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Abstract

Seeps, slip, and subduction: A geochemical investigation of subduction zone hydrogeology and
its links to megathrust slip behavior

Irita Aylward
Chair of the Supervisory Committee:

Evan A. Solomon
School of Oceanography

Subduction zone faults host a range of modes of slip spanning the spectrum from aseismic
creep to devastating earthquakes. Hydrogeologic processes and conditions at the plate boundary
and in surrounding sediments of the outer forearc have profound impacts on geomechanical
processes in these convergent margins. Specifically, fluid production, permeability and fluid
migration pathways, and pore fluid pressures, are thought to impact the nature and timing of slip
behavior. While direct measurements of these properties are rare and limited to depths and
locations only accessible by scientific ocean drilling, seafloor seeps hosted by deep-reaching faults
provide a unique opportunity to assess the nature and efficiency of fluid flow through the system,
informing on the state of pore fluid overpressure, the permeability structure, and the overall water
budget of the outer forearc. This dissertation comprises three studies in which visual, geophysical,
and chiefly geochemical methods are employed at sites of focused and diffuse flow (i.e., seeps and
non-seeps, respectively) to investigate and advance our understanding of the interrelationships

between mechanical and hydrogeologic processes at subduction zones.



Chapters 2 and 3 target active seafloor seeps and diffuse flow sites spanning the continental
slope at the northern and southern Hikurangi margin, offshore of the North Island of New Zealand.
Using pore water from sediment cores and heat flow measurements, Chapter 2 provides direct
constraints on the source and flow rate of fluids traveling through the accretionary wedge. Results
suggest that fluids are not efficiently draining from the plate boundary or surrounding sediments
to the seafloor along fault zones. This implies that splay fault permeability at depth is low in the
offshore forearc, likely contributing to the accumulation of pore fluid overpressure in the region
of slow slip at northern Hikurangi.

Chapter 3 reports continuous fluid flow rates measured by benthic fluid flow meters
deployed at seeps and non-seep locations over a 2-year period. Early in the deployment period, a
large slow slip event (SSE) occurred beneath the instrument array offshore northern Hikurangi.
Net flow polarities at non-seep locations are consistent with creeping on the shallow megathrust
and locking in the slow slip source region in the inter-SSE period; flow transients reflect local
volumetric strain induced by the slow slip event. At seep sites, flow transients additionally reflect
gas-driven processes and possibly a shallow permeability response to the SSE, but convincing
evidence of wide-spread fault-valving is not observed.

Chapter 4 presents a detailed examination of a single seep site called Pythia’s Oasis, which
is located ~20 km landward of the deformation front on the central Cascadia margin. The
composition of the venting fluid suggests a fluid source within the subducting sediment section, at
source temperatures of ~170 ‘C — 250 °C. Highly altered fluid compositions, along with
anomalously high heat flow and rapid flow rates observed at Pythia’s Oasis, are consistent with
focused, long-range water flow along the Alvin Canyon fault in the mid-slope region. High

permeability conditions along the Alvin Canyon fault and/or high pore fluid pressures in the central



Cascadia outer wedge likely permit sustained, high-volume discharge at Pythia’s Oasis. These
hydrogeologic conditions may play an important role in the reduced locking, increased seismicity,
and other changes in margin characteristics that occur in this region. Solute fluxes at Pythia’s Oasis
resulting from the rapid, long-distance fluid transport are comparable to those at both high- and
low-temperature hydrothermal discharge sites, indicating that subduction zone seeps may be more

important for marine geochemical cycles than previously considered.
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Chapter 1. INTRODUCTION
1.1  MOTIVATION

Subduction zones are complex, dynamic systems that shape the Earth upon which we
live. A simplified picture of subduction depicts the collision of two tectonic plates where the
denser (oceanic) plate descends beneath the overriding (continental) plate along a megathrust
fault (Fig. 1.1). Portions of the megathrust support stable sliding of the plates past one another,
resulting in slow, aseismic “creeping” motion. In other zones, the plates are strongly coupled
together such that elastic stress builds until eventual seismic release during an earthquake. At the
trench of many subduction zones, incoming sediments are scraped off and accreted onto the
overriding plate, forming an accretionary wedge. At others, the incoming sediments are
subducted or overlying material is eroded and added to the subducting plate. In both accretionary
and erosional subduction zones, as the subducting plate descends deeper, partial melting of the
overlying mantle wedge fuels magmatism along a volcanic arc. These primary subduction zone
processes mediate global heat and elemental cycling, drive changes in climate, power plate
tectonic movement, and pose significant earthquake, tsunami, and volcanic hazards to dense
population centers along coastlines.

