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Abstract

Constant rate-of-strain consolidation, nuclear magnetic resonance transverse relaxation time dis-
tribution, mercury injection capillary pressure, grain size distribution, and nitrogen adsorption
microporosity measurements were performed on 13 whole-round core samples from Interna-
tional Ocean Discovery Program (IODP) Expedition 372/375 along the Hikurangi margin offshore
New Zealand. In this report, whole-round core samples were analyzed from three different sites
along the Hikurangi margin subduction zone: Sites U1517 and U1519 on the upper slope and Site
U1518 near the Hikurangi Trench. All samples were composed of mostly silty clay to clayey silt
sediments. Measurements were used to constrain in situ permeability, porosity, pore size distribu-
tion, and consolidation characteristics. Across seven samples from Site U1517, in situ permeability
of clayey silts ranged 3.0 x 1077 to 1.5 x 10-'* m? and median pore sizes ranged 180-246 nm. A
transition from overconsolidated to underconsolidated sediments as expressed by the overconsol-
idation ratio was identified between 50 and 73 meters below seafloor that aligned with the
observed base of the Tuaheni Landslide Complex. Across samples at Site U1518, in situ permeabil-
ity of silty clays ranged 3.7 x 1071° to 5.5 x 107!* m? and median pore sizes ranged 140-320 nm.
Across samples at Site U1519, permeability of silty clays ranged 6.4 x 1071 to 6.0 x 107* m? and
median pore sizes ranged 187-300 nm.

1. Introduction

International Ocean Discovery Program (IODP) Expedition 372/375 Sites U1517-U1519 were
drilled along the Hikurangi subduction margin offshore New Zealand to study relationships
between slow slip events, gas hydrates, and submarine landslides (Figure F1). Logging-while-drilling
(LWD) measurements and whole-round core samples were obtained at these sites (Barnes et al.,
2019a; Saffer et al., 2019a). The sites cored during Expedition 372/375 include Site U1517 through
a submarine landslide complex undergoing slow creep, Site U1518 on the frontal accretionary
wedge near the deformation front of the subduction zone, and the landward Site U1519 on the
upper continental slope (Pecher et al., 2018).

Site U1517 was selected to obtain data within and beneath an actively creeping landslide within
the gas hydrate stability zone (GHSZ), where the abundance and morphology of methane hydrate
(i.e., how it occupies pore space) could potentially be affecting landslide behavior. This site sits at
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Figure F1. Location map, Sites U1517-U1519. Bathymetry is shown at 1000 m contours.

approximately 720 m water depth; from previously acquired seismic data, the base of the landslide
complex was interpreted to occur at 59 meters below seafloor (mbsf) and the base of the GHSZ
was interpreted to occur at 162 mbsf (Mountjoy et al., 2014). The LWD data and shipboard coring
were consistent with these interpretations and identified the base of the Tuaheni Landslide Com-
plex (TLC) at 66 mbsf and base of gas hydrate occurrence at 170 mbsf (Barnes et al., 2019b). Phys-
ical properties measurements at this site can elucidate the potential for gas hydrate accumulation
and methane transport within and beneath the TLC.

At Site U1518, drilling targeted a thrust fault to better understand relationships between shallow
faulting and potential fluid flow transients associated with strain propagation from landslide
deformation. The site is located at 2630 m water depth; coring and logging identified a main brittle
fault at 304 mbsf and a subsidiary fault at approximately 370 mbsf associated with an abrupt
change in physical properties (Saffer et al., 2019b). Further physical properties measurements can
shed light on the fluid flow properties in and around this fault zone.

Site U1519 on the upper continental slope was selected to characterize physical properties and
monitor thermal, hydrologic, and stress state changes in hanging wall sediments above the slow
slip event source region. The site is located at 1000 m water depth. LWD was performed to 650
mbsf during Expedition 372; Expedition 375 returned to Site U1519 to complete coring and install
a borehole observatory (Barnes et al., 2019¢). Physical properties measurements from core sam-
ples at this site are important for understanding borehole measurements as well as parameterizing
hydrologic and geomechanical models at this site.

