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[1] Modeling studies suggest that fluid permeability is an
important control on the maintenance and distribution of pore
fluid pressures at subduction zones generated through tectonic
loading. Yet, to date, few data are available to constrain per-
meability of these materials, at appropriate scales. During
IODP Expedition 319, downhole measurements of perme-
ability within the uppermost accretionary wedge offshore SW
Japan were made using a dual-packer device to isolate 1 m
sections of borehole at a depth of 1500 m below sea floor.
Analyses of pressure transients using numerical models sug-
gest a range of in-situ fluid permeabilities (5E-15-9E-17 m?).
These values are significantly higher than those measured on
core samples (2E-19 m?). Borehole imagery and cores sug-
gests the presence of multiple open fractures at this depth of
measurement. These observations suggest that open perme-
able natural fractures at modest fracture densities could be
important contributors to overall prism permeability structure
at these scales. Citation: Boutt, D. F., et al. (2012), Scale depen-
dence of in-situ permeability measurements in the Nankai accretion-
ary prism: The role of fractures, Geophys. Res. Lett., 39, L07302,
doi:10.1029/2012GL0O51216.

1. Introduction

[2] Fluids play an important role in the localization, degree,
and nature of faulting at subduction zones, through their
impact on effective stress [Bekins et al., 1995; Davis et al.,
1983; Scholz, 1998]. Modeling studies of both accretionary
and non-accretionary subduction zones indicate that fluid
permeability is an important control on the development and
maintenance of excess pore fluid pressures generated through
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accretion and compaction processes [Bekins et al., 1995;
Bruckmann et al., 1997; Saffer and Bekins, 1998, 2002;
Gamage and Screaton, 2006; Matmon and Bekins, 2006].
Sediment permeability in these settings can vary by several
orders of magnitude due to variations in lithology, compaction
state, and diagenetic history [e.g., Gamage et al., 2011],
changes in effective stress [Bekins et al., 2011], or the presence
of core-scale fractures [Brown, 1995]. Most permeability
measurements come from core samples of marine sediments;
comparatively few in-situ measurements have been conducted
[Davis et al., 2000; Davis and Becker, 2002; Becker and
Davis, 2004; Fisher, 2005; Fisher and Zwart, 1996], and
these have focused primarily on fault zones or basaltic oceanic
crust using techniques that differ from those presented in this
paper. An important question remains about permeabilities at
length scales larger than the core scale and how these are
impacted by lithologic heterogenity and non-diagenetic pro-
cesses. In this paper, we present evidence for permeabilities
within the interior of an active accretionary wedge that are
significantly greater than similar core-scale measurements,
possibly due to the presence of open and connected fractures at
scales greater than the core scale [Hsieh, 1998].

2. Site C0009 and Downhole Measurements

[3] The Nankai Trough Seismogenic Zone Experiment
(NanTroSEIZE), a complex scientific drilling project con-
ducted by the Integrated Ocean Drilling Program (IODP),
began in 2007 in the Nankai subduction zone, southwest
Japan, where M,, ~ 8 class great earthquakes repeat at inter-
vals of 100-200 years as a result of the convergence of the
Philippine Sea and Eurasian plates (Figure 1). During IODP
Expedition 319 D/V Chikyu carried out borehole drilling at
Site C0009 within the forearc basin and underlying prism,
using riser drilling for the first time in scientific ocean drilling
and enabling high quality in situ measurement techniques. A
single borehole was drilled at this site, from the seafloor
(2054 m water depth) to ~700 mbsf by riserless drilling, and
from 700 mbsf to 1600 mbsf by riser drilling. From 0 mbsf to
1285 mbsf, the borehole penetrated Holocene to late Pliocene
deposits of the Kumano Basin, characterized by silty mud and
mudstones with sand interbeds (lithologic Units I-III). From
1285 mbsf to a total depth of 1600 mbsf, the borehole pene-
trated shallow to moderately dipping beds of late Miocene silty
mudstone with minor silt interbeds (Unit IV). This unit is
interpreted as the uppermost interior accretionary wedge,
composed of a weakly deformed package of accreted trench
sediments [Saffer et al., 2010]. Within Unit IV, cores were
recovered from 1509.7 to 1593.9 mbsf. Lithologies within the
cored interval include brown-gray silty claystone, minor
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Figure 1. (a) Location of Site C0009 in the Kumano Basin offshore the Kii Peninsula, Japan and location of the NanTroSEIZE
drilling project where an accretionary prism is formed by the subduction of the Philippine plate under the Eurasian plate.
(b) From left to right location of and number of cores, thickness of sand layers, MST testing zones, gamma ray log, compilation
of core-based fracture measurements, core porosity, and caliper log within the cored section of site C0009.
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Figure 2. (a) Pore pressure (left axis) and pumping rate
(right axis) for the MDT - draw down test at 1539.7 mbsf.
Black dots are the observed pore pressure with the test interval
and the red solid line is the best fit simulation result. (b) Pore
pressure (left axis) and pumping rate (right axis) for the
MDT - hydraulic fracture test at 1532.7 mbsf. Black dots are
the observed pore pressure within the test interval and the
red solid line reflects a permeability of 1.5E-15 m* and the
blue solid line is 5.5E-15 m* which reflect the range in proper-
ties used to bracket the data using best fit models.

