both corrected and
uncorrected porosities for two main reasons: (1) we were unable to
perform smectite correction for all the samples presented in this study
due to lack of data, and (2) most published porosity data and
permeability–porosity compilations (e.g. Neuzil, 1994; Bryant, 2002;
Spinelli et al., 2004) are not corrected for smectite, and therefore
uncorrected porosities are useful in comparative studies.

4.2. Effects of grain size

Following the grain size classification described by Bryant (2002),
the log-linear relationships obtained by least-squares regression fit
are given in Table 2 for Groups 1 (N80% clay-size material) to 3 (b60%
clay-size material and b5% sand). Group 4 (b60% clay-size material
and N5% sand) was excluded, as it only contained a total of eight
samples, predominantly from Peru. The permeability–porosity rela-
tionships obtained from grain size classification show a general trend
where permeability increases with decreasing percentage of clay size
particles at a given porosity (Fig. 3a, b).

We used the uncorrected porosities for comparison with Bryant's
(2002)data, as thosedatawere not corrected for any smectite present in
the samples. Despite the differences in location, the grain size data from
this study fall in the samegeneral regionpredictedby Bryant (2002). For
Group 1, the predicted permeabilities from this study are consistent
with the permeabilities of Bryant (2002) at porosities around 0.7. As
porositiesdecrease, our relationship forGroup1predicts lower values of
permeability than Bryant's (2002) permeability–porosity relationship.
Groups 2 and 3 represent a larger range of porosities, between
approximately 0.25 and 0.70, than available for Group 1. Both Groups
2 and 3 cross Bryant's (2002) permeability–porosity relationship at
porosity of 0.5. Although grain size classification results using corrected
porosities could not directly be compared to those of Bryant (2002),
corrected porosities improved the correlation between permeability
and porosity for Groups 2 and 3 (Table 2).

4.3. Effects of lithologic grouping

Overall, siliciclastic sediments yield a wide range of permeabilities,
varying from 10−19 to 10−14 m2 for uncorrected porosity values from



Fig. 2. Plot of laboratory-derived permeability measurements as a function of porosity from Barbados, Costa Rica, Nankai, and Peru subduction zones superimposed on outline of
Neuzil (1994) plot for argillaceous sediments. As compared to Neuzil (1994) paper, the axes have been transposed. a) Using uncorrected porosity. b) Using corrected porosity.
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0.3 to 0.8 and for corrected porosities from 0.15 to 0.7 (Fig. 4a, b and
Table 3). All siliciclastic sediments were subcategorized as claystone
and silty claystone. Both siliciclastic subgroups exhibit the same
general trend when either uncorrected or corrected porosity values
are considered (Fig. 4a, b). The correlation for Barbados claystones
decreased by 37%, when corrected porosities were used. This poor
correlation is likely related to the statistically small sample size in this
group.

For biogenic sediments, the diatom oozes plot within the values
of siliciclastic sediments for corrected porosities of 0.15–0.7 (uncor-
rected porosities of 0.25–0.7) with permeability values ranging from
10−19 to 10−16 (Fig. 5a, b and Table 3). The diatom ooze porosity
values are more similar to the values of silty claystones than to those
of claystones. Essentially, the trends for diatom oozes are identical to
overall siliciclastics for both corrected and uncorrected porosities. The
correlation between permeability and porosity for this group
increased by 16% when corrected porosity was used.