In the past few decades, intense study and monitoring of subduction zones and
megathrust slip, paired with improved instrumentation and increased computing power, have
revealed a wide range of physical and behavioral characteristics that extend beyond early
observations. One such finding is the recognition of a spectrum of megathrust slip behavior that
spans the range from aseismic creep to fast earthquakes, including tremor, low frequency

earthquakes, and slow slip events (e.g., Peng and Gomberg, 2010; Sacks et al., 1978; Schwartz



and Rokosky, 2007). While not fully understood, the mode of megathrust slip is thought to be
dictated by many factors, including convergence rate and obliquity, incoming sediment thickness
and plate roughness, and the age, composition, and thermal state of the subducting and
overriding plates (e.g., Biirgmann, 2018; Wallace, 2020). Likewise, the presence of fluid and the
occurrence of high pore fluid pressure are recognized as primary players in many subduction
zone processes, including fault mechanics and slip behavior (e.g., Hubbert and Rubey, 1959, Liu
and Rice, 2007; Moore and Vrolijk, 1992, Saffer and Tobin, 2011).

Fluids enter subduction zones as both pore water (fluids that occupy the interstitial spaces
of sediments and basaltic crust), and as chemically bound water (fluids incorporated into hydrous
minerals). The fate of fluids that enter subduction zones falls into three general categories,
principally governed by permeability. Some of the fluid exits the system via diffuse flow through
matrix sediments, some is channeled to the seafloor along conduits of higher permeability such
as the megathrust and splay faults in the wedge, and some remains trapped and is carried to
depth. Focused fluid expulsion supports benthic ecosystems, gas hydrate reservoirs, and causes
geochemical and thermal anomalies at seafloor seeps (e.g., Levin, 2005; Suess, 2014).
Progressive fluid-rock reactions and pore fluid pressure fluctuations with depth impact large- and
small-scale fault strength, frictional velocity dependence, and slip behavior (e.g., Moore and
Saffer, 2001; Scholz et al., 1998). Deeper still, 5-20% of the fluid is incorporated into the
overlying continental crust and mantle, triggering arc volcanism (Peacock, 2004). Hence, fluids
impact subduction zone processes at all depths and scales (Moore and Vrolijk, 1992).
Importantly, the inverse is also true: tectonic forcing affects fluid pressure and flow at all depths
and scales by mediating pore volume and permeability (Neuzil, 2003). While a complex

interweaving of fluid and mechanical processes has long been recognized, the nature, timing, and



efficiency of fluid drainage and thus the spatial distribution of pore pressure at individual
subduction zones remain incompletely understood, as do the links between the evolution of pore
pressure and fluid flow with slip behavior.

This dissertation comprises three studies that explore fluid sources, permeability and fluid
migration pathways, and pore fluid pressures in the outer forearc of two subduction margins: the
Hikurangi margin, offshore of New Zealand, and the central Cascadia margin, offshore of
western North America. Using visual, geophysical, and chiefly geochemical methods, these
studies serve to advance our understanding of the interrelationship between mechanical and

hydrogeologic processes in subduction zones.

Seafloor seeps

Figure 1.1. Diagram of a shallow subduction zone highlighting slip domains and fluid expulsion.
Adapted from Bartlow et al., (2021); Bilek and Lay, (2002); Saffer and Tobin, (2011).

1.2  BACKGROUND: HYDROGEOLOGY OF SUBDUCTION ZONE OUTER FOREARCS

The volume of pore water and chemically bound water entering subduction zones is
dependent on the thickness and composition of incoming sediments, the geothermal gradient, and
the hydration state of the oceanic crust (e.g., Kastner et al., 1991; Peacock, 2004). Tectonic

compression and rapid burial beneath the overlying wedge expel sediment pore water via



porosity reduction. Consolidation decreases with increasing depth such that this process is the
dominant fluid source in the upper 5-7 km (Moore and Vrolijk, 1992; Moore and Saffer, 2001;
Saffer and Tobin, 2011). As temperature and pressure increase with depth, chemically bound
water is released as hydrous minerals are dehydrated. The largest dehydration-derived shallow
fluid source in most subduction zones is the transition from smectite to illite, which reaches peak
fluid production at 60 — 150 °C (e.g., Pytte and Reynolds, 1989; Kastner et al., 1991), producing
fluid in proportion to the amount of smectite present. The transformation from Opal-A to quartz
constitutes an additional shallow source, reaching completion by 100 °C (Behl and Garrison,
1994). Farther landward, metamorphic dehydration of mafic and metasedimentary rocks (e.g.,
breakdown of lawsonite and chlorite minerals in basaltic crust; metapelite dehydration), followed
by ultramafic rocks (e.g., serpentinized mantle) at even higher temperatures and pressures,
provide additional fluid inputs deep within the system (e.g., Condit et al., 2020; Fagereng et al.,
2018; Stern, 2002).

