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19. SEDIMENT PERMEABILITY AT THE NANKAI ACCRETIONARY PRISM, SITE 808!

Elliott Taylor? and Andrew Fisher?

ABSTRACT

Coring at ODP Site 808 successfully recovered a sequence of accreted and subducted sediments from the toe of the Nankai
convergent margin, Detailed physical properties measurements revealed a systematic downhole consolidation trend, punctuated
by two main offsets: a thrust fault at 365 mbsf and a décollement near 950 mbsf. Sediment dewatering during the accretion and
subduction processes are strongly influenced by the permeability of the sediments. Results of over 60 permeability measurements
made on subsamples of Site 808 cores reveal coefficients of permeability ranging from 107 to 107'% em/s (107 to 10! m%) in
horizontal and vertical directions. The generally low permeability of sediments at the depth of the décollement must influence

the stress-strain behavior of this major structural horizon.

INTRODUCTION

Leg 131 of the Ocean Drilling Program successfully penetrated
the complete sedimentary sequence of the toe of the Nankai accre-
tionary wedge, through the décollement and subducting sediments,
and into the underlying igneous crust (Taira, Hill, Firth, et al., 1991)
(Figs. 1 and 2). One goal of this cruise was to characterize the
physical, mechanical, and hydrogeologic properties of the products
of the early phase of plate convergence. While only one site was cored,
one of the most complete suites of measurements from this type of
setting was accomplished. This study amplifies that effort, and pro-
vides important permeability data required for modeling stress-strain
relationships, geochemistry, and heat flow.

Convergent plate boundaries are commonly characterized by the
development of a wedge-shaped accretionary complex that is derived
from offscraped marine sediments from subducting oceanic plates.
One of the most important factors in establishing a “steady state”
accretionary wedge is the availability of pore fluids that are supplied
through consolidation, low-grade metamorphic dehydration reac-
tions, and thermal expansion at depth. Hubbert and Rubey (1959) and
Rubey and Hubbert (1959) were the first to point out the fundamental
importance of overpressured pore fluids in the initiation of detach-
ment zones and in the transport of thin thrust slices over long dis-
tances. Subsequent models built upon the concept, indicating the role
of fluid flow in thrusting (Dahlen et al., 1884; Ngokwey, 1984).
Overpressures, in turn, may indicate flow limitations of pore fluid
under imposed stress, as overpressured zones required the presence
of an aquiclude or aquatard (Gretner, 1976).

The Coulomb wedge analysis of overall shape of accretionary
complexes yielded a relation between the pore-pressure ratio and the
wedge taper (Davis et al., 1983). Applying such a relationship to
many accretionary prisms of known taper suggests that pore fluid
pressures are in excess of hydrostatic as a rule (Davis et al., 1983).
Shi and Wang (1985) modeled the evolution of pore pressure in an
accretionary complex. They found that under a combination of
tectonic compression and overburden, high pore pressure can be
generated in impermeable sediments when they are brought to a
trench by a subducting plate.
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Sediment deformational behavior is dependent upon stress his-
tory, state of stress, and stress-strain properties. Deformation also
strongly depends on the permeability of the accretionary/subduction
system, through a likely combination of matrix and fracture perme-
ability. One of the most indicative properties for establishing stress
history is sediment porosity (Bray and Karig, 1986; Karig, 1986).
Porosity is an important index of consolidation, and hence perme-
ability, because it is a function of lithology and loading history. It is
expected that marine sediments undergoing accretion ultimately
develop significantly lower porosities than those that are consoli-
dated in undisturbed basinal sequences (Carson, 1977; Shephard and
Bryant, 1983; Fowler et al., 1985). This observation has not been
adequately documented in modern active margin settings. Karig
(1985) proposed a rapid porosity decrease with depth and with
distance landward from the wedge toe in the frontal parts of an
accretionary wedge, leveling off gradually with increasing distance
from the deformation front. Davis and von Huene (1987) assumed
that the bulk of active compressional deformation is concentrated in
the first 5-15 km of the Barbados, Nankai, and Middle America
accretionary prisms. At the Barbados Ridge complex, only moderate
dewatering was observed within the toe of the prism (Moore, Mascle,
et al., 1988; Taylor and Leonard, 1990).