Nannofossil oozes and chalks show a low correlation between
permeability and porosity (Fig. 5c and Table 3). The porosity for both
groups varies from ~0.4 to 0.8. The permeabilities for nannofossil
oozes vary between 10−16 and 10−14 m2, which is approximately 1.5
orders of magnitude higher than siliciclastic sediments (Fig. 5c). The
nannofossil chalks have a wider range of permeabilities (10−18 m2 to
10−15), and the upper values overlap nannofossil ooze permeabilities
while the lower values overlap siliciclastic permeabilities.
Table 2
Permeability–porosity relationships based on grain size analyses using uncorrected an
permeability using a viscosity of 0.000966 Pa s and density of 1023 kg/m3 at a temperature

Group Description Permeability–porosity
relationship (uncorrected)

1 N 80% clay log (k)=−24.3+11.3n (R2=0.53
2 60–80% clay log (k)=−19.6+3.9n (R2=0.64)
3 Silty-clays with b60% clay and b5% sand log (k)=−19.4+4.4n (R2=0.40)
5. Discussion

5.1. Smectite correction

Uncorrected porosities of the siliciclastic samples used in this study
fall within the area of Neuzil's (1994) plot of argillaceous sediments but
shift out of the plot toward lower porosities when smectite-corrected
porosities were used. In most cases, smectite-corrected porosities
removed scatter observed in thepermeability–porosity relationship and
lowered porosities as much as by 0.16 (excluding Costa Rica samples).
These results clearly suggest the need for better defined and routinely
measured smectite data and demonstrate the value of a more
standardized way of reporting permeability as a function of porosity
infine-grained sediments. This standardization is particularly important
for transferring results between locations with different smectite
contents. The results presented in this study can be further refined
through additional measurements of smectite content, and including
sample-specific smectite correction such as for Costa Rica samples.

5.2. Grain size

Based on grain size classification, the observed differences in the
siliciclastic permeability–porosity relationship appear to be correlated
to the amount of clay- and silt-sized particles present in the sample. In
the comparison to Bryant's (2002) permeability–porosity relationships,
d corrected porosities. Bryant's (2002) hydraulic conductivities were converted to
of 25 °C and a salinity of 35 kg/m3.

Permeability–porosity
relationship (corrected)

Permeability–porosity relationship for
Gulf of Mexico (Bryant 2002)

) log (k)=−24.6+13.3n (R2=0.46) log (k)=−20.9+6.5n
log (k)=−19.2+4.2n (R2=0.71) log (k)=−20.5+6.2n
log (k)=−18.4+3.1 (R2=0.48) log (k)=−20.6+6.8n

image of Fig.�2


Fig. 3. a) Permeabilities classified based on grain size distribution using uncorrected porosity. Solid lines represent permeability–porosity relationship predicted for samples
used in this study. Dashed line represents permeability–porosity relationships of Bryant (2002). b) Permeabilities classified based on grain size distribution using corrected
porosity.
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the largest discrepancy appeared in Group 1 (N80% clay-size material)
and is likely related to the narrow range of porosities (0.50–0.70) in the
dataset for this group. The predicted permeability–porosity relation-
ships for Groups 2 (60%–80% clay-size material) and 3 (b60% clay-size
material and N5% sand) are much closer to the relationships of Bryant
(2002). Despite the fact that our samples represented different
locations, the general permeability–porosity relationship exhibits a
trend comparable to samples taken from a single location (e.g., Bryant
(2002) samples from Gulf of Mexico) suggesting that grain size
classification can be applicable across wide range of marine sediments.
Ideally, plotting permeability as a function of clay-size material for
constant porosity would further yield insight in terms of grain-size
effect; however, data in this study were insufficient to allow analyses of
Fig. 4. Permeabilities and predicted log-linear permeability–porosity relationships f
this type.With respect to the lithological classification discussed below,
using a quantitative approach such as grain size can provide a better
global approximation for permeability–porosity relationships for
siliciclastic sediments.

5.3. Lithologic grouping

5.3.1. Siliciclastic sediments
The combined siliciclastic permeability data from northern

Barbados, Costa Rica, and Nankai subduction zones fall in the same
general region of the permeability–porosity plot and represent a global
approximation for the relation between permeability and porosity.
Separating samples by their secondary lithological component and then
or siliciclastic sediments using (a) uncorrected and (b) corrected (b) porosity.

image of Fig.�4
image of Fig.�3


Table 3
Log linear permeability–porosity relationships predicted for varying lithologies at Barbados, Costa Rica, Nankai and Peru. *Clay-rich diatom oozes include the following samples 201-
1230A-4 H, 9 H, 31X, 35X and 205-1254A-16R-4, 1255A-3R-CC, 1255A-4R-CC. #Costa Rica include only one nannofossil ooze sample.