To reach the seafloor, fluids sourced from porosity reduction and mineral dehydration
traverse the wedge via diffuse intragranular flow and via focused flow along permeable conduits
(e.g., Carson and Screaton, 1998; Moore and Vrolijk, 1992). Diffuse flow through low-
permeability wedge sediments is slow and pervasive, without significant seafloor expression.
Fault zones, permeable sediment strata (e.g., uncemented sands), and the underlying basement
are often characterized by higher permeabilities and can host focused fluid transport at higher
rates (e.g., Lauer and Saffer, 2012; Solomon et al., 2009; Sun et al., 2020). Seafloor seeps are the
surface expression of focused fluid migration from depth, often characterized by the presence of
benthic macrofaunal and microbial communities, acoustic signatures (water column bubble

plumes, high seafloor backscatter), authigenic mineral assemblages (carbonate, barite), gas



hydrate reservoirs, and geochemical and heat flow anomalies (e.g., Levin, 2005; Suess, 2014).
Seeps often coincide with faults that extend to the plate boundary and have been found to expel
fluids sourced from the deep wedge, along the megathrust, and within the underthrust sediments
(Fig. 1.1). Thrust faults, including the megathrust itself (e.g., Silver et al., 2000; Solomon et al.,
2009), normal faults (e.g., Ranero et al., 2008), and strike slip faults (e.g., Tobin et al., 1993;
Philip et al., 2023) have all been documented to efficiently transport fluid from depth to the
seafloor. The importance of focused flow along different conduits varies between subduction
zones; drainage along the megathrust is thought to be more important at accretionary margins,
while upper plate normal faults may host more fluid flow at non-accretionary margins (Kastner
et al., 2014; Saffer and Tobin, 2011; Ranero et al., 2008).

Suprahydrostatic pore fluid pressures (overpressures) develop when fluid production
outpaces diffuse and focused fluid drainage. Fine-grained wedge and underthrust sediments have
low permeability, which is reduced further by physical compaction and chemical cementation
(e.g., Spinelli et al., 2004). Hence, near-lithostatic fluid pressures can build as sediments are
compacted and dehydrated while efficient drainage is impeded by low permeability conditions
(e.g., Neuzil, 1995). Evidence for elevated pore fluid pressures along the megathrust and within
surrounding sediments comes from direct and indirect observations as well as numerical models.
Measurements and long-term monitoring at boreholes exhibit transient elevated pressures (e.g.,
Davis et al., 2023 and references therein). Active mud volcanism at the seafloor on subduction
zone forearcs (e.g., Kopf 2002) and extensional veining in exhumed subduction thrust
assemblages (e.g., Fagereng et al., 2018) provide further evidence of locally enhanced fluid
pressures. Geophysical observations of high-amplitude, negative-polarity reflections (e.g.,

Ranero et al., 2008; Bangs et al., 2009; Bell et al., 2010), zones of low P-wave velocity and high



6
Vp/Vs (e.g., Eberhart-Philips and Bannister, 2015; Park et al., 2010; Yarce et al., 2021), and high

conductivity/low resistivity data (Chesley et al., 2021; Heise et al., 2017) have been interpreted
as abundant fluid content or elevated fluid pressure. Further, calculations of porosity, fluid
pressure and effective stress from seismic velocity structure indicate elevated pore pressure
(Arnulf et al., 2021; Kitajima and Saffer 2012; Tobin and Saffer 2009). Hydrologic modeling
(Lauer and Saffer, 2012; Ellis et al., 2015; Sun et al, 2020) also predicts high pore pressures
when the permeability of fault zones (and therefore efficient drainage) is limited.

The occurrence of pore fluid overpressures has long been known to reduce normal
stresses to effective values, where effective normal stress is the applied normal stress minus the
pore fluid pressure (e.g., Rice and Cleary, 1976). This in turn reduces the frictional shear strength
of fault zones, i.e., the critical value of shear stress required to initiate slippage is reduced as
fluid pressures increase (Hubbert and Rubey, 1959). Elevated pore fluid pressures also impact
the sliding stability of faults; the reduction of effective normal stress may promote a
conditionally stable (rather than unstable) frictional regime (Scholz, 1998). Thus, the spatial
variability of fluid overpressure has frequently been invoked to explain changes in slip behavior
with depth on megathrust faults (e.g., Moore and Saffer, 2001; Saffer and Tobin, 2011). On the
shallow megathrust, it is hypothesized that overpressures prevent stick-slip behavior and instead
promote aseismic slow slip, very low frequency earthquakes (VLFE), and tremor (e.g., Tobin
and Saffer, 2009; Kitajima and Saffer, 2012). Decreased fluid abundance and increased effective
stress with depth may then play a primary role in the transition from shallow aseismic to deeper
seismic deformation (Ranero et al., 2008; Saffer and Tobin 2011; Fig. 1.1).

Given that measurements of fluid flow and fluid pressure conditions are relatively rare

and often temporally static, the role of fluid pressure variations over time in the earthquake cycle
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remains poorly constrained. It has been suggested that the transient accumulation and release of
fluid pressure help govern slip nucleation and recurrence (Sibson, 1990). In a process referred to
as “fault-valving,” shear failure brought on by the accumulation of shear stress and/or fluid
pressure temporarily increases fault permeability and opens fluid migration pathways (Sibson
1990). As a result, fluid discharge is enhanced and fluid pressures reduced until the fault reseals
and fluid pressures begin to re-accumulate. When overpressures are restored, the next failure
episode can occur (Sibson and Rowland 2003). Classic evidence of transient changes in
permeability and fluid flow along fault zones includes observations of changes in groundwater
level and surface discharge following earthquakes (e.g., Roeloffs, 1996), structural and mineral
textures along faults that indicate episodic cracking and healing (e.g., Hickman 1995), and
observations of rapid seepage that require either focusing of fluid from a large area or transient
fluid storage and release (e.g., Bekins and Screaton, 2007; Saffer and Bekins, 1998). More
recently, long-term borehole monitoring has shown that flow rate and geochemical transients
correlate with slip events (Solomon et al., 2009), and several lines of geophysical evidence
including the evolution of earthquake focal mechanisms (Warren-Smith et al., 2019), Vp/Vs and
shear wave splitting delay times (Zal et al., 2020), and repeating earthquakes (Shaddox &
Schwartz, 2019) through the slip cycle support this model.