2. Methods and materials

Physical properties measurements were performed on a total of seven whole-round core samples
from Hole U1517C, three whole-round core samples from Hole U1518E, two whole-round core
samples from Hole U1519C, and one whole-round core sample from Hole U1519E. Samples were
first taken from the whole-round cores for constant rate-of-strain (CRS) measurements, and then
those specimens were subsampled for subsequent measurements. Therefore, lithology is assumed
to be consistent between each measurement for a given whole-round core sample. Shipboard mea-
surements were taken immediately adjacent to the whole-round samples, so shipboard measure-
ments are also assumed to be of a lithology that is consistent with the measurements taken from
the whole-round cores.

2.1. Constant rate-of-strain consolidation characteristics

CRS consolidation tests were performed using a GeoTAC Sigma-1 Automated Load Testing Sys-
tem (Figure F2) following American Society for Testing and Materials (ASTM) Standard D4186
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(ASTM International, 2007). In this test, samples were confined laterally and exposed to vertical
loading from above at a constant strain rate.

Samples were prepared by first extruding them from the core liner and trimming them with a wire
saw, followed by fitting the samples into a confining ring to be staged on the equipment. A porous
stone was placed between the sample and the loading piston, and filter paper was placed on the
bottom of the sample base of the CRS stage to contain the soil during drainage. The system was
then closed and pressurized, and data were continuously logged while the piston applied a con-
stant strain rate over time on the sample.

The top of the specimen was exposed to the pressure of the cell, which was pressurized to 56 psi
(386 kPa) and held overnight. All specimens were loaded at a strain rate of 0.5%/h to 15% strain.
Specimens were then unloaded at a strain rate of 0.5%/h to a limit stress of 5889 psf followed by a
creep time of 1080 min. Finally, specimens underwent reloading at a strain rate of 0.5%/h to 25%
strain and then unloaded. Pressure at the bottom of the cell and sample height were monitored
continuously to produce a stress-strain curve (Figure F3), from which consolidation characteris-
tics were calculated.

Data on sample deformation was used to compute sample permeability as follows:

eHHu
AP

)
where

k = sample permeability (in m?),

€ = strain rate (in s™!),

H = sample height (in m),

H, = initial sample height (in m),

p = fluid viscosity (assumed to be 0.001 Pa-s), and

AP = difference between the pore pressure at the base of the sample and the cell pressure.

This equation is only valid when excess pore pressure has built up at the base of the specimen,
which was the case for all data reported here.

The graph of the stress-strain curve was used to compute the overconsolidation ratio (OCR) as
follows:
G/
OCR = =2,
S'vo
where o, is the preconsolidation stress and o', is the in situ overburden stress. The OCR is a ratio
of the maximum stress experienced by a soil to its current in situ overburden stress. The maxi-
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Figure F2. Consolidation cell used for tests. Flow lines, pumps, valves, and transducers not shown to scale.
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mum stress experienced by the soil sample, o', was determined using the Casagrande graphical
method (Casagrande, 1936), and the in situ overburden stress, 0’,,, was determined to be the point
at which the sample began to undergo normal consolidation.

At the end of the test, samples were weighed, oven-dried at 105°C for at least 24 h, and reweighed
to determine the sample porosity at the end of the test. Porosity throughout the test was computed
by adding the change in volume of the sample to this porosity. A plot of porosity versus permeabil-
ity during virgin consolidation was used to estimate permeability of the sediments in situ by
extrapolating permeability at the shipboard moisture and density (MAD) porosity measurements
at these locations (Figure F4).

2.2. Nuclear magnetic resonance T, distribution

We used 'H nuclear magnetic resonance (NMR) to measure the transverse relaxation time, T, of
the pore fluid in our samples. T, is the time constant that describes the decay of the transverse
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Figure F3. Example stress-strain curve from CRS consolidation test, Site U1517. Using Casagrande graphical method: red
line = linear fit of virgin consolidation curve, black line = drawn horizontal at point of maximum curvature, green line =
anchored to point of maximum curvature and bisects red and black lines. Point where green and red lines intersect is o',
CSF-B = core depth below seafloor, Method B.
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Figure F4. Example permeability-porosity relationship from CRS consolidation test, Sites U1517-U1519. In situ permeability
(ko) was determined by fitting a line to porosity vs. log(k) and extrapolating to in situ porosity (¢y).
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component of spin echoes of protons exposed to a pulsed magnetic field. In a single pore, the spin
echo amplitude A(z) decays with time as