Realistic modeling of the deformational behavior of accreted
sediments is seriously hampered by the lack of good in-situ data.
Mechanical modeling (Carson and Berglund, 1986) and hydrological
modeling (Shi and Wang, 1985, 1987; Screaton et al., 1990; Wuthrich
et al., 1990) require measured boundary conditions of structural,
constitutive, stress, and hydrologic conditions of these active margins
to refine continued efforts.To quantitatively evaluate sediment con-
solidation state, in-situ measurements of both pore pressure and stress
are needed; however, most studies of pore pressure and in-situ stress,
to date, depend on indirect evidence. The existence of abnormal pore
pressures in excess of hydrostatic around accretionary wedges has
been inferred both from indirect observations and theoretical model-
ing (von Huene and Lee, 1983). Mud volcanoes and mud diapirs at
the Barbados Ridge complex provide evidence of overpressures
(Stride et al., 1982; Westbrook and Smith, 1983). Similar evidence
has also been observed at the Nankai margin (Taira et al., in press).
Overpressures and fluid release which form mud volcanoes provide
an indication of the permeability structures of these margins in which
low permeability formations may be transected by more permeable
conduits. The permeability structure of offscraped and subducted
sediments, and the décollement is central to both natural and modeled
systems; this paper addresses this aspect of the hydrogeologic regime
at the Nankai prism.
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Figure 1. Location of ODP Leg 131, Site 808 at the Nankai Trough, and sites drilled during DSDP Legs 31 and 87.

Permeability

Fluid flow through the accretionary sediment column has numer-
ous, significant effects. Advective transport of chemical species may
dictate where dissolution and precipitation occur, Fluid flow is
necessary for the physical compaction of sediments to take place
under overburden and/or tectonic loads. Heat transport through ad-
vection also depends on the ability of fluids to find open paths through
the complex.

Few permeability measurements have been reported for the mod-
ern marine environment in comparison to other physical parameters,
largely because the former are difficult and time-consuming to make.
The most extensive database is that contributed by the marine geotech-
nical community. Some indications of permeability have been pro-
vided through indirect approaches, such as those regulating diffusion
profiles of interstitial pore fluids. Bryantetal. (1981) presented an early
summary of marine sediment permeability data obtained though geo-
technical testing of samples under laboratory conditions. Silva et al.
(1981) found permeabilities ranging from 107% to 10~? cm/s for pelagic
red clays from the northwest Pacific. Schulthiess et al. (1985) measured
in-situ pore pressures from which permeabilities were estimated from
the tidal response of pore fluids. Taylor (1992) described numerous
measures of geotechnical properties from successions of downhole
samples from both a red clay and a hemipelagic carbonate environ-
ment. Pittenger and Taylor (1989) described a strong lithologic control
on permeability dictated by the concentration of biogenic silica in
nonlithified hemipelagic sediments. Taylor and Bryant (1985) made
several measurements of sediment permeability of samples from the
Middle America trench and Leonard and Bryant (in press) completed
a suite of tests on sediments from the Vanuatu margin.

Increasingly, the quantification of permeability in the marine envi-
ronment has been attempted at different scales. Intergranular (matrix)
permeability may dominate at a scale of tens of meters in homogeneous
formations, although permeability anisotropy is common at this scale.
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Bulk formation permeability, which includes fractures in a rock
sequence, may be significantly greater than the intergranular perme-
ability measured in hand and core samples. Measurements of bulk
permeability must be made in-situ. The differences between different
forms of permeability must be understood before laboratory data are
interpreted in terms of the natural accretionary system.

In-situ measurements of permeability were attempted during the
cruise utilizing different packer configurations, but were unsuccessful
(Taira, Hill, Firth, et al., 1991). In-situ measurements of permeability
were also calculated from a new instrument deployed during Leg 131;
the LAST-1 (see Moran, this volume). These tests provide an indica-
tion of matrix permeability under in-situ conditions.

DSDP Legs 31 and 87A

Drilling and coring at three sites (298, 582, and 583) around the
toe of the Nankai accretionary prism were conducted during previous
Deep Sea Drilling Project (DSDP) Legs 31 and 87A (Fig. 1). Site 583
is located at the frontal fault terrace of the trench slope; sampling there
reached 450 m below seafloor (mbsf). Site 582, situated approxi-
mately 2 km seaward of the deformation front in the 15 km-wide zone
of undeformed trench fill, was drilled and cored as a reference site
with penetration of about 750 mbsf. Site 298, located approximately
27 km west and arcward of Site 583, was noncontinously cored to
611 mbsf. Physical properties measurements on samples from these
sites consisted of water content determinations made aboard the drill
ship, and bulk density, porosity, and grain density measurements
made in shore-based laboratories after the cruise.