interbeds of brown-gray siltstone- sandstone, and minor
interbeds of light gray fine vitric tuff. Porosity measured on the
core samples ranges from 28% to 44%, with an average value
of 34%. Within Unit IV, shear zones, natural open fractures
and faults, slickenlined faults, and vein structures were iden-
tified in the cores (locations are indicated on Figure 1). Active
faults are hosted within the interior of the wedge observed both
in reflection seismic profiles and recent very low frequency
earthquake observations.

2.1.

[4] The distribution and geometry of deformation struc-
tures in the retrieved cores from Site C0009 were also
characterized by the shipboard party [Saffer et al., 2010],
and two dominant structures were recognized: faults and
shear zones. Faults are relatively planar zones of deformation
often characterized by a single band of concentrated defor-
mation at the scale of the core. Many of the faults also
occurred as open fractures in the opened core barrel, often
revealing polished or slickensided surfaces. A little over 200
faults were documented in the 60 meters of recovered core,
indicating a fault density of about 3.4 faults per meter
(Figure 1b). In contrast, the shear zones formed more irreg-
ular, wavy bands of deformation that appeared to be healed or
annealed as they rarely formed open fractures in the opened
core barrel, and when broken along the deformation zone, the

Core-Based Fracture Density Measurements
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slip surface was rough and irregular. The shear zones were
also often crosscut by the faults, suggesting that they were
older, which is consistent with their annealed character in the
open core barrel. A little over 160 shear zones were docu-
mented in the 60 m of recovered core, indicating a shear zone
density of 2.8 shear zones per meter.

2.2. Logging and Testing

[5s] After drilling, we conducted wireline logging runs
from ~700 mbsf to 1600 mbsf. Resistivity logs provide
evidence of a mud-invasion zone surrounding the borehole
throughout its entire length. The presence of the mud inva-
sion zone impacts both the pressure distribution of the sur-
rounding formation but also increases the viscosity of the
pore fluid. In-situ testing consisted of a 23.44 m long tool
string equipped with Schlumberger’s Modular Formation
Dynamics Tester (MDT) tool to conduct measurements of
stress magnitude, pore pressure, and permeability approxi-
mately 36 hrs after drilling had been completed. The tool
was operated in two modes: single probe (SPT) and dual
packer. The SPT allows the estimation of formation pressure
by applying a small pancake packer to the borehole wall to
isolate the formation. The dual packer test isolates an inter-
val of 1 m to either draw down the pressure (to determine in
situ pressure and permeability) or to increase fluid pressure
(intended for hydraulic fracture measurements of stress
magnitude). Data collected from the first two logging runs
were used to select the MDT test locations, and gamma ray
was included on the MDT tool to refine targeting of the
measurement intervals.

2.3.