t

7
A() = Age 7,
where A, is the initial amplitude. In typical sediment pores, the bulk relaxation time due to inter-
actions among protons in the pore fluid is much longer than the measured T, values, and assuming
the measurement is designed to minimize diffusion in internal field gradients between successive
magnetic field pulses (Kleinberg and Horsfield, 1990), T, can be approximated in a cylindrical pore
with radius, r, as

r
T,=—,
2 2p2
where p, is a constant of proportionality called the surface relaxivity, which is related to the con-
centration of paramagnetic ions on the pore wall. For a porous medium with a distribution of pore
sizes, the measured amplitude is

t

ARy = 2 g e ™,
i=1

where the subscript i refers to the response in the ith pore. The initial amplitudes are proportional
to the volume of pores with the corresponding T, value and are inverted from the measured signal
by regularization (Gallegos and Smith, 1988; Fordham et al., 1995). The result is a volumetrically
weighted distribution of T, values—the T, distribution—that can be mapped directly to a pore size
distribution with some knowledge of the surface relaxivity.

NMR T, distributions were measured at ambient conditions using an Oxford Instruments Geo-
Spec2 benchtop 'H NMR device with an operating frequency of 2.14 MHz. A cylindrical sample
roughly 5 ¢cm long by 2.5 cm in diameter was cut from the core and wrapped in plastic wrap.
Although the plastic wrap contains hydrogen, previous testing has confirmed that the particular
brand of plastic wrap we use introduces a negligible amount of extra signal to the measurement
(Daigle et al., 2014). The sample was loaded into the NMR instrument and we ran a T, measure-
ment using a standard Carr-Purcell-Meiboom-Gill (CPM@G) pulse sequence (Carr and Purcell,
1954; Meiboom and Gill, 1958) with an echo half-spacing of 0.054 ms, a recycle delay of 7.5 s, and
46,296 echoes acquired. Scans were run until a signal-to-noise ratio of 100 was obtained.

2.3. Mercury injection capillary pressure

Mercury injection capillary pressure (MICP) tests were run with a Micromeritics AutoPore IV
instrument. An aliquot of 1-2 g of dried sample (taken from CRS specimens and oven-dried at
105°C for 24 h) was placed in the sample chamber, which was evacuated at the start of the test.
Mercury was introduced to the sample chamber in controlled pressure increments with 30 s equil-
ibration time between each step. Intrusion proceeded to 414 MPa (60,000 psia). The data were
corrected for conformance following the method described in Daigle et al. (2022). We used Wash-
burn’s equation to convert pressure to corresponding pore size:

2G4y, c0SO
;= ___Hg~ = Hg
PHg

’

where

r = pore throat radius,

oy = interfacial tension between liquid mercury and mercury vapor,

Oy, = contact angle of the liquid mercury-mercury vapor interface on solid grains, and
Py, = mercury pressure.

We assumed oy, = 0.48 N/m and 0, = 140° (Purcell, 1949).
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2.4, Low-pressure nitrogen adsorption

We used a Micromeritics 3Flex surface analyzer to measure surface area and micropore size distri-
bution. An aliquot of 1-2 g of dried sample (taken from CRS specimens and oven-dried at 105°C
for 24 h) was placed in a glass sample tube and degassed under a nitrogen stream at 80°C for 4 h.
Following this, the sample tubes were connected to the vacuum manifold on the instrument. We
measured the free space in each tube using ultrahigh purity helium: once at ambient conditions
(23°C) and once immersed in liquid nitrogen (-196°C). These two steps were necessary to charac-
terize the dead volume in the tubes with respect to temperature because the tops of the tubes
where they were connected to the vacuum manifold were exposed to ambient air even when the
tubes were immersed in liquid nitrogen. Polytetrafluoroethylene (PTFE) sleeves were placed
around each tube to minimize heat transfer from the exposed tops of the tubes to the bottoms
where the samples were.

