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Abstract

A total of 15 whole-round core samples from International
Ocean Discovery Program Expeditions 372 and 375 were tested for
vertical permeability. The samples were recovered from four sites.
Sites U1517 and U1519 are located on the upper slope, Site U1518 is
located near the trench, and Site U1520 is located seaward of the
trench. Measured vertical permeability varied from 5.7 x 10" m? to
1.7 x 1071 m2 Unless cores were too consolidated to disaggregate,
subsamples were taken and analyzed for grain size. The tested sam-
ples contained 35.4%-66.3% clay-sized (<4 pum), 32.7%-51.7% silt-
sized (4—-63 pm), and 0.5%—-23.1% sand-sized (>63 pum) fractions.

Introduction

International Ocean Discovery Program Expeditions 372 and
375 recovered cores from the Hikurangi Subduction Zone off the
east coast of New Zealand (Barnes et al., 2019; Saffer et al., 2019)
(Figure F1). In this study, we used flow-through permeability tests
to measure the vertical permeability of 15 whole-round core sam-
ples. Subsamples from the core used for permeability testing were
used for grain size analyses. Samples are from four sites. Site U1517
is located ~35 km from shore on the upper slope of the Hikurangi
margin at a water depth of 720 m. Drilling at Site U1517 investi-

gated the landslide mass and the gas hydrate stability zone of the
Tuaheni Landslide Complex, and sediments consist primarily of
clayey silt with sandy intervals (Barnes et al., 2019). Site U1518 is
located ~73 km from shore on the lower continental slope near the
trench, and sediments are composed of silty clay or mud alternating
with thin beds of silt to silty sand. Drilling at Site U1518 (~2630 m
water depth) investigated the Papaku thrust fault and the surround-
ing sediments (Saffer et al., 2019). Site U1519 is located on the up-
per continental slope ~38 km from shore at a water depth of 1000
m. This site was drilled to investigate the upper plate overlying a re-
gion that produces slow slip events; common lithologies include
mud(stone), silt(stone), and sand(stone) (Saffer et al., 2019). Site
U1520, at a water depth of ~3520 m, examined sediments on the
incoming Pacific plate, ~95 km from shore and 16 km east of the
deformation front (Saffer et al., 2019). Site U1520 lithologies in-
clude mud with beds of silt and/or sand, pelagic carbonate, and vol-
caniclastic conglomerate (Saffer et al., 2019).

The objective of the testing was to help characterize the sedi-
ments that are part of the Hikurangi subduction zone. The permea-
bility of sediments entering subduction zones can greatly affect
fluid pressures during shallow subduction. Permeability testing al-
lows development of permeability-porosity relationships that can
be used for modeling pore pressure development and fluid flow.
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Figure F1. Locations of Expedition 372/375, Sites U1517-U1520. Figure was made using GeoMapApp and the default base map (Ryan et al., 2009). Inset shows

location relative to Australia and New Zealand.
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Methods
Permeability tests

The methods for permeability testing are similar to those of pre-
vious studies (e.g., James and Screaton, 2015) and were based on
American Society for Testing and Materials (ASTM) designation D
5084-90 (ASTM International, 1990). Permeability tests used Traut-
wein Soil Testing Equipment Company’s DigiFlow K. A cell is used
to contain the sample, and a pump maintains isostatic effective
stress on the sample (Figure F2). Two additional pumps are used to
pump or remove water from the top and bottom of the sample. De-
ionized water was used as the fluid in the pumps, and a solution of
33 g NaCl per liter of water permeated the sample. Pressure was
transmitted from the deionized water to the permeant across a rub-
ber membrane in an interface chamber (Figure F2).