[6] A dual packer drawdown test, in which the pressure
was lowered relative to the formation pressure, was per-
formed at 1539.2—1540.2 mbsf in an interval composed of
brown-gray silty claystone with abundant siltstone-sandy
siltstone interbeds. The MDT’s dual packers were inflated to
isolate a 1 m section where the borehole was absent of large
diameter variations (in excess of 10% of the diameter)
determined by inspection of the wireline caliper record. As
the packers were inflated, excess pressure within the packed
off zone began to develop (a sign of a good seal with the
borehole wall) and this excess pressure was actively bled off
by pumping fluid out of the unit into the borehole until the
pressure within the zone stabilized at 39.2 MPa (Figure 2a).
Borehole pressure was also monitored immediately above
the packed off zone to monitor for packer seal integrity.
After pressure stabilization (~80s) a drawdown test was
performed by withdrawing fluid from the isolated zone at a
maximum rate of 12 cm>/s over a 130 s interval (Figure 2a).
The flow rate was increased in a series of steps to the max-
imum rate. It was planned to draw the pressure down by
5 MPa. However, because of initial concern over borehole
stability, the drawdown (black squares in Figure 2) was
stopped after pressure had declined by 3.52 MPa. The
beginning effective stress was 7 MPa, estimated from a
minimum principal stress of 45 MPa, and in the vicinity of
well bore increased to 10.48 MPa by the end of drawdown
[Saffer et al., 2010]). The pressure was allowed to recover
for 180 s, at which point the test was terminated, again due
to concerns about borehole stability. The pressure-time
record shows a near linear drawdown due to the withdrawal,
and a partial pressure recovery of ~0.5 MPa after pumping

MDT: Drawdown Experiment
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was ceased. This recovery has a concave-upward form,
typical of recovery tests [Horne, 2000]. Despite the short-
duration of the test and the partial recovery of pressure, these
data yields insight into formation hydraulic properties.
Shipboard analysis using a curve matching technique
[Papadopulus et al., 1973] of the pressure recovery data
yielded a permeability estimate of 1.3E-17 m” and a storage
coefficient of SE-11 Pa~' [Saffer et al., 2010]. The perme-
ability determined using this technique is typical of silty
mudstones, but the estimated storage coefficient is unrea-
sonably low [Gamage et al., 2011].

[7] To refine this estimate, we conduct 2-dimensional
axial symmetric numerical models of confined fluid flow
around the borehole using Comsol Multiphysics™ to simu-
late the complete drawdown and recovery of pressure during
the test. The model domain is 100 m tall and 5000 m wide.
The pumping rate is specified over a 1 m zone in the center
of the model; all other boundaries were specified as no-flow.
A 0.3 m radial zone around the borehole is set at the mud
pressure as an initial condition due to mud invasion, whereas
the region outside is set at hydrostatic pressure (based on
SPT measurements of formation pressure [Saffer et al.,
2010]). Simulations in which this invasion zone was not
incorporated failed to adequately predict the observed pres-
sure drawdown and recovery. Fluid viscosity was fixed to a
value of 2E-3 Pa-s, consistent with properties of the mud
[Saffer et al., 2010] because the formation surrounding the
borehole was assumed to be invaded by mud. Using a the
lower viscosity of the formation fluid would result in even
larger permeability estimates. Permeability and storage
properties of the model were iteratively modified to define a
best-fit to the pressure record, as measured by the a mini-
mum of the sum of squared residuals between observed and
predicted values. The data are best fit using a permeability of
9E-17 + 3E-17 m” and a storage coefficient of 8E-9 + 4E-
10 Pa~' (Figure 2a). The simulated drawdown and recovery
adequately captures the field data but some discrepancies are
apparent, especially at early time.

2.4. MDT: Injection Experiment

[8] One goal of Expedition 319 was to obtain in-situ mea-
surements of stress using hydraulic fracturing experiments. A
hydraulic fracturing experiment was performed within a 1 m
zone of the cored section at 1532.2—-1533.2 mbsf. During this
test the injection created significant leak-off (1400-3200 s of
Figure 2b) of pressure that required an increase in injection
rate to raise the pressure high enough to generate a fracture for
the stress test (not shown here). The first portion of the time
record (0—1400 s) in Figure 2b depicts the filling of the packer
zone with fluid until the pressure begins to increase (~1400—
1700 s) and the pump is stopped (at 1700 s), after which the
pressure decays. After this, a series of injections raise the
pressure to 41.9 MPa at ~3200 s or a decreased effective stress
condition of 3.1 MPa. No evidence of packer leakage was
observed, suggesting that the pressure decays when pumping
was stopped reflect diffusion of fluid into the formation. This
presents an opportunity to estimate the permeability of the
packed-off zone. Full pressure data for the test are given by
Saffer et al. [2010] or can be accessed via http://sio7.jamstec.
go.jp/expedition-index.html.

