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Porosity, Pore Structure, and Fluid Distribution in the
Sediments Entering the Northern Hikurangi
Margin, New Zealand

Jade Dutilleul" (), Sylvain Bourlange' (), Yves Géraud" (), and Didier Stemmelen®

!GeoRessources, Université de Lorraine, CNRS, Nancy, France, 2LEMTA, Université de Lorraine, CNRS, Nancy, France

Abstract Hosting both tsunami earthquakes and slow slip events at shallow depth, the northern
Hikurangi margin has motivated strong research efforts over the last two decades to better understand

the relation between fluid pressure and fault mechanical behavior. Recently, IODP Expeditions 372 and 375
drilled, cored, and logged the basin entering this subduction zone providing a unique opportunity to
characterize initial hydrogeological and petrophysical properties that drive seismic hazards along the
margin. We inventory bound and interstitial fluid contents and assess the compaction state of the
heterogeneous incoming sequence by correcting shipboard total connected porosity from the bound water
content that typically characterizes clay-rich sediments. By combining mercury injection capillary
pressure, nuclear magnetic resonance, and nitrogen gas adsorption, we further document the evolution of
pore structure with increasing depth. We also compare porosity data at the logging and sample scales.
Both logging and laboratory data evidence contrasted porosity, pore structure, and fluid distribution across
the entering section. Shallow macroporous siliciclastic units show very low bound water content

and undergo compaction-induced dewatering as they are normally consolidated during burial. In contrast,
mesoporous volcaniclastic Hikurangi Plateau facies are characterized by high potential for bound water
release from smectite, zeolite, and opal dehydration at greater depths. They mostly exhibit very low
permeability except potentially in uncemented highly porous intervals where the décollement may initiate.
Macroporous to mesoporous pelagic carbonates sandwiched in between exhibit mixed behavior and may
also host the future décollement, similarly to the southern part of the margin.

1. Introduction

It has been evidenced that the interplay between fluid flow and tectonic processes critically affects fault
mechanical behavior and thus controls seismic hazard (Moore & Vrolijk, 1992; Saffer & Tobin, 2011; Saffer
& Wallace, 2015). At subduction zones, large volumes of fluids are produced by mechanical compaction
and mineral dehydration reactions associated with the dewatering of incoming materials when they are
accreted or subducted. At shallow depths, burial and possibly lateral tectonic loading results in the mechan-
ical compaction of the pore network of input sediments with continuous production of interstitial water
associated with a decrease in interstitial porosity and possibly permeability until lithification into rocks
(e.g., Fagereng et al., 2018). In contrast, dehydration reactions affect both incoming sediments and igneous
crust in specific pressure-temperature windows, resulting in a transient release of water bound to hydrous
minerals (e.g., Fagereng et al., 2018; Kameda et al., 2012; Kastner et al., 2014; Pytte & Reynolds, 1989).
Smectite transformation to non-expandable illite through intermediate mixed-layers interstratified is the lar-
gest low temperature (<150°C) dehydration-driven fluid source contributing to fluid production at shallow
depths with compaction-induced dewatering (e.g., Bekins & Dreiss, 1992; Bray & Karig, 1985; Ellis et al., 2015;
Hiipers et al., 2017; Hiipers & Kopf, 2012; Saffer, 2003). Zeolites, lawsonite, and chlorite dehydrations are
higher-grade metamorphic reactions that occur deeper (Fagereng et al., 2018; Kastner et al., 2014). The
produced fluids flow to the surface through stratigraphic or structural drains (Bourlange & Henry, 2007;
Saffer & Tobin, 2011). Fluids may remain trapped in lower permeability sediments, possibly resulting in com-
partmentalized high fluid pressure approaching or exceeding lithostatic values (Moore & Vrolijk, 1992).
Several studies have outlined that spatial variations of the input sedimentary column thickness and miner-
alogical composition (especially clay content), thermal state, hydration state of the igneous crust critically
affect fluid production, flow, and trapping and thus the distribution of fluid pressure across subduction mar-
gins (e.g., Ellis et al., 2015; Hiipers et al., 2017; Kitajima & Saffer, 2014; Saffer & Tobin, 2011, and references
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Figure 1. (a) Tectonic setting of the Hikurangi margin with plate motion indicated by red arrows. (b) Bathymetric map of the IODP Expeditions 372/375 study
area offshore Gisborne located on (a). The black line represents (c) the seismic profile 05CM-04 across the margin with a (d) zoom in on Site U1520 showing
seismic units (SU), main lithological packages and coring/logging intervals. The red star shows the projected location of March 1947 tsunami earthquake and VE
means vertical exaggeration. (a), (b), (c), and (d) are modified from Wallace et al. (2019).

therein; Underwood, 2007). Fluid pressure is thought to modulate the location of the updip and downdip
transitions of the seismogenic locked zone along the subduction plate interface and is associated with a
wide range of slip modes (Saffer & Tobin, 2011, and references therein) with specific hazards for coastal
populations and infrastructures. In particular, elevated fluid pressure has been proposed to facilitate
tsunami earthquake propagation to the trench (e.g., Bilek & Lay, 2002; Dean et al., 2010; Geersen
et al., 2013; Seno, 2002), slow slip events (e.g., Bassett et al., 2014; Bell et al., 2010; Kodaira et al., 2004; Liu
& Rice, 2007; Saffer & Wallace, 2015) and tremors (e.g., Obara, 2002). The relations between slip modes
and fluids are particularly well studied at the northern Hikurangi margin, offshore Gisborne, on the
eastern part of North Island, New Zealand (Figure 1a) where the Pacific Plate subducts obliquely beneath
the Australian Plate at ~4.5 cm/year (Wallace et al., 2004). There, the plate interface generates both tsunami
earthquakes (Doser & Webb, 2003) and particularly shallow slow slip events that have been intensively
studied since the installation of a dense continuous GPS network in the 2000s (Bartlow et al., 2014;
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Beavan et al., 2007; Koulali et al., 2017; Wallace, 2020; Wallace & Beavan, 2010; Wallace et al., 2012, 2016,
2017). These slow slip events recur every 1 or 2 years with slow slip propagating close to the seafloor
<2,000 mbsf and potentially all the way to the trench along the plate interface and/or splay faults within
the prism (Fagereng et al., 2019; Shaddox & Schwartz, 2019; Wallace et al., 2016; Wallace & Beavan, 2010)
and may be associated with tectonic tremors (Todd et al., 2018). Slow slip events are shallow sourced
(<15 km) in a zone where high-amplitude seismic reflectors locally occur, likely corresponding to
fluid-rich subducted sediments (Bell et al., 2010; Ellis et al., 2015) or specific lithologic high-reflectivity
packages like volcanic material (Saffer et al., 2019).

In order to characterize the lithological, mineralogical, physical, hydrogeological, thermal, and geochemical
properties of input sediments and how these properties are affected by the subduction process giving rise to
various slip styles in the shallow portion of the northern Hikurangi margin, International Ocean Discovery
Program Expeditions 372 and 375 drilled, cored, and logged Site U1520 offshore Gisborne, ~95 km from the
shore and ~16 km oceanward of the deformation front (Figures 1b and 1c). This site revealed an extremely
heterogeneous input section composed by Paleocene to Quaternary siliciclastic and carbonate sedimentary
rocks and the top of the Late Cretaceous oceanic crust of the Hikurangi Plateau (Figures 1d and 2c). Here, we
characterize the initial fluid content and compaction state of this incoming sequence. Following previous
works, we use post-cruise geochemical data like cation exchange capacity (CEC) to correct total connected
porosity (equivalent to shipboard MAD porosity in Wallace et al., 2019) from elevated bound water content
typical of clay-rich sediments to determine interstitial porosity that is representative of compaction state,
unlike total connected porosity. We further characterize the evolution of macropore to micropore structure
with increasing depth by combining mercury injection capillary pressure (MICP), nuclear magnetic reso-
nance (NMR), and nitrogen gas adsorption (N,GA). We interpret the evolution of porosity regarding varia-
tions of lithology, mineralogy, and deformation structures across the sedimentary section. Finally, we
discuss these relationships in terms of potential for fluid production and fluid pressure generation by
compaction-induced dewatering or mineral dehydration along the northern Hikurangi margin and any
implications for the location of décollement initiation that is not well constrained yet (Barnes et al., 2020).