Following the free space measurement, the samples tubes were immersed in liquid nitrogen and
evacuated. Adsorption measurement proceeded by dosing the tubes with ultrahigh purity nitro-
gen in prescribed pressure increments with equilibration time between each step (30 s for pres-
sures less than 0.05 atm; 10 s for all other pressures). This process continued to a pressure of 1 atm,
after which desorption was measured by stepwise reductions in pressure. Desorption steps were at
the same pressures as the adsorption steps but terminated at a pressure of 0.14 atm, which was
sufficient to capture adsorption-desorption hysteresis.

The pore size distribution can be determined from the adsorption isotherm because the conden-
sation pressure in a particular pore scales with the pore size. In pores smaller than about 7 nm
diameter, there is no analytic expression for pore size as a function of condensation pressure
because molecules adsorbed on the pore wall will experience an overlapping interaction field from
the opposite pore wall (Lastoskie et al., 1993). Because of the presence of pores of this size in our
samples, we used density functional theory (DFT) to determine pore size distribution (Tarazona,
1985a, 1985b). DFT calculates an adsorption isotherm kernel for pores of each size, and the vol-
ume distribution of pores is determined by an inversion process that matches the volumetrically
weighted sum of the kernels to the measured isotherm.

2.5. Grain size

Grain size measurements were conducted at ambient conditions using a hydrometer following
ASTM Standard D422-63 (ASTM International, 2007). We oven-dried trimmings from the CRS
tests at 105°C for 24 h and then crushed them to a fine powder using a mortar and pestle. Previous
tests in our laboratory have shown that this does not alter the grain size distribution compared to
simply soaking the trimmings but greatly reduces the time for disaggregation. Between 20 and 50
g of powder was then mixed with deionized water (Barnstead E-Pure, >17 MQ-cm) and 5 g of
sodium hexametaphosphate deflocculant (Fisher Chemical, laboratory grade) and left to sit for at
least 16 h. After this soaking period, we dispersed the samples with a milkshake mixer and poured
the mixture into a 1 L glass cylinder. Enough deionized water was then added to make the total
volume 1 L. To start the measurement, we agitated the cylinder for 60 s and then measured the
density of the mixture as a function of time using ASTM hydrometer 151H. The density is related
to the mass fraction of particles remaining in suspension by

m = pV(p—pp
P (pg— lOOO)mS’

where

m, = mass fraction of particles remaining in suspension,

p, = sediment grain density (in kg/m3),

V = solution volume (in m?3),

p = measured density (in kg/m?),

p¢ = density of the water + sodium hexametaphosphate solution without sediment (in kg/m?), and
m, = dry sample mass (in kg).
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The maximum diameter of particles remaining in suspension is
D = 30uLl ,
t(pg—1000)g

D = maximum particle diameter (in m),

u = solution fluid viscosity (in Pa-s),

L = depth to the center of the hydrometer bulb (in m),
t = time since the start of the test (in s), and

g = gravitational acceleration (in m?/s).

where

L varies with solution density and is tabulated in ASTM International (2007). We assumed py =
0.000961 Pa:s.

2.6. Combining MICP and NMR data

Combining the MICP and NMR data allows the determination of the surface relaxivity, which
relates T, and pore size. However, because the MICP data are affected by pore network connectiv-
ity in addition to size distribution (Chatzis and Dullien, 1977), one cannot simply cross correlate
the apparent pore size distribution from MICP with the NMR T, distribution (e.g., Marschall et al.,
1995). Daigle and Johnson (2016) developed a method for correlating NMR and MICP data that
honors the physics of the MICP process while also correcting the MICP data for the effects of
finite percolation cluster size.

In the bond percolation framework, pores are represented as cylindrical bonds that are connected
to each other. Let X be the probability that a particular bond is occupied and X* be the probability
that a bond is part of a sample-spanning, percolating cluster of bonds or a cluster of bonds con-
nected to the sample’s surface. In the context of an MICP test, X(7) is the volume fraction of pores
with radius larger than r and XA(r) is the volume fraction of pores intruded by mercury at the
mercury pressure corresponding to r from Washburn’s equation. X(r) and X*(r) are universally
related to each other by a family of accessibility functions, which are plots of ZX*(r) as a function
of ZX(r) where Z is the average pore coordination number (Figure F5); the shape of the accessibil-
ity functions depends only on the length of the sample-spanning percolating pore cluster (Mishra
and Sharma, 1988; Liu et al., 1993).