Lithologies and location Permeability–porosity relationship (uncorrected porosity) Permeability–porosity relationship (corrected porosity)

Siliciclastics
Barbados claystones log (k)=−25.3+13.2n (R2=0.60) log (k)=−23.3+11.2n (R2=0.23)
Costa Rica silty claystones log (k)=−20.6+6.1n (R2=0.63) log (k)=−18.8+4.3n (R2=0.63)
Nankai silty claystones log (k)=−19.8+5.2n (R2=0.72) log (k)=−19.1+4.1n (R2=0.77)
Silty claystones (Costa Rica and Nankai) log (k)=−19.9+5.1n (R2=0.69) log (k)=−19.1+4.5n (R2=0.68)
All siliciclastics log (k)=−19.8+4.6n (R2=0.55) log (k)=−19.0+3.9n (R2=0.50)

Diatom oozes
Costa Rica diatom oozes log (k)=−20.4+4.9n (R2=0.82) log (k)=−19.0+3.5n (R2=0.73)
Peru diatom oozes log (k)=−17.3+1.0n (R2=0.19) log (k)=−17.2+0.9n (R2=0.24)
All diatom oozeS log (k)=−19.9+4.9n (R2=0.49) log (k)=−18.8+3.6n (R2=0.65)
⁎Clay-rich diatom oozes (Peru and Costa Rica) log (k)=−19.1+3.9n (R2=0.88)

Nannofossil oozes and chalk
Peru nannofossil oozes log (k)=−15.2+0.4n (R2=0.02)
#All nannofossil oozes (Peru and Costa Rica) log (k)=−14.5−1.3n (R2=0.07)
Peru nannofossil chalk log (k)=−28.9+20.7n (R2=0.77)
Costa Rica nannofossil chalk log (k)=−18.0+4.5n (R2=0.36)
All chalks log (k)=−20.5+7.7n (R2=0.21)
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by location predicted better constrained permeability–porosity rela-
tionships for each location. In the case of Barbados claystones, the
permeability–porosity relationship showed scatter even within an
individual location. These sediments from the Barbados décollement
zone are radiolarian rich (Shipboard Scientific Party, 1995b). Radiolar-
ian-rich sediments are resistant to consolidation during early burial
(Hamilton, 1976), thus maintaining higher porosity due to intraskeletal
pore spaces. Compared to other siliciclastics, Barbados claystones show
a slower reduction in porosity with depth during shallow (b1 km)
burial. When radiolarian-rich décollement samples were removed from
the data set, the correlation between permeability and porosity
improved from 17% to 72%. However, due to the statistically small
sample size, this observation is inconclusive.

For silty claystones, samples from Costa Rica and Nankai yielded
similar permeability–porosity relationships. This is somewhat sur-
prising considering the very different thermal conditions (Costa Rica
9.6–7.2 °C/km and Nankai 60 –183 °C/km) at the two locations. In
addition, Costa Rica and Nankai sediments contain varying amounts of
biogenic silica, and dissolved silica was detected in pore waters,
indicating dissolution (Shipboard Scientific Party, 1997b, c, 2001b, c,
d, 2003e, f). Based on available smear slide data Nankai sediments
may contain N1–5% diatoms while at Costa Rica diatom content varies
from 0 to 20% (Shipboard Scientific Party, 1997a, b, 2001a, b, c, 2003c,
e). As burial temperature increases, diatoms composed of biogenic
opal-A dissolve. The dissolution of opal-A triggers precipitation of
opal-CT as a coating on the sediment grains (Iijima and Tada, 1981). At
Nankai, opal-CT coating on grain contacts was observed on samples
from Sites 1173 and 1177 (Spinelli et al., 2007). Studies have shown
that even a small amount of the opal-CT cement can increase the
strength of the grains dramatically, thus inhibiting consolidation
(Clough et al., 1981; Karig, 1993) with little or no noticeable change in
porosity (e.g. Hamilton, 1976). Although this may help maintain
porosity, it can decrease permeability as the cement clogs the pore
throats thus affecting the permeability–porosity relationship as burial
temperature increases. The similarity between Costa Rica and Nankai
results suggests that, at least in these locations, the biogenic silica
does not greatly affect results. Examining the amount of biogenic silica
in silty clays from these two locations could further provide insight to
the state of diagenesis of biogenic silica and its relation to the
permeability–porosity relationship.