In addition to the impact of pore fluid pressure on effective stress and therefore fault
strength and stability, fluids and fluid-rock reactions also influence the physical and mechanical
properties of solids with implications for fault strength and stability (e.g., Hickman et al., 1995).
Fluid-assisted cementation, hydrothermal alteration, and gas hydrate formation may rapidly and
significantly reduce porosity and permeability along faults (e.g., Brantley et al., 1990; Saishu et

al., 2017). In general, porosity reduction and cementation are thought to increase fault strength



and promote velocity-weakening behavior (i.e., frictional resistance decreases with increasing
slip rate), encouraging stick-slip style deformation (Moore and Saffer, 2001; Scholz, 1998).
These processes are also likely to generate pressure seals, an essential component of the fault-
valve model (Sibson, 1990). Likewise, mineralogical changes resulting from fluid-rock reactions
can impact fault strength (e.g., when strong feldspars are replaced by weak phyllosilicates;
Wintsch et al., 1995) and stability (e.g., the replacement of clays with zeolites, carbonate, and
quartz may promote velocity-weakening behavior; Moore and Saffer, 2001).

In summary, fault zone hydrogeologic and mechanical processes are intimately linked.
Porosity and permeability, fault strength, and deformation style are dynamic properties that
evolve with mineral assemblage, displacement, stress state, and pore fluid pressure, and thus
evolve with depth and over time. Hence, knowledge of the hydrogeologic conditions of the plate
boundary and surrounding sediments, namely the fluid inputs, permeability and fluid migration
pathways, fluid flow rates, and pore fluid pressures, is required to better understand and predict

the timing and nature of fault slip at subduction zones.

1.3  METHODS: ASSESSING FLUID SOURCES AND FLOW RATES USING PORE

WATER GEOCHEMISTRY

The chemical and isotopic composition of the upwelling pore water in subduction zone
forearcs is often distinct from seawater (e.g., Kastner et al., 1991; 2014). While shallow,
compaction-derived pore fluids are of seawater origin, chemical reactions, solute diffusion along
concentration gradients, advection along pressure gradients, and mixing with fluids of other
sources (e.g., dehydration-derived fluids) alter their nature and composition during early

diagenesis (e.g., Berner, 1980). Proceeding over time and with increasing depth, these processes
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produce chemical and isotopic signatures indicative of the origin, transport path, and rate of flow
of fluids. Pore fluid chemistry provides direct information on fluid sources and fluid flow rates,
which in turn can be used to infer the permeability architecture, fluid drainage efficiency, and the
development of pore fluid overpressure in subduction zone forearcs.

Common techniques for sampling sediments include conventional gravity- and piston-
coring of the upper ~15 m of the sediment column, directed push coring using a remotely
operated vehicle, and deep core recovery during scientific ocean drilling. Pore fluids are
extracted from sediment cores by squeezing (e.g., Reeburgh, 1967), Rhizon sampling (e.g.,
Seeberg-Elverfeldt et al., 2005), or centrifugation (e.g., Schulz et al., 1994); the method chosen
depends on analytes of interest, volume of pore water required, porosity/permeability of the
sediment, and financial budget (e.g., Schulz and Zabel, 2006). Sampling of pore fluids is also
accomplished using osmotic pumps in borehole hydrologic observatories (OsmoSamplers;
Jannasch et al., 2004; Wheat et al., 2003; Solomon et al., 2009) and seafloor fluid flow meters
(Solomon et al., 2008, Tryon et al., 2001), using peepers (Hesslein, 1976), and using Isobaric
Gas Tight (IGT) and Major samplers (Seewald et al., 2001; von Damm et al., 1985). Successful
recovery of fluid samples using these and other techniques, followed by proper storage and
careful laboratory analysis, allows for the determination of the composition of the pore fluid and
inferences of fluid sources and migration pathways. Subsequently, reactive-transport modeling of
fluid compositions with depth (e.g., from sediment core samples) or tracer concentrations over
time (e.g., from fluid flow meter samples), allows for quantification of fluid flow rates. The
primary considerations of these two undertakings (inference of fluid sources and flow pathways,