Studies of the consolidation characteristics of accretionary sediments
elucidate tectonic deformation processes within this convergent mar-
gin and provide information about sediment matrix permeability at the
three sites (Trabant et al., 1975; Johns, 1986). Sediment permeabilities
reported from DSDP Site 583 ranged from 1.32 x 107 to 4.74 x 10°°
cm/s (1.32-4.74 x 107" m?) for samples from 22 to 23 mbsf.
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Figure 2. Seismic profile, lithologic summary, and porosity at the location of Site 808,

METHODS

Permeability measurements described in this paper were per-
formed on subsamples of cores collected during ODP Leg 131. These
subsamples were taken adjacent to shipboard physical properties
samples. Seven whole-round samples were selected specifically for
permeability measurements, and 37 smaller samples selected for
microfabric studies also were tested for permeability. Six additional
whole-round samples were chosen for laboratory consolidation tests,
providing a total of 50 samples distributed over the length of the cored
interval at Site 808 (Table 1). All samples were marked with arrows
to indicate their orientation relative to the core direction. The samples
were carefully wrapped in plastic, waxed, and placed in sealed plastic
bags with wet sponges, and were hand-carried back to the laboratory.
Samples were checked for breakage and signs of drying before testing
and suspect samples were not used.

Permeability is expressed in this study as the coefficient of per-
meability (k) with an approximate equivalent value of specific per-
meability provided in parenthesis. Permeabilities were measured
along the core axis (k,) or across the core diameter (k). These coef-
ficients are related to specific, or absolute, permeability through the
following equation:

K= kury

where | and 7y are the viscosity of the permeant and unit weight,
respectively, Approximate conversions of the coefficient of perme-

ability to absolute permeability are provided below, recognizing that
accurate conversion requires considering viscosity and unit weight:

1 ecm? =107 cm/s
1 m?=10"cm/s

1 Darcy = 107 cm/s

Direct Measures

Permeability measurements in the laboratory were achieved in two
manners: through direct measurement of flow under known head and
indirectly from the rate of consolidation to a known applied stress.
Most direct measures of permeability were developed in the geotech-
nical field (Lambe, 1969; Zimmie and Riggs, 1981). This study
utilized constant head and constant flow techniques. The constant
head method was used on sample plugs, whereas the constant flow
method was used on several whole-round consolidation samples
tested at the Texas A&M shore-based laboratory. All tests utilized
seawater as the fluid medium to avoid osmotic effects. Laboratory
temperature was also monitored to account for viscosity changes.

Constant head tests were done following the standard test method
ASTM D-2434, with the following modifications:

1. Seawater was used,
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Table 1. Summary of the results from permeability testing of sediments from Site 808.

Hole, core, Depth k (horiz) ~ Temperature k (vert) Temperature
section (cm) (mbsf) Test® (cm/s) °C) Salinity (cm/s) (°C) Salinity Porosity (%)
131-