5.3.2. Diatom oozes
Porosity in diatom oozes in large part reflects the intraskeletal

porosity of the diatoms (Bryant and Rack, 1990), which does not affect
the permeability of the sediment. If opal-CT is precipitated, then the
intraskeletal pore structure will be supported with little or no change
in permeability. The combination of opal-CT cementation with the
interweaving of the diatom tests further provides a rigid structure
(Bryant et al., 1981). Despite this effect, the overall relationship
predicted for the diatom oozes is comparable to that predicted for
siliciclastic sediments. Generally, the diatom oozes with more
abundant clay-size particles behave similarly to siliciclastics. For
example, Costa Rica diatom oozeswith N50% clay-sized particles show
a good correlation between permeability and porosity while Peru
diatom oozes with b50% clay-sized particles (with the exception of
one sample from Core 201-1230A-35X) did not show a strong
correlation between permeability and porosity. Instead, Peru samples
contained N50% silt-size particles likely controlled by the size of
diatoms. None of the diatom ooze samples used in this study have clay
mineralogy data to assess whether the clay particle size actually
represents clay minerals. Overall, the permeability data for diatom
oozes presented here are comparable to the permeability values for
siliceous-rich sediments given by Spinelli et al. (2004). Their general
relationships for siliceous-rich sediments are similar to the relation of
our siliciclastic sediments at≥0.5 porosity.

5.3.3. Nannofossil oozes and chalks
For nannofossil oozes, mechanical compaction is the most

prevalent factor that controls porosity at shallow depths. However
at greater depths with the changes in temperature, pressure, and
salinity, chemical compaction becomes more prevalent. For nanno-
fossil oozes the most significant result compared to siliciclastics is the
approximately 30-times higher permeability for a given porosity. The
poor correlation between permeability and porosity suggests that
early porosity reduction can occur without significant reduction in
pore channels responsible for fluid flow. Porosity reduction in
nannofossil ooze begins through mechanical compaction soon after
it is deposited (Mallon and Swarbrick, 2002). During the first 50 m of
burial, nannofossil ooze porosity can decrease by as much as 10%
owing to mechanical compaction (Matter et al., 1975). Chemical
compaction becomes more important around 200 m of burial depth,
where precipitation of dissolved calcite decreases porosity to values
as low as 0.25 (Mallon and Swarbrick, 2002). The nannofossil oozes in
this study were predominantly located above chemical compaction
depths, and the nannofossil chalks (300–600 mbsf) were within the
dominant chemical compaction zone.

Although the Costa Rica and Peru nannofossil oozes did not
improve correlation between permeability and porosity even after
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separating by location, the rapid change in porosity with burial depth
seems similar to that predicted by Mallon and Swarbrick (2002) for
carbonate oozes and chalks. Based on this observation, it is apparent
that mechanical compaction is the primary process of porosity
reduction for Peru nannofossil oozes. Although this may be also true
for Costa Rica, the small sample size cannot confirm this conclusion
without further investigation. Similar to the nannofossil oozes, the
combined Costa Rica and Peru chalks show poor correlation between
permeability and porosity. However, when separated by location the
correlation improves signaling the differences in mechanical and/or
chemical processes at the two locations. It is worth noting that
nannofossil oozes and chalks from Costa Rica and Peru contain various
amounts of diatoms (Table 1) and depending on the amount of
diatoms present; the porositymay also be affected by the intraskeletal
pore spaces and diagenesis of biogenic silica.