2. Samples, Data, and Method
2.1. Lithology and Sampling of the Input Sedimentary Sequence

At Site U1520, the Quaternary siliciclastic part of the input section (Figures 2b and 2c) corresponds to Unit I
(~0-110 mbsf), Unit II (~110-222 mbsf), and Unit III (~222-510 mbsf). Unit I is trench-wedge facies with
greenish gray silty clay to clayey silt hemipelagites with abundant thick turbiditic interbeds of silt and sand.
Unit I is also silty clay to clayey silt hemipelagites with thin silty turbiditic interbeds only and corresponds to
part of the distal edges of the Ruatoria debris avalanche. Unit III is trench-wedge facies with dark greenish
gray silty clay to clayey silt hemipelagites with thin turbiditic interbeds of silt and beds of light gray volcanic
ash. The subducting Hikurangi Plateau is locally protruded by seamounts (e.g., Turanganui Knoll) (Davy
et al., 2008) resulting in a Unit I to Unit III sequence that is relatively condensed at Site U1520 and that
thickens toward the deformation front (Wallace et al., 2019). Unit IV (~510-848 mbsf) is Paleocene to early
Pleistocene pelagic carbonate facies composed mostly of light greenish gray marls from ~510 to 776 mbsf
and chalks from ~776 to 848 mbsf. An interval of light brownish gray calcareous mudstone (~721-739 mbsf),
matrix-supported carbonate conglomerates with volcaniclastic clasts interpreted as gravity flow deposits
and thin layers of volcanic ash/tuff are also sandwiched in between marl and chalk deposits. Units V
(~848-1,016 mbsf) and VI (~1,016-1,045 mbsf) are Late Cretaceous aged and mostly correspond to reddish
brown, greenish, dark bluish, or grayish volcaniclastic conglomerates with granule-sized altered basaltic
clasts, with intervals of grayish yellow to pinkish marls, dark gray clayey siltstones, and siliceous mudstones,
above basalt. We picked up 106 core samples with one sample per core in average in Units I-IV (i.e., one sam-
ple every 10 m) and refined sampling in Units V and VI where dramatic change in volcaniclastic facies occur
over length scales ranging a few to tens of centimeters (Barnes et al., 2020; Wallace et al., 2019). Samples were
taken as close as possible from the samples that were squeezed for shipboard interstitial water composition
analysis. Samples were shipped and stored at chilled temperature (2-8°C) in sealed plastic bags with a sponge
saturated with seawater to preserve moisture. Post-cruise analyses on samples were compared to geophysical
data that include logging-while-drilling data (0 to ~750 mbsf) and wireline logging data (~642-947 mbsf).
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Figure 2. Synthesis of lithological, structural and petrophysical properties at Site U1520. Lithological data include (a) seismic units, (b) lithological units, and
(c) lithological description modified after Wallace et al. (2019) with examples of cores (1 to 16), (d) mineralogy from shipboard XRD and (e) cation exchange

capacity. Physical properties include porosity (f and j), (g) pore size distribution (PSD) from MICP (where bars represent pore throat diameters corresponding to at

least 40% of the maximal mercury injection shown in Figure S4) and determined from NMR, (h) Katz-Thompson permeability and (i) NMR T, measured on
discrete samples and by the LWD tool. Structural data include (k) deformation structures identified during Expeditions 372-375. Yellow shaded zones locate

chloride anomalies. The color of the data points in (e), (), (g), (h), and (j) indicates lithology: green for hemipelagic mudstones with convoluted mud clasts; light
green for black siliceous mudstones or calcareous mudstones; gray for alternating silt(stone) and mud(stone); black for silt(stone); gold for alternating sand(stone)
and mud(stone); yellow for sand(stone); red for volcanic ashes; navy blue for marls; light blue for chalks and muddy chalks; pink for volcaniclastic conglomerates;

lavender for debris flow deposits and purple for basalt. (1) U1520D11H1A41-84 cm; (2) U1520D21F1A60-105 cm; (3) U1520D 27F1A15-60 cm; (4)
U1520D42X2A30-75 cm; (5) U1520D51X1A25-70 cm; (6) U1520C4R3A15-60 cm; (7) U1520C11R3A20-65 cm; (8) U1520C15R2A3-48 cm;

(9) U1520C21R1A60-104 cm; (10) U1520C26R3A27-71 cm; (11) U1520C34R1A40-85 cm; (12) U1520C34R4A2-46 cm; (13) U1520C37R3A55-99 cm;
(14) U1520C41R1A32-76 cm; (15) U1520C42R3A25-70 cm; (16) U1520C44R1A80-123 cm.
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2.2. Quantification of Porosity

2.2.1. Estimation of Bound Water Content and Interstitial Porosity From CEC, Soluble Chloride
Content, and Interstitial Water Composition

In smectite-rich sediments, fluid content includes interstitial water in the macropore to micropore space
and bound water that is located in the interlayer space and electrostatically bound on particle surfaces
because of the compensation of negatively charged smectite layers by hydrated cations. The chemical
composition of interstitial water is typically close to that of seawater (i.e., chloride-bearing) while bound
water is chloride-free. Smectite hydration properties are mainly driven by the type of interlayer cation and
the amount and location of layer charge (Ferrage et al., 2006; Ransom & Helgeson, 1995) that affects
interlayer water content and thickness. Smectites can contain up to 25 wt% of interlayer water by incor-
porating up to three layers of water molecules in the expandable interlayer space. Interlayer water is
typically organized in one, two, or three layers corresponding to 6-8, 12-16, and 18-24 water molecules
per cation charge (Henry, 1997) and to a thickness of 11.8-12.9, 14.5-15.8, and ~18-19.1 A, respectively.
The interlayer space thickness can be characterized by XRD from the evolution of the d(001) basal-spa-
cing or layer-to-layer distance (e.g., Ferrage, 2016; Ferrage et al., 2006). Bound water content can be
calculated from CEC that is the number of sites on mineral surfaces that can exchange ions with
interstitial water. Interstitial porosity can then be determined by correcting total connected porosity from
bound water content (e.g., Brown & Ransom, 1996; Conin et al., 2011; Dutilleul et al., 2020; Henry, 1997,
Henry & Bourlange, 2004).

Total connected porosity was measured according to Blum's (1997) procedure that is also followed shipboard
(Wallace et al., 2019). The wet mass (m,,,,) of the sample is weighted before drying the sample for 24 hr in a
convection oven at 105°C + 5°C to remove all the water present (i.e., interstitial and bound water)
(Daigle, 2014; Ellis & Singer, 2007). The sample is then cooled to room temperature in a desiccator during
2 hr before measuring its dry mass (mg4y,) and dry volume (V) using a Micromeritics® AccuPyc II 1340
helium-displacement pycnometer. The calculation of total connected porosity ¢, and grain density o, is
corrected for the precipitation of salt during drying:

b= = 1)
! Vet Vf + Vdry = Viau ’
and p, = @)

N

where V; = p—f is the volume of pore fluid with m; = 1—Ws the pore fluid mass, m,, = My — Myyy is the
y _

pore water mass, s is the salinity (0.035), and pof is the density of pore fluid (1.024 g/cm3), Vsalt

_ Mgar my, §

B Psalt B (1 _S) Psalt
(2.220 g/cm’), mg = Myer — Mp = Mgy, — Mgqy i the mass of solids excluding salt, and Vy = Vi — Viar
is the volume of solids excluding salt.

is the salt volume with myg,, the salt mass and py,; the density of salt

Dry samples were then ground for chemical analyses using a Retsch® mixer mill MM 200 with agate
grinding beads and jars, except the samples from Units V and VI that were ground using an annular mill
with tungsten jar and grinding tools. CEC was measured by exchange with cobaltihexamine and
ultraviolet-visible spectrometer Varian SpectrAA 800 Zeeman. In this study, CEC is an average value over
all the minerals of the sample and is thus a reliable indicator of the hydrous mineral composition of the
samples. Exchangeable cation composition (Na*, K*, Ca**, and Mg®*) was measured by atomic absorp-
tion spectrometer Thermo Scientific ICE 3300. Soluble chloride content per dry mass was determined by
sequential water extraction (Tessier et al., 1979) and ion chromatography. Chemical analyses were carried
on at the Laboratoire Interdisciplinaire des Environnements Continentaux (LIEC) in Nancy and Metz,
France.