In our analysis, Z was determined as 1.5/p, where p, is the percolation threshold (Sahimi, 1993),
which we found from the point of minimum slope in the capillary drainage curve. Assuming that
the cumulative T, distribution represents X(r) and the cumulative volume intruded by mercury
represents X*(r), we found the values of surface relaxivity and percolating cluster length that gave
the best match to an accessibility function through least-squares minimization.

U1517C-15H-2

i fl L L |
0 0.5 1 15 2 25 3
ZX

Figure F5. Example plot of accessibility functions used to relate NMR T, distribution and pore size, Site U1517.
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3. Results

3.1. Consolidation characteristics

CRS consolidation tests were performed on seven samples from Site U1517, three samples from
U1518, and three samples from U1519. Here we report the depth of the top of each sample in
meters below seafloor, porosity (¢p) of soil at that depth from shipboard MAD measurements,
measured porosity of the sample after the consolidation test, ¢, 6, OCR, permeability (k) pre-
dicted from extrapolation to the shipboard MAD measured porosity, and measured permeability
of the sample. MAD measurements were taken adjacent to whole-round samples, so MAD sample
depth and whole-round sample depth are considered to be the same for whole-round and MAD
measurements at each sample location. Samples are reported in order of depth beneath the sea-
floor (see CRS in Supplementary material). Summaries of permeability extrapolated to shipboard
MAD porosity and MAD porosity versus depth at each site are reported in Figures F6 and F7.

3.1.1. Site U1517

At Site U1517, there is a clear decrease in permeability between 11.4 and 73.2 mbsf (Table T1).
Then, a sharp increase in permeability is observed in sediments at greater depths. These data align
with the interpreted thickness of the TLC at this location and coincide roughly with a shift in the
OCR from overconsolidated to normally or underconsolidated. Therefore, it is likely that the shal-
low samples from 11.4 to 73.2 mbsf are all landslide sediments that were transported from their
original location of deposition. Because the landslide sediments are mostly overconsolidated, their
permeability reflects being exposed to a higher stress state than the underlying soil. There is no
clear trend in porosity with depth.

u1517 u1518 U1519
0 0 0
. .
20 20
R 100 . e
40 40
. 200
~ 60 ~ 60 -
@ @ ®
Qo ° Qo o
E g0 E 80 E 300
£ £ £
3 5 §
& 100 ;100 & 400
L]
120 120
500
140 ° 140
Ll
160 ¢ 160 o 600
180 180 700
1E-17 1E-16 1E-15 1E-14 1E-13 1E-16 1E-15 1E-14 1E-13 1E-16 1E-15 1E-14 1E-13
Permeability (m2) Permeability (m2) Permeability (m?2)

Figure F6. Permeability from CRS testing on whole-round core samples, Sites U1517-U1519.
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Figure F7. Porosity from CRS testing on whole-round core samples, Sites U1517-U1519.
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3.1.2. SiteU1518

At Site U1518, permeabilities show a generally decreasing trend with depth (Table T2). Permeabil-
ities span roughly an order of magnitude from 3 x 1071¢ to over 5 x 10~* m? and porosities range
0.38-0.51 between 13.622 and 159.4 mbsf. The shallowest sample appears to be overconsolidated.

3.1.3. SiteU1519

At Site U1519, permeabilities roughly decrease with depth (Table T3). Permeabilities span roughly
2 orders of magnitude from 6 x 107'¢ to over 4 x 10"'* m? and porosities range 0.40—0.51 between
85.166 and 115.85 mbsf.

3.2. Mercury injection capillary pressure
3.2.1. Site U1517

MICP measurements were performed on seven samples from Site U1517 (Figure F8). Median
pore radius (ry,) ranges 160—246 nm, and 90th percentile pore radius (ry) ranges 306 nm to 2.66
pum (Table T4; see MICP in Supplementary material).