B0BA-1H-3, 140 3.24 W 6.32e-06 65.8
80BG-8X-3 196.00 M 3.00e-05 0
80BG-8X-3, 25 196.25 w 1.58e-05 50.2
808B-16X-1,125 25545 w 5.89¢-06 46.2
808C-3R-1,45 318.05 P 6.37e-08 19 26.5 42.6
BOBC-6R-1 347.00 TS 4.60e-10
BOBC-6R-1 347.00 M 3.00e-09
BOBC-6R-1, 116 347.76 P 1.19e-07 22 26.5 47.5
BOBC-10R-2, 48 387.18 P 5.39-08 22 26.5 394
80BC-12R-2, 55 406.65 P 9.96e-08 17 26.5 47.1
808C-14R-2, 38 425.88 P 1.16e-07 22 26.5 442
808C-18R-4, 10 467.00 P 5.03e-08 19 26.5 46.6
80BC-18R-4, 10 467.00 P 9.93¢-08 21 26.5
808C-25R-1,4 530.94 P 9.41e-08 21 26.5 438
BOBC-29R-7, 8 577.68 P 2.46e-07 21 25 420
BOBC-29R-7, 8 577.68 P 2.63e-07 20 25
808C-33R-3, 105 607.95 P 5.00e-09 17 26.5 6.42e-08 18 24.3 373
BOBC-37R-1, 50 646.00 P 4.41e-08 2 26.5 370
BOBC-39R-1, 93 665.43 o 1.03e-07 19 26.5 8.87e-08 20 24.3 40.8
BOBC-40R-1, 105 675.25 P 1.81e-08 20 243 2.23e-08 20 243 38.0
BOBC-45R-1, 36 722.36 P 2.40e-07 20 243 39.7
BOBC-45R-1, 36 722.36 P 2.29e-07 19 26.5 491e-08 20 243 397
BOBC-50R-4, 106  775.96 P 5.85e-06 20 26.5 3.05e-08 20 26.5 41.8
BOBC-51R-5, 98 787.08 P 2.70e-08 19 26.5 3.15¢-08 20 243 389
BOBC-51R-5, 98 T87.08 P 9.94¢-08 20 243 389
BOBC-52R-2, 118 792.46 P 1.12e-08 20 243 1.06e-08 20 243 399
B08C-53R-3, 23 802.63 P 1.18e-06 2] 25
B0BC-53R-3, 23 802.63 P 1.04e-06 20 25
BOBC-54R-6, 118 817.78 3.29e-08 20 243 7.07¢-08 20 243 357
808C-55R-1, 98 819.68 P 1.11e-07 19 26.5 4.5%¢-08 21 26.5 36.6
BOBC-55R-3, 105 822.75 P 3.08e-09 20 26.5 1.17e-08 19 26.5 36.8
BOBC-55R-3, 105 822.75 P 21 26.5 1.01e-08 36.8
BOBC-55R-5, 97 825.67 P 2.09e-09 17 26.5 2.99e-08 20 243 358
B0BC-56R-1, 142 829.82 P 1.08e-08 20 243 3.43e-08 20 24.3 310
808C-62R-1, 78 886.88 P 1.08e-08 20 26.5 4.22e-09 20 26.5 34.0
808C-63R-2, 80 898.20 P 2.59-08 17 243 1.7
BOBC-66R-3, 118 928.98 P 1.00e-08 17 24.3 325
808BC-69R-2, 108 956.38 P 6.95e-08 20 243 1.57¢-07 17 24.3 217
B08C-TOR-1, 5 963.45 P 7.78e-10 20 26.5
BOBC-TOR-4, 135 969.25 P 1.32¢-08 17 243 38.1
808BC-72R-4, 28 984.58 P 5.02e-06 17 24.3 36.6
80BC-73R-3, 147 996.57 E 5.97e-08 21 25 36.8
BOBC-73R-3, 147 996.57 P 5.98e-08 20 25
BOBC-75R-2, 34 1013.17 P 3.67e-10 17 26.5 364
808C-77R-4, 28 1034.72 P 2.43e-08 17 24.3 35.2
B08C-78R-2, 112 1041.70 P 2.73e-09 20 25 34.5
808C-80R-1, 128  1059.07 P 7.39%e-07 22 26.5 18 26.5 345
BDBC-BOR-1, 128 1059.07 P 2.87e-07 18 26.5
BOBC-84R-1, 97 1092.94 P 3.41e-08 17 24.3 33.0
BOBC-85R-1 1098.30 K 2.94e-07 35
808C-95R-1, 13 1194.70 P 1.09e-07 21 25 297
808C-95R-1, 13 1194.70 P 7.94e-08 20 25

" P = plugs tested for permeability, and part of the microfabric report in this volume; W = whole-round samples tested for uniaxial consolidation
and permeability; K = determined by Karig under a confining load of 1 MPa and using a head of 60 psi; M = determined by Maltman using a
constant head and distilled water; TS = determined by Taylor-Smith using a backpressured (820 kPa), 50-mm-diameter, and 100-mm-long

sample.

2. Apressurized head system using nitrogen gas was used to force
the permeant through samples at pressures between 140-275 kPa
(2040 psi), and

3. Samples were wrapped in Saran Wrap™ leaving the top and
bottom open and placed in the center of a plastic cylindrical holder
(3.5 cm high, 5.0 cm diameter) in which the void between the sample
and cylinder walls was filled with modeling clay.