Interstitial porosity ¢; and bound water content ¢, are determined from the total connected porosity ¢,, the
average number of water molecules per cation charge n, the water molar mass (M,, = 0.018 kg/mol), the
density of pore fluid py, the grain density p,, and the CEC:
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b= — by = &, —n]‘piff”CEchu e 3)

The average number of water molecules per cation charge n typically
ranges from 12 to 15 (i.e., smectite with two layers of water) and is
expressed

Pw Wi

— P 4
" b, CECM,, @

with p,, the density of bound water (chloride-free water,
Pw = 1,000 kg/ms), wp the bound water ratio (Conin et al., 2011;
Dutilleul et al., 2020; Henry, 1997; Henry & Bourlange, 2004),
which is the volume of bound water (Vy(c; freey) per volume of solid:

Wy — Vicisee _ Vi _ Viicy )
Vs Vs Vs

The volume of chloride-bearing water Vj¢;) was determined from the
soluble chloride concentration per dry mass measured on samples
and the chloride concentration in the interstitial water extracted
under pressure during expeditions 372 and 375. Here, we used
n = 15 (Figure 3).

2.2.2. Resistivity-Derived Porosity

We determined resistivity-derived porosity at Site U1520 using the
resistivity model for clay-rich sediments proposed by Revil et al. (1998)
that provided satisfying results for input siliciclastic sediments from
the Nankai (Bourlange et al., 2003; Conin et al., 2011) and North
Sumatra (Dutilleul et al., 2020) margins. This model is based on
Archie's (1942) law that links the resistivity-derived porosity ¢ to
the formation factor F=a ¢ " where 1 < m < 3.5 (Conin et al., 2011)

o
and a ~ 1. Assuming Bussian (1983) and Bourlange et al.'s (2003) hypotheses since £ = — < 1 at Site U1520,

F can be expressed as follows:

oif

P (1))

This model accounts for the high electrical surface conductivity oy that characterizes clay-rich siliciclastic
sediments (Units I-IIT) and altered volcaniclastics (Units V and VI) where primary volcanic glass or minerals
have been replaced by secondary aluminosilicates (clays, zeolites) (Revil, 2002; Soueid Ahmed et al., 2018).
In such clay-rich material, o; depends on electrical conduction in the double layer (i.e., Stern and diffuse
layers) coating the surface of the grains and is determined from CEC (Revil, 2002). The model proposed
by Revil et al. (1998) assumes a major contribution of the Stern layer to surface electrical conduction, sphe-
rical grains (i.e., the tortuosity F¢ equals 3/2) and a linear temperature dependency of the exchangeable

cation mobility S

2
Os = gps CEC ﬁs’ (7)

The bulk electrical conductivity ¢ was obtained using a combination of LWD and wireline resistivity
data. The electrical conductivity of the interstitial fluid o; was calculated from the concentration of

CI~, Na‘*, K*, Ca®*, Mg®*, and SO,” in interstitial water (C!

) and seawater (C' ), the ionic mobility

ws

in the fluid B} and Z; the number of charges of ions given by Revil et al. (1998), and oy, the sea water

conductivity
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> (6} X Zi X Cﬁws)

Oif = Osw ; X 3 (8)
2 <5f XZjX stw)

with g, = 5.32(1 + 0.02(T — 25)), )

and T(°C) = 0.4 4 38.0 x 1073z, (10)

at Site U1520 (Barnes et al., 2019).
2.3. Pore-Network Characterization

Pore structure was characterized using NMR, MICP, and low-pressure nitrogen gas adsorption (N,GA) that
investigate complementary pore size ranges. We use the International Union of Pure and Applied Chemistry
(IUPAC) nomenclature (Sing et al., 1985) to classify pores based on their diameter size as macropores
(>50 nm), mesopores (2-50 nm), and micropores (<2 nm). All the samples were analyzed using NMR; 48
were also analyzed using MICP. Six of the samples showing an MICP pore size distribution dominated by
mesopores and potentially micropores were selected for N,GA. Pore-size distribution obtained by NMR,
MICP, and N,GA were finally compared and combined to obtain a more reliable distribution of micropore
to macropore size distribution (e.g., Daigle, 2014; Schmitt et al., 2013).

2.3.1. MICP

MICP was performed at room temperature (20°C) on 2-4 cm® samples that were previously oven-dried at
105°C + 5°C for 24 hr. The measurements were carried on using a Micromeritics® AutoPore IV 9500 and
includes a low-pressure analysis and a high-pressure analysis. During the low-pressure analysis, the sample
is degassed under vacuum. Then, the mercury fills the penetrometer, and the intruded volume is gradually
measured up to a mercury pressure of ~0.2 MPa. The high-pressure analysis consists in stepwise measure-
ments of the volume of intruded mercury during (1) an intrusion stage up to a maximum mercury injection
pressure of 220 MPa, (2) an extrusion stage where pressure decreases down to atmospheric pressure, and
(3) a reintrusion stage by increasing pressure up to the maximum value. The range of mercury injection pres-
sure (0-220 MPa) allows to investigate macropore and mesopore throat diameters distribution from 360 um
to 5.7 nm using the Young-Laplace equation:

2 0peCoS 6
Ll ()

P

where r is the pore throat radius (m), oy is the air-mercury interfacial tension (0.485 N/m), Oy is the
mercury-sediment contact angle (140°), and Py is the mercury injection pressure (Pa).

The three-stage high-pressure analysis allows to determine mercury total connected porosity, mercury-free
porosity, and mercury-trapped porosity (Rosener & Géraud, 2007). Mercury-total connected porosity is mea-
sured during the first intrusion stage as the mercury fills the connected pore space with increasing mercury
injection pressure. At the end of the extrusion stage, some mercury droplets remain trapped in pores with
narrow throats (i.e., pores with throats at least seven times narrower than pore bodies according to Li &
Wardlaw 1986), allowing to determine the mercury-trapped porosity which can be used as a proxy for pore
compaction. Finally, during the reintrusion stage, only the mercury-free porosity is intruded. MICP pore
throat size distribution was used to determine the Katz-Thompson permeability Kgr (Katz &
Thompson, 1986, 1987; Nishiyama & Yokoyama, 2014):

1 ()]
Kkr _@¢iT

F (B (12)
with [. the pore throat diameter corresponding to the inflection point of the cumulative MICP curve f(I) of
fractional volume of connected pore throats having diameters of [ and larger, I’ the pore throat
diameter corresponding to the optimum path for permeability obtained when I*f(l) reaches its maximum

value (I = lﬁ‘nax) (Katz & Thompson, 1986, 1987).
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2.3.2. NMR

Proton NMR consists in monitoring the magnetization of the hydrogen nuclei of water molecule with sta-
tic and pulsed magnetic fields (Daigle et al., 2014; Dennis, 1997; Dunn et al., 2002; Grunewald &
Knight, 2009; Vincent et al., 2011). It first involves the equilibrium alignment of the hydrogen nuclei with
a static magnetic field B, generated either by a logging or laboratory tool. Then, a secondary pulsed mag-
netic field B, is emitted at a specific radio frequency to perturb the system. B; is removed to measure the
time required for hydrogen nuclei to relax to their original equilibrium alignment to B, through diffusion
and interaction with the porous media. Commonly, the characteristic time measured is the relaxation in a
plane perpendicular to By, referred to as the transverse relaxation time T, (seconds). T, provides informa-
tion about pore structure in sedimentary rocks, including pore size distribution and porosity (Daigle
et al.,, 2014). NMR measurements were performed using Bruker® Minispec Mq20 (20 MHz) and Mql0
(10 MHz) at room temperature (20°C) and atmospheric pressure on saturated core samples with a dia-
meter of 8 mm and samples of ~5-8 cm®, respectively. The magnetization decay was measured using
the Carr-Purcell-Meilboom-Gill (CPMG) pulse sequence (Carr & Purcell, 1954; Meiboom & Gill, 1958)
that consists of an initial t/2 magnetic field pulse orthogonal to B, separated by a time t from a series
of 7 pulses applied with opposite polarity at regular interval 2t. We used a recycle delay of 0.1 s and a
half-echo time 7 of 0.04 ms (the minimum available for this equipment), a gain ranging 70-80%, 200
echoes per scan, and 128 scans were stacked.