[v] Using a model identical to the one described above for
the MDT-DD experiments, we simulate the injection of fluid
into the formation for the hydraulic fracturing experiment.
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The injection rate is specified as a flux over the 1 meter zone
with the same initial and boundary conditions as the model
described above. Similar to the simulations above, perme-
ability and storage properties of the model were iteratively
modified to define parameters that provide a best-fit match.
Because no single model captures the complexity of the
observed pressure record, we report the hydraulic parameters
for two simulations that bracket the observations. These
models indicate a formation permeability of 1.5E-15 m?
(Figure 2b, red line) to 5.5E-15 m” (Figure 2b, blue line).
The best-fit storage coefficient for both simulations is
3B-7 £ SE-8 Pa™ .

2.5. Core-Based Permeability Measurements

[10] For comparison to the downhole testing results, we
conducted laboratory permeability tests on 10 cm long and
5 cm in diameter silty claystone from core 4R-1, recovered
at a depth of 1537.47-1537.59 mbsf. Permeability was
measured parallel and perpendicular to bedding, at a con-
fining pressure of 10 MPa and a pore pressure of 8.6 MPa. In
our tests, the pore pressure is controlled at a constant value at
one end of the specimen, and the other end is connected to a
fixed volume reservoir. We measured permeability using the
multipulse method, in which the pore pressure at the
upstream sample end is increased for a fixed amount of time,
then decreased, and finally increased back to its original
value. Five measurements were performed in each orienta-
tion with a bedding-parallel permeability of 2.5E-19 m* +
1.1E-19 m?, and a bedding-perpendicular value of 2.7E-
19 m*> + 5E-20 m*. Measurements of the sample deforma-
tion during loading-unloading steps yielded a bulk modulus
of ~3 GPa and a storage coefficient of 1E-9 Pa™'.

3. Discussion

[11] The core measurements of permeability on the
claystone sample are two to four orders of magnitude lower
than any of the in-situ measurements. The MDT-DD test
permeability estimate (9E-17 + 3E-17 m?) is bracketed by
the lower permeability of the core (2.5-2.7 E-19 m?) and the
higher permeability of the MDT-HF test (1.5-5.5 E-15 m?)
generating a large range of measured permeabilities, despite
proximity of the two tested intervals within a relatively uni-
form lithologic unit (Figure 1a). The differences in perme-
abilities between the zones could be attributed to a variety of
factors including: 1) sample support volume/scale of mea-
surement, 2) structural or lithologic heterogeneity, and/or 3)
the method/technique of measurement and analysis. Estima-
tions of the volume of material sampled by the tests ranged
from 1.5 m®, 1.1 m>, and 7.8 E-4 m> for the MDT-HF,
MDT-DD, and the core sample. Volumes for the in-situ tests
were determined from the size of the simulated pressure
perturbation near the borehole.

[12] Porosity is a measure that is used [e.g., Gamage et al.,
2011] to compare sediments from different settings and at
different states of consolidation (Figure 3). In sediments
where hydrous minerals such as smectite clays or opal are
present, intragranular porosity can lead to overestimates of
porosity available for fluid flow; thus it is often corrected to
account for this bound water. We use measurements of
smectite content and corrected porosities for samples of the
cored section at Site C0009 from Doan et al. [2011] to
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Figure 3. Plot of permeability versus corrected porosity for
tests presented in this paper as well as samples from Barbados,
Costa Rica, Peru, and Nankai accretionary prisms. Data in
gray are from the compilation of Gamage et al. [2011] which
are based on laboratory derived permeability estimates.

estimate the porosity of our test intervals. These corrected
porosities range from 0.21-0.26.

[13] Figure 3 presents the results of this study (colored
symbols D symbol size scaled by range of model fits), with
core-based permeability-porosity relationships for a range of
subduction zone mudstones (gray symbols) for comparison.
The global data show a clear relationship between corrected
porosity and permeability encompassing a range of perme-
ability of roughly four orders of magnitude. Our measure-
ments of permeability on core samples fall squarely in this
range (Figure 3, green triangle). In contrast, permeability
values from the MDT-DD and HF results are significantly
higher than the upper envelope of core-scale measurements.