Ablank sample was prepared in the same fashion using a modeling
clay plug to test for possible leakage around the wall of the container
or along the sides of the sample. The blank had no flow after 72 hr at
a head of 275 kPa (40 psi). A total of 60 permeability measurements
were made using this arrangement, providing values of permeability
along the axis of the core (vertical) and across the diameter of the core
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(horizontal). Ten samples were tested twice, including repeating the
steps for sample preparation. The average difference between meas-
ured coefficients of permeability in nine of these samples was 4 x
10~¥ cm/s over the range of 1.18 x 10 and 1.01 x 107* cm/s (Table 1).
All plug tests represent flow conditions through the sample without
a superimposed load. Applied loads reduce permeability as the void
ratio decreases; however, extrapolation of laboratory measurements
to in-situ conditions requires making assumptions regarding the origi-
nal stress condition and pore pressure. This extrapolation was not
attempted for the falling-head samples,

Permeabilities measured at Texas A&M were obtained using a
syringe pump system as described by Olsen et al. (1985). This method
applies a continuous, known flow rate of permeant through the sample
while the resultant head differential across the sample is measured



with a pressure transducer. Several flow rates were used for each test,
resulting in a flow rate vs. differential pressure curve, from which the
coefficient of permeability is determined (Fig. 3). Tests were run
following the completion of specific load from consolidation testing;
hence, coefficients of permeability are provided for various stages
of consolidation.

Indirect Measures

Soil mechanics practitioners have modeled the response of soils
(or sediments) to superimposed stresses (Terzaghi, 1943; Lambe,
1969). The rate of response to an imposed stress depends, in part, on
the ability of fluid to leave or enter the particulate system. Hence, the
coefficient of permeability is directly linked to soil response through
the models that describe sediment stress-strain behavior. The rate of
volume change of a sediment in response to an imposed stress is
commonly described in terms of the coefficient of consolidation (c,).
The coefficient of permeability, in turn, is related to ¢, through the
following equation:

k=c,/M A

where M, is the coefficient of solid compressibility and A is the area
of drainage for the sample.

Shortcomings of the indirect measurements lie principally in how well
a given model describes sediment stress-strain relationships. Direct and
indirect measures typically vary by about one order of magnitude, with
the direct measure being the greater of the two. We believe that direct
measurements provide a better estimate of permeability.

RESULTS

While most of the measurements of permeability made in this
study are from sediments collected below 320 mbsf, several samples
were obtained from the upper section. The upper two sedimentary
units at Site 808, consisting mostly of sandy to silty turbidites, are
characterized by contrasting physical properties (see porosity trend,
Fig. 2). The permeability of this upper section is quite variable and
locally high, as the sands layers are uncemented. Three samples tested
from this upper section were consolidation samples. The coefficients
of vertical permeability of these samples, at their lowest confining
pressure, ranged from 1.58 x 107 to 5.89 x 107 cm/s (1.58 x 107
to0 5.89 x 1075 m?) (Table 1, Fig. 4).

The coefficients of horizontal permeability for samples extending
from 320 mbsf to 950 mbsf (the décollement) exhibit an overall slight
decrease with increasing depth (Fig. 4). The coefficients of perme-
ability gradually decrease from about 1077 cm/s (107'® m?) at 320 mbsf
to 10° em/s (1077 m?) above the décollement. This trend also is
evident in the vertical coefficients, although these are greater overall
by half an order of magnitude. Two samples revealed vertical perme-
ability coefficients in excess of 107 cm/s (107'5 m?): Sample 131-
808C-50R-4 (106 cm) and -72R-4 (28 cm). The former sample is of
silty mudstone in which the measure of permeability was done along
the bedding plane. The latter sample is a mottled mudstone of low
porosity (36%), and the high permeability may be an artifact of a
microcracking, although none was observed.

Below the décollement, both k, and k, generally increase with
depth, although only a few samples were tested from this interval
(Table 1, Fig. 4). The coefficients of permeability in both directions
is about 5x 10 cm/s (5 x 10" m?), with some high variations around
this average. The lowest value of k, measured in these tests was 3.67
x 1071 em/s (3.67 x 107'° m?) for the sample from 1014 mbsf.

The laboratory tests of permeability performed at different effective
loads through consolidation testing reveal the relationship between the
coefficient of permeability and void ratio for these sediments (Fig. 5).
The uppermost sample, from 3.2 mbsf, was within lithologic Unit I
which consists of a hemipelagic mud with evidence of slumps and

SEDIMENT PERMEABILITY, SITE 808

[ T T T ¥ T T \ T

Sample 808A-1H-3, 140-150 cm
effective stress: 175 kPa

differential pressure (kPa)
L=1
L

k=4.4(£0.2)* 10" m?