We used UpenWin®© software to inverse stacked magnetization decay data in a smoothed T, distribution.
We determined the volume of water V;,, in the sample to calculate NMR porosity as suggested by Daigle
et al. (2014):

Vi

- w 13
P Vi + Vs (13)

V,y is determined using a calibration where the maximum signal amplitude A, (corrected for the gain) is
recorded during the T, measurement for known volumes of water: V;, = 19.762 * Ay - 0.092 (R? = 0.94).
NMR T, distribution and MICP pore throat size distribution were correlated following Marschall et al. (1995)
using the relation

1000r
T2 = 5 (14)
2p,

where T, is in milliseconds, r is pore throat radius in micrometer, and p, is the effective relaxivity in
micrometer per second.

2.3.3. Nitrogen Gas Adsorption (N,GA)

Nitrogen adsorption/desorption isotherms were measured at 77 K at the LIEC laboratory in Vandoeuvre-
lés-Nancy, France, using a BEL Japan BELSORP-mini II with pressure sensors ranging 0-133 kPa. Samples
were dried for 24 hr at 105°C + 5°C and then crushed, before being first outgassed at 30°C for 12 hr under
vacuum. Adsorbed nitrogen gas volume and equilibrium relative pressure P/P, (where P is the gas equili-
brium pressure and P, is the vapor saturation pressure) were measured at 77 K as P/P, increases up to
0.98 (adsorption isotherm) and decreases (desorption isotherm) stepwise. Adsorption isotherm shape and
hysteresis loop were interpreted following the IUPAC (Sing et al., 1985) and De Boer (1958) classifications,
respectively. Adsorption isotherm shape provides insights on pore sizes and volume while the type of
hysteresis characterizes the geometry of pores. The amount of adsorbed gas at low P/P, is correlated
with micropore and fine mesopore volume while it is related to large mesopore and macropore volume near
P/Py =1 (Labani et al., 2013). Adsorption/desorption isotherms were also used to characterize pore size dis-
tributions for small macropores and mesopores ranging 2.8-80 nm and specific mesopore volume using the
Barrett-Joyner-Halena (BJH) method assuming cylindrical shape for pores to be consistent with MICP.
Specific micropore volume and external surface area were determined using the De Boer (t-plot) model.
Specific surface area was determined using the Brunauer-Emmett-Teller (BET) method. Nitrogen porosity
¢y, was determined from the bulk density pj (g/cm®) and the specific pore volume Ve (cm®/g) (e.g., Labani
et al., 2013):

DUTILLEUL ET AL.

8 of 21



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB020330

¢N2 =pp Vip- (15)

2.4. Bulk and Clay Mineralogy

We generally used the mineral composition given by shipboard XRD data that gives the relative abundance
of total clay minerals, quartz, feldspar, and calcite normalized to 100% and document the occurrence of
other minerals. To get supplementary information about the composition of hydrous minerals (type of clays
and zeolites) on volcaniclastic samples from Units V and VI, additional post-cruise XRD analyses were
carried on using a Bruker® D2 Phaser diffractometer operating at 30 kV and 10 mA with a Cu Ka radiation
on bulk powder and <2 um clay fraction. Bulk powder (respectively <2 pum clay fraction) samples were
scanned between 2° and 70° (respectively 3-40°) with a step size of 0.02° and a time per step of 0.60 s (respec-
tively 1.0 s) to determine the relative mineralogy using Bruker® EVA software. The relative abundance of cal-
cite from XRD was compared to the abundance of calcite measured using an OFITE® Calcimeter (similar to
Karbonat-Bombe) on the same sample. The <2 pm clay fractions were prepared following Thiry et al.'s (2013)
procedure to make oriented deposits that provide information about clay mineralogy and non-oriented
deposits that give further details about the type of kaolinite, illite, or smectite using the d(060) ray
(Holtzapffel, 1985). Oriented deposits underwent a three-stage treatment (Thiry et al., 2013) and were
scanned after each stage between 3° and 40° with a step size of 0.02° and a time per step of 1.0 s. The treat-
ment includes (1) a 12 hr drying stage at room temperature, (2) a 24 hr stage of saturation with ethylene
glycol under confining atmosphere, and (3) a heating cycle in a convection oven up to 490°C.

3. Results
3.1. CEC and Mineral Composition

Shipboard XRD data show that siliciclastic Units I to III are characterized by ~43% of clay minerals
(Figure 2d) and relatively low CEC ranging 0.09-0.19 mol/kg (Figure 2e). This range of CEC values
evidences that clay minerals are mainly kaolinite and/or illite and/or chlorite. Unlike Units I-III, carbonate
Unit IV is characterized by strong variations of mineral composition depending on lithology. In the upper
part of the unit that is mainly composed of marls, total clay content shows a general trend that increases with
depth from ~20% up to 55%. In underneath chalks, total clay content decreases with depth from ~20% in
muddy chalks to only a few percent in clear chalks. Calcimetry values vary from 23% to 63% in marls and
from 64% to 93% in chalks (Figure S1) and are in good agreement with shipboard and post-cruise XRD mea-
surements of calcite content. CEC increases from very low values ~0.06 mol/kg at the top of the unit to mod-
erately high values up to ~0.30 mol/kg in the deepest marls where debris flow deposits occur, with moderate
values ~0.16 mol/kg in the calcareous mudstone interval sandwiched in between. In underneath chalks, it is
very constant and low, averaging ~0.04 mol/kg. XRD shows that clay minerals are largely dominated by dioc-
tahedral two-water layer smectites, explaining the relatively high CEC values obtained although calcite con-
tent is high. Some illites are also present. Volcaniclastic Units V and VI are characterized by strong variations
of facies over centimeter to decimeter length scales (Barnes et al., 2019, 2020), including changes in hydrous
minerals distribution and local occurrence of fractures, calcite veining, and cement, changes in texture, clast
shape, size, and alteration degree. Shipboard XRD measurements show that clay content scatters from 20%
to 95% and is inversely correlated with calcite content that ranges 1-76%. Post-cruise calcimetry shows that
calcite content varies from 1% to ~43% in volcaniclastic conglomerates, from 23% to 72% in marls, and ~2% in
siliceous mudstones (Figure S1). These results are in the same order than post-cruise XRD but may differ
from shipboard XRD that tend to overestimate calcite content by accounting only for calcite, quartz, feld-
spar, and clays even in samples with significant amount of other minerals like zeolites. These strong miner-
alogical variations result in very scattered CEC that ranges 0.23-0.88 mol/kg in volcaniclastic conglomerates
from Units V and VI, 0.12-0.46 mol/kg in marls, and 0.32-0.84 mol/kg in siliceous mudstone from Unit V1.
In volcaniclastic Units V and VI, high CEC values and post-cruise XRD measurements show that clay miner-
als are mainly two-water layer dioctahedral smectites with only minor amounts of illite and chlorite
(Figure S2), except in the lower part of Unit VI where significant amount of illite occur in basalt. XRD also
reveals that zeolite minerals are common in conglomerates with phillipsite occurring in most of the samples
while heulandite or clinoptilolite was found only in Unit VI samples (Figure S2). Amorphous fraction is rela-
tively high ranging 29-41% due to the occurrence of amorphous opal or volcanic glass. Overall, at Site U1520,
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10 ' ' ' CEC increases with hydrous mineral content (Figure 4) and recipro-
cally decreases with non-hydrous mineral content that are mainly
g quartz, feldspar, or calcite (Figure Sla) depending on the unit
2 750 ° A (Figure 2c).
% —~
S < 3.2. Total Connected Porosity
% sl ° 4 - o ] Total connected porosity shows extreme variations across Site U1520
g e ° with specific patterns for each and within each lithologic unit
"% o - / ° (Figure 2f). It exponentially decreases with depth from ~72% at the
2 v —v top of Unit I to ~46% at the bottom of Unit III. Total connected por-
’—J P 4 v/ 1 osity shows different trends across carbonate Unit IV. In the interval
- ° dominated by marls, total connected porosity is relatively homoge-
v 7 ° neous and constant at ~47% from ~510 to ~610 mbsf, decreases up
to ~42% in the ~610-690 mbsf interval despite exhibiting a wide scat-
00 0,'25 015 0.|75 1 ter from 34% to 55% and remains scattered (28-42%) but relatively
CEC (mol/kg) constant at ~33% up to 776 mbsf. In underneath chalks, total
Lithological units : Lithology : connected porosity steadily increases up to ~45%. Total connected
v Carbonate Unit IV Hemipelagic mudstone, Black porosity does not show any specific pattern in volcaniclastic Units
© VolcanidasticUnits¥ and VI :X:ﬁ stone, Calcareous mudstone V and VI where it is extremely scattered from 20% up to 56% and
Theoretical trends : | Debris flow deposit anti-correlated with P wave velocity that also strongly varies from
— — = y=60.7x+15.6 I Volcaniclastic conglomerate 1,800 to 5,000 m/s (Barnes et al., 2020). However, in these units, total
R*=0.73 I Basalt

connected porosity globally linearly increases with CEC (Figure 5)