[14] Subtle lithologic heterogeneity is observed within the
cored section at Site C0009, documented as cm-scale inter-
beds of siltystone and silty-claystone (Figure 1) although the
gamma-ray log is relatively featureless. The beds are slightly
thicker in core 4R (location of the MDT-DD test) compared
to core 3R (location of the MDT-HF test). The larger sam-
pling interval and support volume of the MDT-DD test
would sample and bias any zones with higher permeability.
It is unlikely that the permeability difference between the
claystone and these thin cm-scale siltstone interbeds can
explain the roughly 2-order magnitude difference in the core
permeability measurement compared to the MDT-DD mea-
surements which are within the same cored section and
offset by less than 2 m in the borehole. The frequency of
silty-sandstones in Core 3 and 4R averaged about 1 per
meter with thicknesses on the order of 10 cm. Effective
permeability layer-parallel flow calculations suggest that
these 10 cm thick layers must have a permeability of at least
5E-14 m* (a five order of magnitude contrast to the clays-
tones) in order to explain the MDT-HF and MDT-DD
results. Considering the grain-size, sorting, and consolida-
tion state of these thin interbeds and compared to other
subduction zone materials at similar porosities (gray sym-
bols in Figure 3), it is unlikely that these interbeds can
explain the high permeabilities of the tests.
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[15] Both the MDT-DD and MDT-HF were located in the
cored section of the borehole where detailed structural
analysis revealed both open and annealed fractures (i.e.,
faults and shear zones, respectively). Both structures have
generally similar densities per meter. The faults, however,
because they are younger and appeared as open fractures in
the opened core barrel probably have the greatest potential
as conduits for fluid flow. Considering a linear fracture
intensity of 3.4 per meter for the faults and attributing all
flow to the fractures and applicability of the cubic law, cal-
culations suggest an average apertures of 7 and 26 pym for
fractures in the MDT-DD and MDT-HF testing zones.
Inspection of the FMI logs at the MDT testing depths also
indicates open fractures. We therefore contend that the larger
testing intervals of the MDT experiments sampled the faults
observed in the core, and that this explains their high per-
meabilities relative to values from core-scale laboratory
measurements. The even higher permeability estimated from
the MDT-HF test could be the result of multiple fractures of
different dips intersecting the borehole leading to a more
connected and higher permeability backbone of the fracture
network. Another plausible explanation could be that since
the injection pressure was higher than the formation pressure
it caused a decrease in effective stress allowing fractures to
dilate and increasing the permeability, which could also
explain the increasing mid-fit of the MDT-HF with time (or
effective stress decrease). This stress sensitivity of fractures
has been observed in a variety of tectonic environments
[Barton et al., 1995].

4. Conclusions

[16] In-situ measurements of permeability were under-
taken during a recent IODP expedition (NanTroSEIZE
experiment). Two in-situ measurements of permeability with
the MDT tool sample large volume of material and yield
permeability estimates that are orders of magnitude larger
than core-based measurements of permeability for materials
from the same section of the borehole. Additionally, these
permeability estimates obtained from numerical modeling
range from 5 E-15-9E-17 m?, are significantly higher than
permeability measurements on core samples of similar
porosity from other subduction zones. Natural fractures,
both open and sealed, were prevalent in this interval and we
conclude that they could be responsible for increasing the
permeability beyond the low matrix permeability of the clay-
dominated sediments. The occurrence of fracture perme-
ability in these settings has not been previously mentioned or
observed and has implications for the permeability structure
of deformed accretionary prisms as well as the resulting
ability to drain excess pore pressure from consolidation or
deformation. Research into permeability of fractured and
deformed wedge material afforded by upcoming drilling
expeditions should yield additional insight into fracture
permeability. Considerations of sampling and testing frac-
tured material, as opposed to intact and undisturbed samples,
for core-based experiments could remove some of the bias
between in-situ and laboratory measurements.

[17] Acknowledgments. This research used samples and/or data pro-
vided by the Integrated Ocean Drilling Program (IODP). Funding for this
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