and estimation of fluid flow rates) are summarized in the remainder of this section.
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The breakdown (i.e., catabolism) and oxidation of sedimentary organic matter by marine
microbes cause early and clear changes in the pore water chemistry (e.g., Berner, 1980; Burdige,
2006; Froelich et al., 1979). High biological activity in the overlying water, terrigenous input of
particulate organic carbon, and relatively shallow water depths result in rapid accumulation of
organic-rich sediments on continental margins (e.g., Hedges and Keil, 1995). To metabolize this
organic matter, oxidants are used in a sequential order corresponding to redox potential and thus
energy efficiency, resulting in a depth zonation of reactions (termed the “redox ladder”), and
characteristic pore water changes (e.g., Burdige, 1993; Froelich et al., 1979; McKinney and
Conway, 1957). First, aerobic respiration (oxidation of organic matter by dissolved O;), which
yields the most free energy, consumes oxygen and produces CO». Once oxygen is depleted,
denitrification, followed by Mn(IV) and Fe(III) reduction, and sulfate (SO4%") reduction occur in
the suboxic and anoxic zones (Froelich et al., 1979; Burdige, 2006). Along with reduced metals
and sulfur species, this series of reactions releases bicarbonate into the pore water, increasing
alkalinity. Below the zone of sulfate reduction, organic matter is consumed as isotopically-light
methane is produced via CO; reduction and acetate fermentation (e.g., Claypool and Kaplan,
1974). Between the sulfate-reducing zone and methanogenic zone, methane migrating upward is
removed via the anerobic oxidation of methane (AOM) in the sulfate-methane transition zone
(SMTZ), resulting in the formation of sulfide and bicarbonate and a dissolved inorganic carbon
pool depleted in *C (e.g., Boetius et al., 2000; Iversen and Jergensen, 1985).

Further pore water alteration results from indirect consequences of the above
biogeochemical reactions. The production of alkalinity during sulfate reduction (including both
sulfate reduction of organic matter and AOM), leads to the precipitation of authigenic calcium

carbonate phases (e.g., Suess, 1979). Carbonate mineral precipitation removes calcium and
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alkalinity from the pore water, as well as Mg, Sr, Mn, Fe, which can substitute for Ca in the
mineral structure (e.g., Fantle et al., 2020). The depletion of sulfate results in the undersaturation
and dissolution of barite, releasing Ba into the pore water; reprecipitation of barite then occurs
when upward-migrating pore water encounters sulfate-rich fluids (e.g., Solomon and Kastner,
2012; Torres et al., 1996a; 1996b). Weathering of reactive silicates (ash and continentally-
derived material) is enhanced below the SMTZ by the excess CO> generated during
methanogenesis (e.g., Wallmann et al., 2008; Solomon et al., 2014; Torres et al., 2020). Silicate
weathering produces dissolved cations (e.g., Si, Ca, K, Sr, Mg) and alkalinity, influencing

the 8’Sr/%¢Sr of the pore water, buffering the pH, and enabling carbonate precipitation and burial
(Solomon et al., 2014; Torres et al., 2020). Under specific temperature and pressure conditions,
methane produced below the SMTZ can form hydrate (a crystalline solid comprising water and
gas), preferentially taking up heavy isotopes of oxygen and hydrogen. As such, the dissociation
of methane hydrate either in situ or upon sample recovery, releases fresh water, resulting in
negative pore water solute excursions and enrichment in '#0 and deuterium (e.g., Hesse and
Harrison, 1981).

With increasing depth, fluid-rock (fluid-sediment) interactions at high temperatures and
pressures continue to make the pore water chemically and isotopically more “exotic” (Kastner et
al., 2014). In response to changing conditions (e.g., temperature, pH, dissolved ion
concentrations) cations that occupy the interlayer spaces of clay minerals (e.g., B and Li) can
exchange with those in solution (e.g., Burdige, 2006). Similarly, cations adsorbed to the charged
surfaces of clays can desorb and exchange, acting as a source or sink to the pore water. The
recrystallization (dissolution and reprecipitation of a mineral towards a more stable polymorph)

of biogenic and authigenic carbonates takes up Mg, Mn, and Fe while releasing Sr (Fantle et al.,
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2020; Walter et al., 1993). Fresh water is added to the pore water when opal-A transforms to
opal-CT and quartz (Kastner et al., 1977; 1991). Greater volumes of dehydration-derived fluids
are added to the pore water when hydrous clays (especially smectite) are transformed and lose
interlayer water (e.g., Moore and Vrolijk, 1992). Tell-tale signatures of these transformations
include diluted pore water Cl, decreased 8D and increased 8'%0, decreased K, elevated Si, and
enrichment in elements that were sorbed in the interlayer space (e.g., B and Li) (e.g., Kastner et
al., 1991; 2014). Signatures of fluid interaction with and alteration of upper oceanic crust include
elevated Ca and low (non-radiogenic) ’Sr/%Sr (e.g., Elderfield et al., 1999; Teichert et al.,
2005). Thermogenic methane and higher molecular weight hydrocarbons (e.g., ethane, propane,
butane) form at high temperatures and are added to upwelling fluids (e.g., Bernard et al., 1977,
Milkov and Etiope, 2018). In general, the following characteristics are typical of deeply-sourced
fluids (Kastner et al., 2014): low Cl and K, high Si, B, and Li, the presence of thermogenic
hydrocarbons, and anticorrelated oxygen and hydrogen isotope ratios.