Figure 4. Relation between total clay and zeolite contents measured by XRD in ~ and pore size (Figure S3a) and decreases with calcite content
this study and cation exchange capacity per unit and lithology. (Figure S1b), with specific trends depending on lithology. In particu-

lar, siliciclastic samples from Units I-III, chalks and shallow marls
(~510-690 mbsf) from Unit IV are characterized by a low CEC (<0.2 mol/kg) that is not correlated to total
connected porosity. On the contrary, Unit IV clay-rich marl interval (~690-776 mbsf), volcaniclastic con-
glomerates, siliceous mudstones, and marls from Units V and VI are characterized by higher CEC values
that are correlated with total connected porosity.

3.3. Bound Water Content

Extreme variations of CEC across Site U1520 sedimentary section results in contrasted bound water content
(Figure 2f). In siliciclastic Units I-III, the low and homogeneous CEC content causes very constant and low
bound water content that averages ~5%. In contrast, CEC variations across carbonate Unit IV results in het-
erogeneous moderate bound water content that increases with depth from ~2% to 15% in marls while it is
only ~2% in chalks. CEC being even more scattered in volcaniclastic Units V and VI, bound water content
shows strong variations from moderate to very high values, averaging ~22% in conglomerates, ~17% in silic-
eous mudstones, and ~7% in marls.

3.4. Interstitial Porosity

Similar to the total connected porosity data, interstitial porosity data globally exponentially decreases with
increasing depth through siliciclastic Units I-III, from ~70% near the seafloor to ~40% at the bottom of

Unit III (Figures 2f and 2j). Corresponding compaction curves are ¢; = 46.6e~%9% % (R* = 0.29) where o,

is effective vertical stress in MPa and ¢; = 46.6 e(=i5) (R* = 0.27) where z is depth in mbsf. Coarser
sand-rich packages from Unit I are slightly more compacted than the global compaction trend, evidencing
a particle-size dependency of compaction. In carbonate Unit IV, total connected porosity and interstitial
porosity both show similar variations but the latter are intensified for interstitial porosity. In marls, intersti-
tial porosity decreases from ~50% to ~39% up to ~690 mbsf and remain relatively constant ~25% through the
lower part of the interval where debris flow occurs. In chalks, it steadily increases up to ~46%. The
~690-848 mbsf interval where interstitial porosity is preserved in marls and chalks correspond to a higher
P wave velocity and thermal conductivity zone (Barnes et al., 2019). Several zones where interstitial porosity
locally drops in marls are correlated to fault zones (Figure 2k; 660-670 and 690-700 mbsf). Another fault
zone occurs at the marls/chalks boundary (~770 mbsf). As a result of Units V and VI high bound water con-
tent, interstitial porosity is significantly lower than total connected porosity and scatters between 3% and
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Total connected porosity (%)

44% in conglomerates. The lowest values occur in calcite cemented
samples with high P wave velocity (Barnes et al., 2019), and the high-
est values occur in poorly consolidated, matrix-supported altered
conglomerates with elevated clay fraction. Interstitial porosity also
strongly varies in Unit V marls and Unit VI siliceous mudstones.

3.5. LWD and Wireline Porosity: NMR, Neutron, and
Resistivity-Derived Porosity

In Units I-111, neutron and NMR LWD porosity data are nearly equal
and generally exceed total connected porosity (Figure 2f). The excee-
dance decreases as depth increases so that both nearly fit total con-
nected porosity data below the coring gap in Unit III. In the Unit

0 L . L IV interval where NMR and neutron porosity logs are available, total

0 025 CEC (()n51 ol/kg) 075 ! connected porosity scatters between NMR and neutron porosity
values. In the marl interval with high CEC values and thus high total

Lithological units : Lithology : clay content, LWD NMR better fits interstitial porosity rather than
o Siliciclastic Units I, Il and Ill BN Silty sandstone total connected porosity. NMR LWD porosity data fit very well to

VvV Carbonate Unit IV
o Volcaniclastic Units Vand VI
_ Ot=46.7CEC+25.3
R’=0.97

Ot =564CEC+7.6
R’=0.73

Clayey sandstone

Hemipelagiemudstone Black NMR porosity measured on samples.

mudstone, Calcareous mudstone Resistivity-derived porosity shows a behavior similar to that of inter-
F gA:;:k muddy chalk stitial porosity across the sedimentary column using the model devel-
I Debris flow deposit oped by Revil et al. (1998) for clay-rich material by increasing
— \é;’;?:iclastic conglomerate Archie's law parameter m with increasing depth and using a = 1

(Figure 2j). A suitable match was obtained with m = 1.9 in Units

Figure 5. Total connected porosity versus cation exchange capacity for 106 1-111 and m = 2.3 in Unit IV and in the upper part of Unit V where
samples from Site U1520 per lithological units and detailed lithology. The navy ~ Wireline resistivity was locally acquired. Cementation factors ~2 are
solid line corresponds to the best-fit trend for marls samples from Unit V. The commonly obtained for siliciclastic clay-rich facies (e.g., Bourlange
pink solid line corresponds to the best-fit trend for volcaniclastic conglomerates ¢ al., 2003; Conin et al., 2011; Dutilleul et al., 2020). It can be noticed

samples from Units V and VI.

that resistivity-derived porosity is consistent with interstitial porosity

in carbonate Unit IV, although clay content significantly varies in
this interval from zero to moderate values. Reciprocally, in volcaniclastic Unit V, resistivity-derived porosity
matches very well interstitial porosity data contrary to total connected porosity data.

3.6. Pore Structure

3.6.1. MICP

In Units I to IV, MICP shows that there is only one family of macropore throats (Figure 2g). In siliciclastic
Units I-III, the average diameter ds, of macropore throats is heterogeneous and ranges 0.2 to 0.7 um. It is
well correlated to interstitial porosity and total connected porosity with ¢; = 19.5 * dso + 34.75 (R? = 0.62)
and ¢, = 18.6 * ds,+40.78 (R* = 0.60), the largest throats corresponding to the most porous samples
(Figures S3a and S3b). In marls from Unit IV, the average diameter of macropore throats becomes more
homogeneous and strongly decreases with increasing depth, from ~0.3 um at the top of the unit to
~65 nm for the deepest marls. It is well correlated to interstitial porosity and total connected porosity with
¢: = 98.7 * dso + 18.7 (R* = 0.92) and ¢, = 54.5 * dso + 32.5 (R* = 0.70) (Figures S3a and S3b), the largest
throats corresponding to the most porous samples. In contrast, in chalks, the average diameter of macropore
throats is very homogeneous and slightly increases with depth from ~0.2 to ~0.4 um. In volcaniclastic Units
V and VI, most conglomerates exhibit a unimodal MICP pore throat size distribution with a dominant het-
erogeneous family of mesopore throats (2 nm < dsy < 20 nm). However, few samples are characterized by
bimodal MICP pore throat size distribution and also show a secondary family of macropores throats
(2 um < dso < 30 um) accounting for ~25% of the porosity. The average diameter of the main family of meso-
pores is also correlated to interstitial porosity and total connected porosity with ¢; = 1455.9 * dso+ 1.2
(R*>=0.34) and ¢ = 1641.5 * dsg + 22.1 (R? = 0.33). In contrast, marls and siliceous mudstones are charac-
terized by one family of mesopore to macropore throats ranging 6-640 nm in marls and 8-40 nm in siliceous
mudstones. Mercury-trapped porosity follows the evolution of total connected porosity. The Katz-Thompson
permeability (Figures 2h and S3c) was determined based on the dominant family of pore throats determined
by MICP and follows the evolution of their diameter. It globally decreases with depth from ~2.0-107** m? to
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Figure 6. Comparison of pore size distri
II and volcaniclastic Units V and VI.