The retrieved core samples from Expeditions 372 and 375 were
stored in plastic core liners and sealed bags to prevent moisture
loss. Samples were refrigerated at 4°C until immediately before sam-
ple preparation. All tests were conducted with flow in the vertical
direction (along the axis of the core) using the whole-round core. To
provide freshly exposed surfaces, cores were trimmed on both ends
using a cutting tool or wire saw, depending on core properties. Vi-
sual inspection was used to select portions of the core that were rel-
atively uniform in composition and not disturbed or fractured.
After the sample ends were trimmed, diameters of the trimmed
whole-round cores ranged from 5.6 to 6.8 cm and sample heights
ranged from 5.2 to 10.35 cm. After trimming, the sample was placed
in a rubber membrane and fitted with saturated porous disks and
end caps. The membrane-encased sample was placed in the cell,
which was then filled with deionized water. Fluid exchange occurs
only through the flow lines connecting the end caps to the top and
bottom pumps. A small confining pressure of ~0.03 MPa (5 psi) was
applied to the water in the cell, and flow lines were flushed to re-
move any trapped air bubbles. After the flow lines were flushed, the
sample was backpressured to either ~0.28 MPa (40 psi), ~0.34 MPa
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(50 psi), or ~0.41 MPa (60 psi) by concurrently ramping the cell
pressure and the sample pressure to maintain a constant effective
stress of 0.03 MPa (5 psi). Because the whole-round samples were
sealed immediately after the core liner was cut, the samples were
expected to be near saturation prior to testing. Backpressuring at
0.28 MPa (40 psi) for ~24 h is sufficient to ensure full saturation un-
der these conditions (ASTM International, 1990). A B test on each
sample was used to check saturation. In a B test, the cell confining
pressure was instantaneously increased by 10 psi and the sample re-
sponse was measured. The ratio of sample pressure change to cell
pressure change is the Skempton B coefficient, which is typically
near 1 for soft to medium clays (Wang, 2000). A B test result of 0.95
is typically used to indicate saturation for soft to medium clays. This
criterion is not applicable for more consolidated materials because
compiled B coefficients for mudstone, sandstone, and limestone are
0.95, 0.50—0.88, and 0.25, respectively (Wang, 2000). Samples with
B coefficient less than 0.95 were given additional time for saturation
or backpressure was increased. Saturation was assumed if the B
value did not change with increased time and increased back-
pressure. Subsequently, the cell fluid pressure was increased while
the sample backpressure was maintained, thus increasing the effec-
tive stress on the sample. This effective stress both consolidated the
sample and pushed the flexible membrane against the sample to
prevent flow from bypassing the sample. The expected in situ effec-
tive stress is generally much greater than what was reached in labo-
ratory testing. As a result, the measured permeability values likely
overestimate in situ conditions. On the other hand, they can be used
to construct permeability-porosity relationships for use in fluid-
flow modeling (e.g., Daigle and Screaton, 2015).

For every sample, flow tests were performed at two or more dif-
ferent effective stress steps. Once the target effective stress was
achieved for each step, cell pressure and backpressure were main-
tained. The sample was allowed to equilibrate for at least 12 h and
generally for 24 h. Throughout testing, inflows and outflows to the
cell fluid were monitored to assess changes in sample volume, and
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Figure F2. Schematic of the permeability test system (top) and labeled photo of the permeability test system (bottom). The top, bottom, and cell pumps con-
sist of 80 mL pistons that are moved up or down to infuse or extract water from the sample or cell. The interface chamber has a rubber diaphragm in the center
to separate the seawater that is used as a permeant (bottom chamber) from the distilled water used in the pumps (top chamber). Deionized (DI) water is used

in the cell pump and in the sample cell, which has a volume of 2300 mL.
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sample data were recorded every minute. Because fluid pressure in
the closed hydraulic system was affected by temperature changes,
testing was conducted within a closed cabinet to keep the internal
temperature uniform. Testing temperatures were 26° + 1°C, unless
otherwise noted in Table T1. At least three flow tests were per-
formed at each effective stress level, and flow direction varied be-
tween tests. Flow tests were run by specifying pressures of the top
and bottom pumps and recording flow rates into and out of the
sample.

The pressure difference (AP) from the top and bottom pumps
was converted to hydraulic head difference (Ah):
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:

Top pump

Cell pump

Ah=AP/pg,

where p; = fluid density (1021 kg/m?) and g = acceleration due to
gravity (9.81 m/s?).

Darcy’s law was used to calculate the hydraulic conductivity:
Q = —KA (Ah/AD),

where

Q = measured flow rate (in cubic meters per second),
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Table T1. Results from laboratory permeability tests and grain size analyses,
Sites U1517-U1520. Download in CSV format.

K = hydraulic conductivity (in meters per second),

A = the cross-sectional area of the sample (in square meters),
Ah = the difference in head across the sample (in meters), and
Al = the length of the sample (in meters).

The hydraulic conductivity values were then converted to per-
meability (in square meters) using the following equation:

k= (Kp)/(peg),

where

p¢ = fluid density (1021 kg/m?),
g = acceleration due to gravity (9.81 m/s?), and
= viscosity (0.00093 Pa-s).