The diagenetic reactions described above uniquely alter the composition of pore fluids,
imparting chemical and isotopic signatures indicative of the fluid source (i.e., depth and
temperature of formation) and transport path (i.e., subsequent changes experienced) from depth
to the site of sampling. Additionally, changes in fluid chemistry brought on by early diagenesis
provide a means to quantify fluid flow rates. Changes in solute concentration observed with
depth and over time are a function of advection, diffusion, and reaction. Thus, if two of these
components are known or well parameterized, the other can be estimated analytically or modeled
numerically (e.g., Boudreau, 1997). Modeling of fluid flow rates is easiest for an unreactive
solute (e.g., Cl or an unreactive tracer added to the system) where diffusion rate is calculated as a

function of temperature, solute, and tortuosity, and reaction is set to zero. When reaction is non-
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zero, its rate can be classified according to a first- or higher-order rate law (e.g., Berner, 1964;
Boudreau, 1997) so that advection is the free parameter. Independent measurements of fluid flow
rate (e.g., from modeling of heat flow data, tracking bubbles and particles expelled at seeps, and
using fluid flow meters) supplement and verify rates estimated by advection-diffusion modeling
(e.g., Hutnak et al., 2008; Rona and Trivett, 1992; Solomon et al., 2008).

Fluid flow rate estimates within fault intervals in boreholes and at fault-hosted seafloor
seeps reflect fault zone permeability and pressure gradients, and thus are central to understanding
and quantifying fluid budgets and the distribution of overpressures in subduction zones. In
addition, at diffuse sites, fluid flow rates can serve as indicators of secular strain, providing
constraints on offshore interplate coupling which is essential for the assessment of seismic and
tsunami hazards. Long-term flow rate measurements reveal both background flow conditions and
can record the hydrologic response to deformation, informing on the evolution of fault zone
permeability, fluid pressure conditions, and the overall state of strain in the outer forearc (e.g.,
Brown et al., 2005). Hence, along with knowledge of fluid sources, measurements of flow rate at
focused and diffuse sites are essential to make broad-scale inferences on hydrogeologic

conditions, calculate fluid and solute fluxes, and constrain water budgets.

1.4  DISSERTATION SUMMARY

This dissertation comprises three studies in which pore fluid chemical compositions and
fluid flow rates are reported and interpreted in the context of broad-scale subduction zone
processes. The three studies are briefly summarized below.

Chapter 2 reports on pore water from sediment cores and heat flow determinations at seep

sites on the slope of the northern and southern Hikurangi margin, offshore of New Zealand. The
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primary results are that fluid flow rates and heat flow are relatively low, and that seep fluid
compositions are indicative of shallow, compactive sources. Hence, no evidence of appreciable
drainage of the plate boundary or underthrust section along fault zones is observed. These
observations suggest that fault zones from the deformation front to the upper slope are relatively
impermeable at depth. As a result, fluids may remain trapped at depth, causing high pore
pressures along the plate boundary, reducing effective stress and likely influencing the
occurrence of slow slip.

Chapter 3 documents the hydrologic response to a large slow slip event (SSE) that
occurred at the northern Hikurangi margin in early 2019 using continuous records of fluid flow
rate collected via benthic fluid flow meters over a 2-year period. The first order results of this
study are that net flow polarity varies across strike, and that transient flow pulses temporally
correlate with the SSE. Net seafloor fluid flow rates suggest contrasting secular strain across
strike: dilatational on the lower-slope and compressional on the mid-slope. These observations
are consistent with slip on the shallow megathrust and locking in the slow slip source region in
the inter-SSE period. Downward flow rate transients at diffuse sites on the lower-slope during
the SSE may indicate shallow slip propagates along a splay fault or could result from seamount
subduction. At focused flow sites, transients reflect non-tectonic seep processes and possibly
shallow permeability changes, but convincing evidence of wide-spread fault-valving or transport
of deeply-sourced fluids to the seafloor during the monitored period is not observed.

Chapter 4 presents a detailed investigation of fluid chemistry and heat flow at Pythia’s
Oasis Seep on the Cascadia margin. Results confirm persistent, rapid drainage of highly altered
fluids at two emission sites within the seep area. The chemical composition of the venting fluids

indicate a component of the fluid is sourced from within the subducting sediment section below
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the megathrust ( >4 km below seafloor) at temperatures of ~170-250 °C. Sustained, rapid fluid

discharge at Pythia’s Oasis is most likely permitted by a combination of poor drainage (and
resulting elevated pore pressures) beneath the outer wedge, and a highly permeable and
interconnected strike slip fault (the Alvin Canyon Fault, ACF) funneling fluid from a large area
vertically and along strike. These hydrogeologic conditions may play an important role in the
regulation of pore fluid pressure and effective stress across and along strike, and thus may have
broad impacts on margin structure and megathrust locking. Long-distance fluid flow along the
ACEF in the mid-slope region of the Cascadia margin also results in significant fluxes of B, Li, Sr
Ca, Si, Mn, and Fe at Pythia’s Oasis. Particularly, the B and Sr fluxes at Pythia’s Oasis rival
those at high-temperature hydrothermal vents and low-temperature ridge-flank hydrothermal
sites. If similar high-volume seeps exist in Cascadia and elsewhere, the transfer of fluids to the

ocean through seafloor seeps may influence marine geochemical cycles.
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Chapter 2. GEOCHEMICAL AND THERMAL CONSTRAINTS ON