butions from MICP, N,GA (cylindrical BJH model), and converted NMR for representative samples from siliciclastic Unit

~1.8-10""" m? in siliciclastic Units I to III and from ~5.1-10""" to ~1.9-10™*® m? in the marl interval from
Unit IV and increases from ~1.9-107'7 to 1.9-107'° m? in the chalk interval. Units V and VI are
characterized by heterogeneous permeability values that range 4.7.107*° to ~2.2.107* m? in marls,
~1.7-3.8:107*° m? in siliceous mudstones, ~2.2:1072° m? in basalt and that are in the order of <1.0-10~%°
to 2.0-10*° m? in unimodal volcaniclastic samples. The five volcaniclastic samples showing bimodal
MICP pore throat size distribution (Figures 2g and S4) are characterized by a mesoporal Katz-Thompson
permeability in the ~1-2-107"° m” range of values and significantly higher macroporal Katz-Thompson
permeability in the order of 1076 to 107 m?. However, from our data, we were not able to discriminate
which family of pores drives bulk permeability (Lai & Wang, 2015; Nooruddin et al., 2014; Rosenbrand
et al., 2015; Zhao et al., 2015). Hence, we assume that, for these samples, permeability ranges between
mesoporal and macroporal permeability and thus consider both endmembers in section 4.

3.6.2. NMR

In siliciclastic Units I-III, the distribution of NMR T, measured on samples is characterized by a major T,
peak ~1.6-5.3 ms at 10 MHz and ~3.0-0.7 ms at 20 MHz (Figure 2i) corresponding to interstitial water that
is often negatively skewed, eventually associated with a minor peak occurring <0.1 ms interpreted as bound
water (Cheng & Heidari, 2017; Ellis & Singer, 2007; Yuan et al., 2018) (Figure 6). LWD T, distribution differs
from laboratory data with an average T, that decreases from ~100 ms at the top of Unit I to ~10 ms at the
bottom of Unit III. MICP and NMR can be correlated using an effective relaxivity p, ranging 18-53 um/s
(in average, 35 um/s, excluding the high value ~296 um/s) at 10 MHz and ranging 23-62 pum/s (in average,
38 um/s, excluding the high value ~407 pum/s) at 20 MHz, as found by Daigle et al. (2014) for equivalent
lithologies. Lower effective relaxivity ~6 um/s must be used to fit the higher LWD T, to MICP measurements
on samples. In Unit IV, variations of the average T, are correlated to that of pore throat size measured by
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Figure 7. (a) Adsorption-desorption N, isotherms at 77 K and (b) distribution of the size of mesopores (2-50 nm) and small macropores (>50 nm) obtained with
the BJH method assuming cylindrical pores for (c) representative samples from siliciclastic Unit II (U1520D16H2W) and volcaniclastic Units V (U1520C24R2W,
U1520C27R5W, and U1520C37R3W) and VI (U1520C42R2W and U1520C42R3W).

MICP. T, decreases from up to ~4.7 ms (respectively, 3.6 ms) at the top of the unit to ~0.3 ms (respectively,
1 ms) at the bottom of the marl interval at 10 MHz (respectively, 20 MHz). In chalks, T, slightly increases
with depth from ~0.6 ms up to ~5.5 ms at 10 MHz and from ~3.0 ms to ~5.1 ms at 20 MHz. The
discrepancy between T, measured on samples and LWD T, is strongly reduced in Unit IV although LWD
NMR is available only in a limited section of the upper marl interval. There, LWD T, decreases from ~10
to ~2 ms. At 10 MHz, effective relaxivity ranges 18-106 um/s in marls (in average, 51 um/s) and
~83-45 um/s in chalks (in average, 64 um/s). At 20 MHz, it ranges 15-28 pum/s in marls (in average,
21 um/s) and ~15-19 pum/s in chalks (in average, 17 um/s). LWD effective relaxivity averages 13 pm/s in
marls and ~31 wm/s in chalks. In volcaniclastic Units V and VI, NMR T, distribution either show
unimodal or bimodal positively skewed T, distribution with a major peak ranging 0.5-1.7 ms at 10 MHz.
This peak corresponds to the major family of mesopores observed on MICP with p, ranging 1.4-7.3 um/s
(in average, 2.6 um/s) (Figure 6). Unit V marls and Unit VI siliceous mudstones are characterized by
unimodal T, distributions with relatively narrow peaks in siliceous mudstones and positively skewed
peaks in marls with modes ~1.5-2 ms. These T, peaks correspond to the mesopores to macropores
evidenced by MICP using p, ranging 5.3-54.7 um/s (in average, 26 um/s) in marls and p, ~3.2 pm/s in
siliceous mudstones.

3.6.3. N,GA

Adsorption-desorption isotherms for siliciclastic Units I-III and volcaniclastic Units V and VI samples are
type II isotherms with type B hysteresis (De Boer, 1958) evidencing macropores and mesopores with slit
shape (Figure 7) as typically observed in clay-rich sediments (e.g., Daigle, 2014; Labani et al., 2013).
Unlike siliciclastic samples, most volcaniclastic samples show hysteresis loops with steep desorption
branches that suggest high-aspect ratio pores due to parallel alignment of clay mineral particles (Janssen
et al., 2011, and references therein). Specific surface area (Table 1) is significantly higher in volcaniclastic
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Table 1

Summary of Porosity Data for Representative Samples From Siliciclastic Unit II (U1520D16H2W) and Volcaniclastic Units V (U1520C24R2W, U1520C27R5W, and
U1520C37R3W) and VI (U1520C42R2W and U1520C42R3W) where ¢; is Total Connected Porosity, ¢; is Interstitial Porosity, ¢p is Bound Water Content, ¢y, is
N>GA Porosity, ¢ is MICP Porosity, ¢y, + ¢r Corrected is the Porosity Derived From the Combination of the Pore Size Distributions From N>GA (<80 nm)
and MICP (>80 nm), ¢npr is NMR Porosity, $pmicro And Ppeso are Microporosity and Mesoporosity Derived From N,GA Using the Cylindrical BJH Model and
D macro is Remaining Macroporosity, and Sgp. is the BET Surface Area

Sample

Type of porosity (%)

¢

bi

Ssp
¢b ¢NZ ¢Hg ¢N2 + ¢Hg corrected ¢NMR <75micro ¢n‘zeso ¢macro (mz/g)

U1520D 16H2W
U1520C 24R2W
U1520C 27R5W
U1520C 37R3W
U1520C 42R2W
U1520C 42R3W

47.9
55.4
33.9
24.9
40.6
62.8

42.3
29.7
13.3
2.6
5.9
40.78

56 7.5 383 434 56.3 0.1 (0%) 74(17%) 359 (83%) 123
257 329 395 53.6 43.7 25(5%)  304(57%)  20.7 (38%) 106.6
206 198 8.4 224 = 0.8 (4%)  19.0(85%) 2.6 (11%) 61.1
223 218 118 26.1 — 12(5%)  20.6 (79%) 4.3 (16%) 58.1
347 34 162 56.4 = 17(3%)  32.3(57%)  22.4(40%) 101.5
220 464 402 49 63.7 21(4%) 443 (90%) 2.6 (6%) 1434

samples (~58-143 m?/g) characterized by a majority (57-90%) of small mesopores and macropores (11-40%)
than in siliciclastic samples (~12 m?/g) that are mostly composed of macropores (>80%).