For the laboratory temperature (average = 26°C) and fluid salin-
ity (33 g/L), a fluid density of 1021 kg/m?® and viscosity of 0.00093
Pa-s were calculated based on relationships compiled by Sharqawy
et al. (2010). Assuming reasonable water compressibility, density
change due to the applied pressure was minor (<0.1%). A 1 h inter-
val of stable flow rates was averaged for the permeability calcula-
tions, and the standard deviation of the permeability during that
interval was calculated to assess uncertainty. The fluctuations in the
calculated permeability are likely caused by slight temperature vari-
ations. The resulting volume changes would cause temporary
changes in measured flow rates. The time interval was selected
based on where inflow best matched outflow, indicating steady-
state conditions, and where the standard deviation was minimized.

The corresponding porosity for each effective stress level was
calculated using the change in volume of fluid contained in the
cell during each consolidation step. The volume change during
consolidation was assumed to be solely a result of changes in
sample porosity. Influences of material and apparatus stiffness
were assumed to be negligible. Total sample volume (V7)) was
calculated using nr*h, where r is the radius of the core sample
and # is the height of the sample. Initial porosities (#,) for vol-
ume calculations were obtained from the shipboard moisture
and density results; these shipboard data can be accessed
at https://web.iodp.tamu.edu/OVERVIEW. We assumed that
the porosity of the sample at the end of backpressure is similar to
the initial porosity (n,) of the sample due to the small change in
effective stress.

Using the initial porosity (n,), the volume of voids before the
testing (Vo)) was calculated:

Vio) = 1oV
Volume of solids (V;) was calculated using:
Vs = VT(O) - Vv(o)'

The change in volume of water in the cell (AV;,) was calculated
using the difference of cell volumes between two consecutive steps
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(e.g., cell volume at backpressure and cell volume at first consolida-
tion). The new total volume of the sample (V7)) after pore spaces
were reduced during the consolidation process was determined by
subtracting the change in cell volume at the end of the consolidation
step (AV7,) from the total sample volume (V7):

Vm) = VT(O) - AVT(I)'

Using the calculated new total volume of the sample (V7,), the
new porosity at the end of the consolidation (#,) was calculated as

n = (Vm) - ‘/s)/VT(l)'

Grain size analyses

Subsamples were extracted in 1.5 cm thick intervals from the
permeability sample after completion of the permeability tests. Be-
cause the cores used for permeability testing were relatively consis-
tent in composition, the subsamples were assumed to be
representative. The subsamples were homogenized and then disag-
gregated in a solution of sodium hexametaphosphate (Calgon) to
inhibit clay flocculation. Subsamples were also immersed in an ul-
trasonic bath for a minimum of 2 h to assist disaggregation. Two
samples (375-U1520C-22R-4, 99-119 cm, and 29R-3, 64—84 cm)
could not be tested for grain size because they were too consoli-
dated to disaggregate using these methods.

A small aliquot of the homogenized sample was dried to deter-
mine water content, which was then used to establish the equivalent
dry mass used in the particle size analysis. Once disaggregated, a
subsample was wet sieved at 63 um to determine its sand-sized frac-
tion. A separate subsample was wet sieved at 53 um, and material
smaller than 53 um was analyzed on a 5100 Micrometrics Sedi-
Graph (Coakley and Syvitski, 1991). The SediGraph emits X-rays
that record the settling rates of particles suspended in a hexameta-
phosphate solution. The principle of Stokes’ Law was used to calcu-
late grain sizes. The SediGraph data were combined with the wet-
sieved results to normalize the mud and sand fraction to their rela-
tive masses to determine the proportion of sand-, silt-, and clay-
sized particles. Clay-sized particles were defined as smaller than 4
um based on the Wentworth grain size classification.

Results

Table T1 summarizes the effective stress and estimated porosity
and permeability at each consolidation step as well as the grain size
distribution for each sample.

Results are shown with plots of shipboard porosity in Figures
F3, F4, F5, and F6 for Sites U1517, U1518, U1519, and U1520, re-
spectively. Measured vertical permeability varied from 5.7 x 10-'°
m? to 1.7 x 1071 m?2 The tested samples contained 35.4%—66.3%
clay-sized (<4 pm), 32.7%-51.7% silt-sized (4—63 pm), and 0.5%—
23.1% sand-sized (>63 pum) fractions. Permeability results are also
plotted as a function of porosity (Figure F7). The results show a gen-
eral trend of the logarithm of permeability varying with porosity.
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Figure F3. Shipboard porosity, permeability, and grain size analysis results, Figure F5. Shipboard porosity, permeability, and grain size analysis results,
Site U1517. Site U1519.
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Figure F4. Shipboard porosity, permeability, and grain size analysis results, Figure F6. Shipboard porosity, permeability, and grain size analysis results,
Site U1518. Site U1520.
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Figure F7. Permeability plotted as a function of porosity at the highest effec-
tive stress for all samples.
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