" 1 " " L L i
-2010* 0.0 2010
fiow rate (ml/s)

-6
4010 4010*

Figure 3. Example of permeability measurement using the constant-flow
technique. Different flow rates result in pressure differentials across the
sample, that in turn are a function of permeability (Sample 131-808A-1H-3,
140-150 cm).

turbidites. Samples 131-808G-8X-3 (24 cm) (196 mbsf) and -808B-
16X-1 (123 cm) (255 mbsf) were from lithologic Unit I1I, consisting
of thin bedded sand and silt turbidites. The relationship of permeabil-
ity to void ratio is different for samples from lithologic Units I and
I11. Further tests from these two units, combined with sediment texture
data, are required to verify and explain these differences.

Results from all permeability tests undertaken as part of this study
are plotted against sediment void ratio in Figure 6. The three whole-
round samples yielded independent permeability-void curves, as these
samples were tested over a range of effective stresses and void ratios.
The whole-round samples generally had higher void ratios than the
fabric plugs (largely reflecting the shallower depths of origin for the
former), but the whole-round samples also yielded permeability-void
ratio curves with higher slopes than for the data set overall (Fig. 6).
This difference probably reflects the greater silt and sand content of
the fabric samples, and in-situ consolidation state and relative youth of
the whole-round samples.

Figure 7 illustrates permeability anisotropy, determined from the
difference between horizontal and vertical permeability in the fabric
samples, divided by the average permeability [200 x (k, — k. )/(k,
+ k,)). The data are too scattered to yield a strong trend, but there
does seem to be a general change from more positive values (higher
relative horizontal permeability) to more negative values (higher
relative vertical permeability) with increasing depth and decreasing
void ratio. This trend is also apparent if the permeability results for
individual lithologic units are averages. At first this result seems
surprising, as horizontal permeability should become more important
following compaction under a vertical load (e.g., with increasing
burial). Our experimental results may reflect an increase with depth
(and age) in sample rotation about a horizontal axis during accretion
and subsequent thrusting. This rotation should also influence perme-
ability anisotropy resulting from the deposition of coarse sand layers,
which could be significantly more important to large-scale fluid flow
through the Nankai accretionary complex.

DISCUSSION

There have been relatively few permeability measurements made
on marine sediments from active convergent margins. The measure-
ments made for this study provide a measure of intergranular perme-
ability and thus are a lower bound to formation or bulk permeability.
An increase in bulk permeability may occur through fracturing,
faulting, and temporal events, such as postulated for slip drainage at
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Figure 4. Downhole distribution of measured coefficients of permeability and of hydraulic impedance (for the vertical thickness of the sediment section) at Site

808. The impedance calculation is explained in the text.

the Barbados accretionary complex décollement, during periods of
overpressuring (Moore et al., 1988). Low formation permeability can
result from the presence of localized layers or zones of clay-rich
sediment such as at the décollement at Nankai and above the décolle-
ment at Barbados (Taylor and Leonard, 1990).

Permeability Structure

Two major structural features were cored at Site 808: a major thrust
fault within the accreted section (360-390 mbsf) and the décollement
(945-965 mbsf) which separates the offscraped section from sub-
ducted sediments. The thrust fault was distinguished in cores by
significant fracturing and overturned beds having facilitated approxi-
mately 145 m of stratigraphic throw. This fault separates a repeated
stratigraphic section bearing remarkably similar physical properties.

The topmost 400 m of sediment at Site 808 (Units I and II)
comprises the upper thrust package at this location on the lower slope.
The package is dominated by thick-bedded, sand to silt turbidites. The
distinctive bimodal character of most physical properties in this upper
section corresponds to an equivalent bimodal composition of tur-
bidites. This characteristic is most obvious in the porosities of Unit I,
and is significantly reduced in Unit II where finer-grained sediment
dominate (Fig. 2). Permeability measurements in silty sediments from
this upper package are about 107% to 10 ° emv/s (107" to 107 m?)
(Fig. 4). These values corroborate the measurements made through
the indirect method (from consolidation rates) at Site 583 (Johns,
1986). This portion of the accretionary prism must drain freely as a
large portion of the section consists of sand and sandy silt.