4. Discussion
4.1. Relation Between CEC, Hydrous Mineral Composition, and Bound Water Content

Although post-cruise measurements were carried on different pieces of samples from heterogeneous Units V
and VI, there are clear trends relating CEC and bulk mineral composition (Figures 2, 4, and S1a) evidencing
that CEC is a sensitive proxy for bulk bound water content (Figure 3). Scattered CEC values from Unit I to VI
reflect the evolution of the ratio of non-hydrous to hydrous mineral content and the type of hydrous mineral
since non-hydrous minerals all show very low theoretical CEC values whereas hydrous minerals are charac-
terized by specific theoretical high to very high CEC values. Theoretical CEC is 0.8-1.5 mol/kg in pure smec-
tite, 0.1-0.4 mol/kg in illite, ~4.5 mol/kg in phillipsite, ~3.2 mol/kg in heulandite, ~2.2 mol/kg in
clinoptilolite, and 0.08-0.13 mol/kg in opal (e.g., Derkowski et al., 2015; Pabalan & Bertetti, 2001; Reeves
et al., 2006). Here, non-hydrous minerals are mainly quartz and feldspar in siliciclastic Units I to IIT and cal-
cite in Units IV to VI. Hydrous minerals are mostly smectites in all samples, with zeolites occurring in some
conglomerates from Units V and VI and opal in siliceous mudstones from Unit VI. XRD data evidence that
from Unit I to VI, smectites are dioctahedral two-water layer smectites with d(0001) ranging 14.6-15.5 A and
a d(060) value ~1.50 A. This supports the fact that most data plot on a bound water ratio-CEC trend that cor-
responds to n = 15 water molecules per cation charge (Figure 3). We relate the scatter of the data around this
trend by the occurrence of other hydrous minerals like zeolites and opal that theoretically show higher and
lower CEC than smectite, respectively.

4.2. Controls on Porosity

The absence of correlation between CEC and total connected porosity for Units I-III (Figure 5), shallow
marls (~510-690 mbsf), and chalks from Unit IV shows that for these lithologies, total connected porosity
is mainly controlled by compaction rather than mineralogy. This is also evidenced by the linear decrease
of macropore size with decreasing total connected porosity that characterizes samples from Units I-III
and marls from Unit IV (Figure S3a). From siliciclastic Unit I to ~690 mbsf in Unit IV marl interval, inter-
stitial porosity and resistivity-derived porosity exhibit a normal consolidation trend as typically observed
in the shallow parts of the basins entering subduction zones (e.g., Dutilleul et al., 2020; Kitajima &
Saffer, 2014; Screaton et al., 2002). It is thus possible to use this trend as a reference compaction trend to com-
pare with that of equivalent lithologies at other sites located closer to the deformation front. In chalks from
Unit IV, the strong increase in pore throats diameter, interstitial porosity (Figures 2f and S3b), P wave velo-
city, and thermal conductivity (Barnes et al., 2019) suggests higher cementation that prevents pores from
collapsing. On the other hand, samples with higher CEC values (>0.2 mol/kg) like the clay-rich marl inter-
val with calcareous mudstones and debris flow deposits in Unit IV (~690-776 mbsf) and Units V and VI are
characterized by a very good positive (respectively negative) correlation between CEC (respectively calcite
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content) and total connected porosity (Figures 5 and S1b) and a positive correlation between calcite content
and P wave velocity (Barnes et al., 2019). This evidences a strong control of the ratio of hydrous to
non-hydrous mineral content on physical properties in these units. In volcaniclastics, marls, and siliceous
mudstones from Units V and VI, high hydrous mineral content results in elevated bound water content
and thus enhanced total connected porosity, whereas high calcite content in calcite-cemented intervals
showing higher P wave velocity tends to strongly reduce interstitial porosity and thus total connected poros-
ity. In the —690 to 776 mbsf marl-rich interval in Unit IV, the small decrease in interstitial porosity and
macropore size is correlated to increasing P wave velocity and high thermal conductivity values (Barnes
et al., 2019) that suggest higher cementation with increasing depth. This effect is counterbalanced by a rise
in clay bound water content with depth, resulting in relatively constant total connected porosity. There is
also a relation between porosity and deformation in marls from Unit IV since fault zones occur in zones
(660-670 mbsf; 690-700 mbsf) where porosity is locally reduced in locally strengthened sediments with
higher P wave velocity (Barnes et al., 2019).

4.3. Comparison of Logging Porosity and Porosity Measured on Samples

The very good match of resistivity-derived porosity to interstitial porosity across the entire sedimentary
section and underlying oceanic crust supports hypotheses raised in previous works. First, resistivity-derived
porosity must be calibrated using effective porosity like interstitial porosity rather than total connected por-
osity (e.g., Conin et al., 2011), suggesting that bound water cannot be recorded at the scale of resistivity logs
here although it is commonly assumed (e.g., Ellis & Singer, 2007). Second, it is critical to account for the very
high surface conductivity of clays in siliciclastic clay-rich (e.g., Bourlange et al., 2003; Conin et al., 2011) and
altered volcaniclastic clay-rich materials (e.g., Revil, 2002) to accurately determine effective porosity from
logging data.

Because of the truncation of NMR T, distribution between 1 and 1,000 ms, NMR logging data were expected
to underestimate bound water content (typically <1 ms) (Barnes et al., 2019) and thus to better match inter-
stitial porosity than total connected porosity. However, in Units I-IV, LWD NMR provides significantly
higher clay bound water content than CEC does, resulting in LWD NMR porosity that is closer to total con-
nected porosity than to interstitial porosity. LWD NMR porosity follows the pattern of interstitial porosity
only in the bottom part of the LWD interval. Overall, the discrepancy between LWD NMR porosity and total
connected porosity decreases as LWD T, becomes closer to T, measured on core samples. However, the data
highlight that logging NMR data are not directly comparable with laboratory data. This can be explained by
distinct ranges of T, distribution due to strong contrast of frequency between the logging tool and the
Minispec on one hand and to variations in processing on the other hand. Although LWD NMR porosity
equals NMR porosity measured on samples, in most samples (Units V and VI potentially excepted as dis-
cussed below), the quantification of bound water content from CEC seems to be more realistic than that
from LWD NMR because of the too high T, cutoff values used to separate clay-bound water and interstitial
water on logging data (e.g., Cheng & Heidari, 2017; Ellis & Singer, 2007; Yuan et al., 2018).

4.4. Pore Size Distribution From MICP, N,GA, and NMR

Taking into account that MICP, N,GA, and NMR measure distinct features of pores and were performed on
distinct pieces of samples picked up from heterogeneous formations, the three methods are very well corre-
lated in the mesopore and small macropore (<10 um) range of pore size distribution (Figure 6). In particular,
the good match between N,GA and MICP pore size distributions shows that MICP provides satisfying results
when characterizing mesopores up to its detection threshold ~6 nm. Because of the parameters used for
NMR experiments, NMR cannot capture macropores >10 um. However, NMR pore size distribution satisfy-
ingly averages the distribution resulting from MICP and N,GA that provide information on the largest and
smallest pores, respectively. This observation suggests that although N,GA provides additional insights on
microporosity and pore geometry, performing MICP and NMR experiments may be enough to characterize
macropore to mesopore size distribution.

As suggested in previous works (e.g., Daigle, 2014; Schmitt et al., 2013), the porosity value obtained by
combining N,GA and MICP pore size distributions taking into account the range of overlap between both
methods roughly equals total connected porosity (Table 1). Here, we show that this porosity better matches
interstitial porosity for macroporous Unit II U1520D16H2W sample. However, for Units V and VI samples, it
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significantly exceeds interstitial porosity, either suggesting that the producibility of fluids is not only related
to pore size or that helium pycnometer may underestimate total connected porosity in mesoporous to micro-
porous samples (e.g., Labani et al., 2013). Another possibility is that the occurrence of other hydrous miner-
als like opal or zeolites in addition to smectite in some samples from Units V and VI may lead to
uncertainties regarding the determination of interstitial porosity with Equation 3 that is commonly used
for sediments hosting clay only as hydrous minerals (Conin et al, 2011; Dutilleul et al., 2020;
Henry, 1997; Henry & Bourlange, 2004).

4.5. Potential for Fluid Production

Our results suggest that siliciclastic Units I-IIT are characterized by a total connected porosity that is mainly
controlled by compaction. These sediments are currently releasing interstitial water as a result of normal
consolidation associated with burial and also have potential for bound water production associated with
smectite dehydration at greater depth. In pelagic carbonate Unit IV, total connected porosity is affected by
compaction, clay mineral content, and deformation processes associated with the generation of fault zones.
In marls, there is a homogenization and reduction of pore size and a rise in total clay content with increasing
depth. This suggests a reduction of the contribution of compaction to dewatering with ongoing lithification
as depth increases while the potential for bound water production by smectite dehydration increases. In
chalks, the increase in total connected porosity, interstitial porosity, and pore size may be induced by an
increase in cementation that prevents pores from collapsing. In volcaniclastic Units V and VI, total con-
nected porosity is mainly driven by bulk mineral composition. Conglomerates, siliceous mudstones, and
marls are all characterized by elevated hydrous mineral content with significant potential for bound water
production by dehydration of smectite, opal, and zeolite. Additional release of interstitial water may also
occur in unconsolidated intervals like matrix-supported altered conglomerates.