THE HIKURANGI SUBDUCTION ZONE
HYDROGEOLOGIC SYSTEM AND ITS ROLE IN
SLOW SLIP

This chapter is modified from the version submitted to Geochemistry, Geophysics, Geosystems in
July 2024 (revised in December 2024) with the following author list:

I. Aylward, E. A. Solomon, M. E. Torres, R. N. Harris

2.1 ABSTRACT

Fluid generation and migration regulate the development of pore fluid pressure, which is
hypothesized to influence the occurrence of slow slip events at subduction zones. Seafloor seep
sites present the opportunity to directly sample fluids flowing through the accretionary wedge
and assess the hydrogeologic conditions of the outer forearc. We present heat flow measurements
and pore water geochemistry from sediment cores collected at fault-hosted seep sites on the
southern and northern Hikurangi margin, offshore the North Island of New Zealand. These
measurements span the deformation front to the shelf break. Along the northern margin, heat
flow data do not show anomalies that can be obviously attributed to the discharge of warm
fluids. Pore fluid compositions indicate that seep fluids originate from compaction within the
uppermost wedge. Reactive-transport modeling of pore water solute profiles produces fluid flow
rate estimates < 2 cm/yr. Shallow fluid sources and low discharge rates at offshore fault-hosted
seeps suggest that the sampled fault zones are characterized by low permeability at depth,
preventing efficient drainage of the megathrust and underthrust sediments to the seafloor. These
results provide additional evidence that the northern Hikurangi margin plate boundary is

associated with high pore fluid pressures that likely act as a control on slow slip activity.
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2.2  PLAIN LANGUAGE SUMMARY

Subduction zone faults can produce devastating earthquakes and tsunamis when tectonic
plates slip quickly past one another. The plate boundary (sometimes called the megathrust) can
also slip slowly without generating seismic shaking during slow slip events. The magnitude of
pore fluid pressure along the megathrust and in the surrounding sediments, controlled in part by
the ability or inability of fluids to drain from the megathrust zone, is thought to impact the
occurrence of fast versus slow slip. We investigate fluid drainage along the Hikurangi subduction
zone offshore of New Zealand by sampling seafloor seeps, locations where fluids channeled
along fault zones are expelled at the seafloor. Our heat flow and pore fluid geochemistry results
suggest that fluids expelled at the sampled seeps are sourced from shallow sediment depths and
are discharging at relatively low rates. We find no evidence that fault zones offshore of the
southern and northern Hikurangi margin allow efficient drainage of fluids from deep within the
subduction zone to the seafloor. These results support the hypothesis that high pore fluid
pressures exist along the megathrust and in surrounding sediments, likely influencing the timing

and style of fault slip.

2.3  INTRODUCTION

Geodetic and seismological observations at subduction zones over the last few decades
have revealed a range of modes by which stress is released on the plate boundary, including
episodic slow slip events (SSEs). SSEs occur at rates intermediate between fast, seismic slip that
generates earthquakes (centimeters to meters per second) and aseismic creep at plate motion
rates (centimeters per year) (e.g., Dragert et al., 2001; Hirose et al., 1999; Peng & Gomberg,

2010; Sacks et al., 1978; Schwartz & Rokosky, 2007). Offshore the east coast of New Zealand’s
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North Island, where the Pacific plate subducts beneath the Australian plate, the Hikurangi
subduction zone (HSZ) hosts frequent, well-studied SSEs (Wallace, 2020 and references
therein). The southern Hikurangi margin is characterized by deep (>30 km), long (>1 year),
infrequent SSEs (every ~5 years) that occur at the thermally-controlled down-dip transition from
brittle to ductile behavior (McCaffrey et al., 2008; Wallace, 2020). In contrast, the northern
margin exhibits shallow (<15 km), short (<~1 month), frequent events (every 1-2 years)
(Wallace, 2020). It is hypothesized that shallow SSEs in the northern HSZ are enabled by
conditional fault zone stability arising from low effective normal stress linked to elevated pore
fluid pressure (e.g., Bangs et al., 2023; Bell et al., 2010; Gase et al., 2023; Saffer & Wallace,
2015; Warren-Smith et al., 2019). Thus, characterizing the pore fluid pressure distribution in the
source region of slow slip is recognized as an important step toward understanding SSEs and
subduction zone fault behavior (e.g., Arnulf et al., 2021; Bell et al., 2010; Ellis et al., 2015; Sun
et al., 2020a).