Smaller scale downhole porosity trends in the tectonic package
between the major thrust fault and décollement characterize lithol-
ogic Subunits Ilc, IT1, and IVa. These small differences are not evident
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from the fewer permeability measurements from this site. The re-
peated stratigraphic section below the thrust fault at approximately
390 mbsf does not show a significant reduction in porosity relative
to its equivalent section above the fault; instead, the thrust fault
marks the depth at which the downhole compaction trend, developed
in the overlying section, is reset (Fig. 2). The observation that
sediments below the fault do not appear to have consolidated from
the additional load suggests that dewatering in this section has been
minimal, either due to very low bulk permeability or because faulting
is recent. With coefficients of matrix permeability near 10~ cm/s
(107'® m?), the observed trend in porosity may be explained by a
combination of both factors.

Permeabilities through most of lithologic Units IV and V follow
the general porosity trend, reflecting a likely combination of consoli-
dation and a finer-grained texture. This 550-m-thick section has
coefficients of permeability less than 107 cm/s (107! m?); these
values are low enough to allow formation of overpressures during
tectonic loading. These permeability coefficients are similar in mag-
nitude to those found in the accreted packages of fine-grained sedi-
ments from the toe of the Barbados complex on ODP Leg 110 (Taylor
and Leonard, 1990).

The décollement is an approximately 20-m-thick zone between
945 and 965 mbsf. Although no significant lithologic compositional
changes occur across this feature, there is a pronounced and extremely
delineated contrast in porosities in the overlying and underthrust sedi-
ments. Porosities are near 40% above the décollement, decrease to
near 30% within this fault plane, and then increase to over 50% below
the décollement. This significant contrast in porosity must mark
distinctive consolidation histories of the accreted vs, subducted sedi-
ments. No conclusive evidence exists as to whether the décollement
alone is overpressured, or if instead the entire subducted section has
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Figure 5. Measurements made at several stages of sample consolidation reveal
the relationship between void ratio and permeability for the sediments of Site 808.

experienced excess pore pressure. The fault plane, however, may
impede fluid flow as the extremely low porosities measured in these
sheared sediments most likely correlate with extremely low perme-
ability. Permeabilities in this section ranged from 107 to 107" cm/s
(107'° to 107" m?). This difference of three orders of magnitude
reflects the variable permeability resulting from the heterogeneous
structure of this zone, or matrix vs. fracture permeability of the sedi-
ment samples. This variability may be accentuated at a formation
scale depending on the state of stress-strain at this depth as fractures
open and close. The permeability measured in a sample from the
Barbados prism, from within 20 m of the décollement, was close to
1072 cm/s (1072 m?).

The subducted sediments at Site 808 revealed higher porosities
than those immediately above the décollement (Fig. 2). The matrix
permeabilities in this section are also quite low, ranging from 107 to
1070 em/s (107'¢ to 107" m?) (Fig. 4). These low permeabilities,
combined with a potentially low permeability horizon at the décolle-
ment, will resist dewatering and would bear excess pore pressures.
Potential drainage paths for these subducted sediments may lie along
isolated fractures or horizons of ash and fractured basalt underlying
the sediment section.

SEDIMENT PERMEABILITY, SITE 808

Hydraulic Impedance

We have used the permeability-void ratio relationship defined in
Figure 6 to calculate the vertical hydraulic impedance of the Site 808
sediment pile, based on the porosities determined on index properties
samples during Leg 131 (Taira, Hill, Firth, et al., 1991). These data
were not corrected for rebound or in-situ temperature, so the results of
this analysis should yield an upper bound to the actual vertical hydrau-
lic impedance. Vertical impedance also should be higher than horizon-
tal impedance because of layered heterogeneities in grain size caused
by turbidite deposition. Impedance was calculated using a modified
version of the equation defined by Karato and Becker (1983):