3.2.2, SiteU1518

MICP measurements were performed on three samples from Site U1518 (Figure F9). Median pore
radius (r5,) ranges 72—168 nm, and 90th percentile pore size (ry,) ranges 156—682 nm (Table T5).

Table T1. Consolidation characteristics, Site U1517. Download table in CSV format.
Table T2. Consolidation characteristics, Site U1518. Download table in CSV format.

Table T3. Consolidation characteristics, Site U1519. Download table in CSV format.
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Figure F8. MICP pore size distributions, Site U1517.

Table T4. NMR and MICP r5, and r,, and associated parameters for NMR T, conversion to pore size, Site U1517. Down-
load table in CSV format.
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3.2.3. SiteU1519

Site U1519 MICP measurements were performed on three samples from Site U1519 (Figure F10).
Median pore radius (r5,) ranges 90—153 nm, and 90th percentile pore size (ryy) ranges 190-259 nm
(Table T6).

3.3. NMR

Using the method of Daigle and Johnson (2016), surface relaxivities were derived for all samples to
correlate T, distribution to grain size (see NMR in Supplementary material).

3.3.1. Site U1517

NMR measurements were performed on seven samples from Site U1517 (Figure F11). For Sample
372-U1517C-5F-3, a sand unit in the core sample was also present and NMR measurements were
run on the mud and sand separately. NMR-derived median pore radius ranges 115—-161 nm at Site
U1517, and 90th percentile pore radius ranges 240—-320 nm (Table T4). NMR generally shows
smaller pore sizes than MICP, and this trend is consistent across all samples in this analysis.

3.3.2. SiteU1518

NMR measurements were performed on three samples from Site U1518 (Figure F12). NMR-
derived median pore radius ranges 38—61 nm at Site U1518, and 90th percentile pore radius
ranges 81-139 nm (Table T5). NMR generally shows smaller pore sizes than MICP, and this trend
is consistent across all samples in this analysis.

3.3.3. Site U1519

NMR measurements were performed on three samples from Site U1519 (Figure F13). Using the
method of Daigle and Johnson (2016), surface relaxivities were derived for all samples to correlate
T, distribution to grain size. NMR-derived median pore radius ranges 43—102 nm at Site U1519,
and 90th percentile pore radius ranges 104—203 nm (Table T6). NMR generally shows smaller
pore sizes than MICP, and this trend is consistent across all samples in this analysis.
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Figure F9. MICP pore size distributions, Site U1518.

Table T5. NMR and MICP rs, and ry, and associated parameters for NMR T, conversion to pore size, Site U1518. Download
table in CSV format.
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Figure F10. MICP pore size distributions, Site U1519.

Table T6. NMR and MICP r,, and r,, and associated parameters for NMR T, conversion to pore size, Site U1519. Download
table in CSV format.
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3.4. Grainsize

Grain size measurements were obtained on all seven samples from Site U1517, all three samples
from Site U1518, and all three samples from Site U1519 (Figure F14; Table T7). Most samples fall
between silty clay or clayey silt categorization from grain size analysis, which is consistent with
pore size distribution analyses (see GRAINSIZE in Supplementary material).

3.5. N, adsorption

Nitrogen adsorption measurements indicate consistent percentages of microporosity across all
samples, ranging 0.5%—1.4% (Table T7; see GASSORPTION in Supplementary material).
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Figure F11. NMR T, distributions, Site U1517.
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Figure F13. NMR T, distributions, Site U1519.
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Summary of Grain Size Analysis
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Figure F14. Grain size distributions, Sites U1517-U1519.

Table T7. Summary of grain size and N, adsorption measurements, Sites U1517-U1519. Download table in CSV format.

4. Conclusions

We performed a suite of physical properties measurements on 13 whole-round core samples from
Expedition 372/375 along the Hikurangi margin offshore New Zealand. These measurements
included CRS consolidation, NMR T, distribution, MICP, grain size distribution, and nitrogen
adsorption microporosity. We found the most variability in permeability with depth at Site U1517,
where samples were taken within and below the TLC. CRS consolidation data suggest a transition
from overconsolidated to underconsolidated across the base of the landslide complex. Nearly all
samples were composed of silty clay to clayey silt with typical grain size and pore size distributions
consistent with these lithologies.
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