4.6. Permeability, Flow Path, and Décollement Location

Permeability can be inferred from pore size distribution along the sedimentary section at Site U1520 with
higher permeability expected in the intervals with larger pores at percolation threshold. The significant
reduction and homogenization of macropore size from siliciclastic Unit I to carbonate Unit IV indicates a
strong reduction of permeability that is mainly driven by pore collapse associated with vertical loading
across this interval. In Unit IV, the lowest permeability (~10™'® m?) occurs in the clay-rich marl interval
~690-776 mbsf with calcareous mudstone and debris flow deposits sandwiched in between. Beneath, chalks
with larger macropores likely represent a more permeable (<1077 to 107'° m?) interval above volcaniclastic
Units V and VI characterized by contrasted hydrogeological properties. Units V and VI are globally charac-
terized by very low permeability (~107"° to 107*° m?) and dominant mesoporosity in calcite-cemented
volcaniclastics, mudstones, or marls. The occurrence of calcite-filled veins in Units V and VI and chalks
in Unit IV likely contributes to permeability reduction and suggests that fluid flow occurred in these units.
The absence of such structures and the fact that no change in clay mineralogy was observed within and on
both sides of the fault zones identified in the marl interval from Unit IV suggest that these fault zones do not
act like preferential flow paths for fluids produced deeper. However, uncemented conglomerates showing
both mesoporosity and macroporosity (e.g., sample U1520C24R2W in Figures 6 and 7) may form intervals
of higher porosity and permeability channeling fluid flow, located at the top of Unit V or sandwiched in
between calcite-cemented low-permeability mesoporous volcaniclastics that compose most of Units
V and VI

Along the margin, the décollement is thought to channel substantial fluids and to be highly overpressured
(Barnes et al., 2010, and references therein; Ellis et al., 2015). At the southern part of the margin, it has been
inferred from seismic data to coincide with or to lie about a hundred meters above seismic Reflector 7
(Barnes et al., 2010; Crutchley et al., 2020; Plaza-Faverola et al., 2012, 2016). Seismic Reflector 7 has been
interpreted as the boundary between Miocene sediments and underlying Early Oligocene to Late
Cretaceous low-permeability pelagic chalks and calcareous mudstones (“Sequence Y” of Davy et al., 2008).
Beneath Sequence Y, Cretaceous sediments (“MES” sequence) and oceanic crust of the Hikurangi Plateau
(“VB” sequence) have been identified (Crutchley et al., 2020; Davy et al., 2008). At Site U1520, the lower part
of pelagic carbonate Unit IV and underlying volcaniclastic Units V and VI show similarity in terms of lithol-
ogy to the “Y,” “MES,” and “VB” sequences described in the southern part of the margin. The lower part of
Unit IV (seismic Unit 8, Figure 2a), Unit V, and the top of Unit VI show similar characteristics to that
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developed at the locus for the formation of the future décollement at other subduction zones. In subduction
zones, the décollement generally forms in overpressured fluid-rich and highly porous clay-rich zones corre-
lated to high-amplitude negative polarity seismic reflection (Bangs et al., 1999, 2004; Cochrane et al., 1994;
Dean et al., 2010; Mikada et al., 2005; Moore et al., 1998; Moore & Shipley, 1993; Shipley et al., 1994) and/or
freshening anomalies associated with bound water release (e.g., Bekins et al., 1995; Dutilleul et al., 2020;
Henry, 1997; Henry & Bourlange, 2004; Spinelli et al., 2006). At Site U1520, geophysical and geochemical
signatures including local elevated bound water content related to high smectite, zeolite, and opal content,
high amplitude-negative polarity seismic reflections (seismic Unit 9, Figure 2a) and freshening anomalies
suggest that volcaniclastic Units V and VI are fluid-rich. In particular, three zones where interstitial water
chloride content is ~6% less than modern seawater values occur at Site U1520 (Figure 2) ~769 mbsf in the
lower part of pelagic carbonate Unit IV, ~875 and ~930 mbsf in volcaniclastic Unit V (Barnes et al., 2019).
In Unit V, these chloride anomalies correspond to zones showing high total connected porosity and bound
water content, but contrasted interstitial porosity values. They are also, at least locally, correlated to macro-
porous and mesoporous uncemented conglomerates expected to behave as pathways for fluids to flow. They
have been interpreted shipboard as resulting from recent and local dehydration reactions. Possible rebuttals
are the fact that shipboard pore water extraction process may result in anomalous freshening (Fitts &
Brown, 1999) and the low in situ temperature ~40°C regarding the range of temperature required for dehy-
dration reactions to occur (Barnes et al., 2019). The negative polarity seismic reflections typically suggest
high fluid content (e.g., Dean et al., 2010) but may also be induced by the volcanic composition of rocks
(Barnes et al., 2019). Although there are uncertainties regarding the present production of bound fluids
and pore fluid pressure at Site U1520, volcaniclastic Units V and VI are very likely to produce fluids land-
ward, at greater depth. The base of the smectite-rich marl interval in Unit IV where permeability is low
may act as a barrier preventing the produced fluids from flowing toward the surface. In that case, this inter-
val would accumulate elevated pore pressure and potentially behave like the locus for décollement initia-
tion. Alternatively, the décollement may initiate at or below the carbonate Unit IV-volcaniclastic Unit V
interface. If the hypothesis of uncemented volcaniclastic conglomerate intervals developing higher perme-
ability (~107"* to 107" m?) associated with macroporosity is correct, then the interval of highly porous unce-
mented volcaniclastics occurring just below the Unit IV-Unit V interface and correlated to the chloride
anomaly observed ~875 mbsf at Site U1520 would be a candidate for hosting trapped locally produced or dee-
per sourced fluids due to the contrast of permeability with upper Unit IV chalks (~107° to 10™'” m?) and
thus for developing elevated pore fluid pressure and for the décollement to initiate. Similarly, the
décollement may initiate in zones of contrasted permeability in Units V or VI. There, the very low permeabil-
ity characterizing mesoporous rocks that compose most of these units may act as a barrier preventing fluids
to flow toward the seafloor, resulting in pore pressure buildup in higher porosity and permeability intervals
hosting these fluids because of acting as preferential flow paths. A potential candidate is the interval corre-
sponding to the chloride anomaly ~930 mbsf at Site U1520 where uncemented mesoporous and macropor-
ous higher permeability conglomerates occur.

5. Conclusion

We have shown strong heterogeneities of interstitial and bound fluid contents, sediment compaction state,
pore size distribution, and hydrous mineral content across the northern Hikurangi margin input section
from IODP Expeditions 372/375 logging data and samples. We have evidenced the following:

1. Siliciclastic Units I-IIT are macroporous illite and smectite-bearing clayey siltstones to silty sandstones
with low CEC and bound water content that currently undergo substantial compaction-induced dewater-
ing as they are normally consolidated with burial.

2. Macroporous smectite-rich marls and calcareous mudstones with occasional debris flow deposits above
chalks in the lower part of pelagic carbonate Unit IV might correspond to the locus for décollement initia-
tion as suggested further south of the margin because of low permeability that may prevent fluids pro-
duced locally or deeper to flow toward the surface. Marls and calcareous mudstones undergo normal
consolidation associated with a reduction of the size of macropores from fine to very fine,
compaction-induced dewatering and strong permeability reduction. The base of the marl interval also
shows increasing CEC and smectite content, resulting in a bound water content that rises with depth
up to moderate values and that may be released at greater depths. In contrast, chalks show higher
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permeability and low potential for fluid production with negligible bound water content and cemented
macropores whose size rises with depth.

3. Units V and VI are mostly composed of mesoporous very low permeability calcite-cemented volcaniclas-
tic materials with very high hydrous mineral (smectites, zeolites, and opal) content, associated with sig-
nificant potential for bound water release as already suggested by the occurrence of several freshening
anomalies. The top of Units V and VI likely hosts local zones of higher porosity and permeability due
to the occurrence of additional macropores that may be alternative locations for the future
décollement to form.
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