The data presented here are too limited for a full evaluation of
chemical compaction. Overall, the upper permeability values of
nannofossil chalk overlap nannofossil ooze permeabilities, suggesting
nannofossil oozes represent the early mechanical compaction of
nannofossil chalk. Interestingly, the lower values of the nannofossil
chalks overlap siliciclastic permeabilities for porosities b0.6, suggest-
ing similar consolidation patterns at depth. Similarly, Mallon et al.
(2005) reported comparable permeability values of non reservoir
chalks and shales over porosity range of 0.15–0.2.
5.4. Major findings and remaining questions

Results provide insight on variable controls on permeability–
porosity relationships in subduction zone sediments. Based on the
findings of this study, it is apparent that grain size, particularly the
amount of clay-size material, is the major controlling factor in
permeability–porosity relationships of siliciclastics and diatom oozes.
In-situ temperatures of the Nankai sediments from offshore Muroto
are sufficient for smectite to illite dehydration, and possible growth of
clay minerals has been inferred to occur at grain boundaries (Morgan
and Ask, 2004). In contrast, Costa Rica sediments have a very low
thermal gradient, and thus have experienced little diagenesis. Despite
great differences of in-situ temperatures, pressures, and resulting
diagenetic states, the siliciclastic sediments show consistent perme-
ability–porosity relationships.

In diatom oozes, the rigid framework reduces mechanical
compaction. However, with increasing temperatures, the transforma-
tion of diatom oozes into authigenic aluminosilicate minerals (Cole,
1985; Banfield et al., 1991; Michalopoulos et al., 2000) may cause
significant chemical compaction. This conversion process has also
been linked to the transformation of smectite–illite phase to illite rich
phase during burial diagenesis (Michalopoulos et al., 2000). This
series of diagenetic processes may cause diatom oozes to behavemore
like siliciclastics with increasing diagenesis. Future work focused on
diagenetic processes of biogenic silica will shed insight to various
controls and applicability of permeability–porosity relationships for
diatom oozes.

Sediments containing high clay contentswith few impurities such as
carbonates exhibit little diagenetic change with increasing depth
(Bryant et al., 1981). As the carbonate content in siliciclastics increases,
the overall reduction in porosity is less because the sediment structure
can support greater overburden pressure compared to carbonate free
siliciclastics (Bryant et al., 1981). As observed within the siliciclastic
subgroups presented in this study, even minor lithological changes
can change the permeability–porosity relationship as the degree of
Fig. 5. Permeabilities and predicted log-linear permeability–porosity relationships for
biogenic sediments. a) diatom oozes using uncorrected porosity and b) diatom oozes
using corrected porosity. c) nannofossil oozes and nannofossil chalks using uncorrected
porosity.
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compaction varies with the amount of clay minerals present in the
sediment.

In contrast to siliciclastic sediments, permeability–porosity relation-
ships for nannofossil ooze and chalk do not show a good correlation. In
general carbonates do not consolidate as much as non carbonates
(Bryant et al., 1981). This differencemay relate to the variable response
to mechanical and chemical compaction caused by minor lithological
variations (impurities), smectite content, intraskeletal pore structures
and strength of individual particles. For example, porosities of clean
chalk are mainly controlled by diagenetic processes during chemical
compaction while for argillaceous chalk both mechanical and chemical
compaction play an important role (Mallon et al., 2005).