TEAZ
=z 107 x k

where k is permeability (in cm/s), and [ is hydraulic impedance (in
1/m). The impedance at any depth is thus calculated from the void
ratio (porosity) data for the overlying sediments, after applying the
permeability-void ratio transform from Figure 6. The hydraulic im-
pedance-depth relationship defined using the above equation is dis-
played in Figure 4. This curve demonstrates that a change in sediment
thickness from 100 to 300 mbsf (200%) results in an increase in
impedance to vertical fluid flow of an order of magnitude (1000%).
The next order-of-magnitude increase in impedance requires an ad-
ditional 750 m of sediment. Figure 8 illustrates a series of type curves
for the hydraulic impedance along different length flow paths having
constant permeability; these curves could be appropriate for flow
along conduits (such as faults) through the accretionary complex. A
comparison of these type curves and the vertical impedance profile
in Figure 4 provides insight to the hydrogeology of the accretionary
complex. For example, the impedance to vertical fluid flow at a depth
of 300 mbsf is approximately 10'® m™'. The same impedance to hor-
izontal flow along a 200 km path requires permeability significantly
lower than 107" m? (1 Darcy), the maximum transient permeability
required for the décollement at the Barbados accretionary complex to
explain differences in thermal anomalies landward and seaward of the
deformation front (Fisher and Hounslow, 1990). Hydraulic imped-
ance of 10'"® m™ is attained along a flow path only about 10 km if
permeability is 107" m? however, as modeled by Wuthrich et al.
(1990) for the Barbados complex.

Assuming that fluid flow through the complex is governed by
Darcy’s Law, then the tendency for fluid to follow any path will be
determined by a combination of pressure and gravity forces, as:

k
v=——(VP+pg)
T

(in vector form) where [ is fluid viscosity, p is fluid density, and g is
gravitational acceleration, Fluid flowing along a path that is perpen-
dicular to the gravitational vector (e.g., horizontal) is moved forward
by the pressure gradient only; fluid flowing with a component of
upward movement must be driven by a pressure gradient sufficient to
overcome the hydraulic impedance along the flow path, plus gravita-
tional potential. In the case of the frontal thrust encountered at
Site 808, the largest possible pressure gradient should be the differ-
ence between lithostatic and hydrostatic pressures (or overburden
stress) divided by the distance along the thrust from Site 808 to the
seafloor. At the depth of the thrust, the maximum lithostatic stress
(assuming zero pore pressure) is about 5.4 x 10* kPa (Taira, Hill, Firth,
et al., 1991). At the point where the thrust intersects the seafloor, the
water depth is approximately 4.75 km (Moore et al., 1991), giving a
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fabric tests, as defined by the equation displayed.

hydrostatic pressure of about 4.6 x 10* kPa. The path length along the
thrust is about 0.7 km, giving a maximum possible pressure gradient
of about 11 kPa/m. Assuming a thrust dip of 30° (Taira, Hill, Firth, et
al., 1990), the gravitational head gradient over this path is about
—5.1 kPa/m (with positive potential indicating an increase in the
upward direction), and thus fluid flow along the thrust is possible,
even if the pore fluid pressure is sufficiently below lithostatic. The
maximum Darcy velocity along the thrust, assuming the head gradient
above, fluid viscosity of 10~ Pa/s, and a mean matrix permeability of
107 cm/s (107" m?, Fig. 6), is about 6 x 107" m/s, or 2 cm/yr. Higher
velocities are possible as a linear function of fault permeability.

Unfortunately, direct measurements of pore pressure and bulk
permeability along the thrust were not obtained during Leg 131, and
better estimates of bulk and conduit permeabilities await future
studies. However, we can estimate the tendency of fluid to flow along
particular paths, rather than directly upward to the seafloor, by con-
sidering the average matrix permeability (107 cm/s) near the frontal
thrust (Fig. 4). The hydraulic impedance to vertical flow at this depth
is 2 x 10'® m™', while the impedance to flow 700 m along the first
thrust fault from Site 808 to the seafloor (Moore et al., 1990), is about
7% 10" m™! (Fig. 8). Given similar vertical and along-thrust head
gradients (including pressure and gravity components), flow at Site
808 thus will not tend to be concentrated along the thrust unless
permeability is significantly higher than that measured in the fabric
samples from sediments surrounding the thrust.

CONCLUSION

The drilling programs led by DSDP and ODP have provided a rare
glimpse into the earliest stages of sediment accretion and subduction.
It is difficult to work in these environments as the complex geology
and conditions challenge all attempts to core the sections. We have
greatly improved our knowledge of the convergence process, and have
begun to collect information on sediment physical properties that are

242

key to continued modeling efforts. Another goal remains to be tackled;
to measure in-situ physical properties, permeability, pore pressure, and
stress-strain relationships. Development of special downhole tools and
experiments ultimately will provide these data. Future drilling attempts
at convergent margins should strive to achieve these measurements.
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