The data suggest greater variation in the behavior of high-porosity
sediments, likely due to variable amounts of biogenic components.
Thus, detailed site-specific permeability results may be necessary for
studies of fluid flow during early burial. In contrast, the various
sediment types show more similar permeability–porosity behavior at
lower porosities. Further data are needed from a wide range of
settings, but it is possible that, reasonable permeability–porosity
relationships may be inferred from grain-size data for studies that are
not affected by shallow processes.
5.5. Standardized test protocols and future work

Apart from a large range of effects from mechanical and chemical
compaction, human and machinery errors can also contribute to
some of the variations observed in measured permeability, porosity
and smectite data. Although we do not have sufficient information to
quantify these errors, the following section briefly summarizes some
of the main issues. For example, soft sediments recovered using
the hydraulic piston core (also known as advanced piston coring or
APC ) system are generally undisturbed compared to more lithified
samples recovered using the extended core barrel (XCB) or rotary
core barrel (RCB) coring system. Coring disturbances and drying
out can disrupt the sedimentary fabric, affecting the measured
permeabilities. During permeability testing, minute leaks in the
apparatus, deterioration, and disturbance of the specimen can also
affect measured permeability, particularly in fine-grained sediments
(e.g. Neuzil, 1994).

When estimating smectite content, a common error identified is
related to the process of disaggregating highly compacted sediments
(personal communication, M. Underwood, 2007). As compaction
progresses, disaggregation of sediments becomes challenging, espe-
cially when clay minerals exist within the fine silt fraction. Because
particle shapes deviate significantly from perfect spheres, inaccura-
cies are introduced when partitioning clay minerals in different
proportions within different ranges of grain size. Overall, the
inaccuracies introduced by the methods used to quantify smectite
content have to be evaluated and possibly quantified to improve
accuracy.

Assembling data for this study made it apparent that some of the
critical parameters such as temperature, type of permeant, void ratio,
grain size, carbonate, and smectite content were not clearly docu-
mented or were never measured. Availability of such fundamental
data is indispensable in quantifyingmeaningful relationships between
permeability and porosity. Without doubt, future studies shouldmake
all effort to collect/measure critical physical properties data routinely
to contribute to the much-needed marine sediment database.

Due to the limited number of samples from the prism environment,
this study could not assess the role of horizontal shortening on the
permeability–porosity relationship. The limited data suggest some
differences (Gamage, 2005) but results are inconclusive. With the
availability of new technology, future sampling should focus on
retrieving samples from the full range of structural domains (e.g.,
prism, décollement, underthrust) at varying depths and high resolution.
6. Conclusions

We examined permeability–porosity relationships for sediments
from four different subduction zones based on sediment type, grain
size distribution, and general compaction history. Although data used
in this study mainly represent sediments from subduction settings,
the overall findingsmay bemore broadly applicable to a wide range of
marine sediments.

Overall, a greater effect of porosity on permeabilitywas observed for
siliciclastic sediments, diatom oozes, and nannofossil chalks than for
nannofossil oozes. Correcting porosity values to exclude smectite
interlayer water improved permeability–porosity relationships. For
siliciclastic sediments using a quantitative approach such as grain size
can provide a better global approximation for permeability–porosity
relationships. The overall relationship predicted for diatomoozes is very
similar to that predicted for siliciclastic sediments and is closely related
to the amount of clay size particles present in the sediment. Nannofossil
ooze permeabilities were 1.5 orders of magnitude greater than
siliciclastic sediments for a given porosity. The nannofossil oozes did
not demonstrate a strong correlation between porosity and permeabil-
ity suggesting that early porosity reduction can occur without
significant reduction in pore channels responsible for fluid flow.

Categorizing samples by their lithological components and then by
location predicted more constrained permeability–porosity relation-
ships for each location. However, descriptive lithologic classifications
are more challenging when used across many different data sets that
were originally based on different classification schemes. It was
evident that secondary constituents can decrease permeability–
porosity correlations and, thus, careful consideration of lithology is
recommended. To further investigate and delineate the controls on
permeability and porosity, it is essential to consider effects of both
mechanical and chemical compaction on well-defined samples.
Additional information, such as site-specific smectite contents as
well as reducing errors associated with methodology will help further
improve porosity estimates. Other factors such as core disturbances
and experimental errors should be minimized as these contribute to
large variations in measured permeabilities.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.margeo.2010.10.010.
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