The development of pore fluid pressure in marine sediments is regulated by the balance
of fluid sources (inputs) and fluid flow (outputs). Pore fluid overpressure (i.e., pore fluid pressure
in excess of hydrostatic pressure) is common in subduction zones due to rapid mechanical
loading of sediment and the release of mineral bound water that outpace drainage through low
permeability matrix sediments (e.g., Ellis et al., 2015; Gamage & Screaton, 2006; Ranero et al.,
2008; Sun et al., 2020a). Elevated pore fluid pressure reduces effective normal stress, which in
turn reduces fault strength and can promote conditions favorable for slow slip. However, the
plate boundary and faults within the forearc often exhibit higher permeability than the matrix
sediments, thereby providing pathways for focused fluid flow and drainage of both underthrust

and wedge sediments (e.g., Moore et al., 1991; Moore & Vrolijk, 1992; Saffer & Tobin, 2011).
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Drainage of fluids along fault zones relieves overpressure, leading to an increase in effective
stress and fault strength, which can promote stick-slip behavior. Thus, the pore pressure
distribution, and its contribution to fault strength and stability, along the plate boundary are
dictated by fluid sources and the permeability of the plate boundary and wedge, i.e., the ability of
faults to support appreciable rates of fluid flow (e.g., Lauer & Saffer, 2012; Saffer & Bekins,
1998; Sun et al., 2020a).

Seep sites on the outer forearc of subduction zones often coincide with faults that extend
to the plate boundary (Kluesner et al., 2013; Park et al., 2002; Watson et al., 2020), and as such,
are potential sites of fluid discharge from within the wedge and along the megathrust (Hensen et
al., 2004; Martin et al., 1996; Mottl et al., 2004; Philip et al., 2023; Ranero et al., 2008; Tryon et
al., 2010). Deeply-sourced fluids have compositions that are distinct from seawater as a result of
diagenetic reactions that proceed with increasing temperature and pressure (Kastner et al., 2014).
These reactions uniquely change the fluid composition, providing a signature that is often
maintained during transport from depth to expulsion at seafloor seeps. In this way,
concentrations of various solutes in seep fluids are indicative of the temperature/pressure regime
from which the fluid was sourced, providing information on the region of the subduction zone
that is actively draining. Further, numerical modeling of seep pore water solute profiles yields
field-based fluid flow rate estimates that can be compared to margin-scale model predictions and
can indicate the efficiency of fluid drainage along fault zones. Together, the source and
expulsion rate of fault-hosted seep fluids serve as valuable indicators of the permeability of fault
zones and pore fluid pressure at depth.

Here we present the results of a systematic and comprehensive field campaign that

includes 90 heat flow measurements and sampling of pore fluids from 33 piston, gravity, and
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push cores spanning the deformation front to the upper slope at the southern and northern HSZ.
We determine heat flow, fluid flow rates, and fluid compositions at seafloor seeps associated
with faults to better understand the permeability architecture of the forearc and make inferences

of the pore fluid pressure conditions in the region of shallow slow slip at the northern HSZ.
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Figure 2.1. Regional and site-specific maps with coring and heat flow locations.
(a) Regional map of New Zealand's North Island. Black saw-toothed line shows
deformation front. (b)(c) Locations of all collected cores, heat flow measurements using
3.5-m probe, and IODP Sites U1518, U1519 and U1520. 500-m bathymetric contours are
labeled. (d) Zoom-in of the sites, 33 cores, and 90 heat flow measurements that are the
focus of this study. Color-bars show bathymetry (km).
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2.4  METHODS

24.1 Sample collection

During the 38-day SAFFRONZ (Slow-slip and Fluid Flow Response Offshore New
Zealand) expedition on the R/V Revelle in early 2019 (RR1901/RR1902), we investigated 14
sites spanning from the deformation front to the upper slope offshore of the southern and
northern Hikurangi margin (Fig. 2.1). Site selection was guided by the known distribution of
seepage indicators described in Watson et al. (2020). Hydroacoustic surveys for bubble plume
detection, collection of 90 heat flow measurements, and seafloor surveys using the remotely
operated vehicle (ROV) Jason during the 2019 expedition further refined our coring locations.
We specifically targeted fault-hosted sites of fluid emission, i.e., seafloor seeps located at the up-
dip projections of fault zones or on seafloor ridges marking the hanging-walls of thrust systems
(Fig. 2.2). Two piston cores, 58 gravity cores, and 19 push cores were collected for pore water

geochemistry.
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Figure 2.2. Heat flow and fluid flow rate results projected above conceptualized cross sections.
Conceptualized cross sections of (a) the northern Hikurangi margin, based on Watson et
al. (2020) and (b) the southern Hikurangi margin, based on the interpretations of seismic
line SAHKE-01 by Bland et al. (2015). Approximate locations of our study sites are
projected onto the cross sections, indicated by the dotted lines. Plots of heat flow and
pore water advection rate results are also projected onto the cross sections; Y-axes are
“broken” to show the spread of low advection rates. Thick colored lines in (a) reflect the
four fault geometries used in the diffusive loss modeling (Fig. 2.6). IODP Sites U1518,
U1519, and U1520 are shown as white triangles. Note site locations, depths, and
distances from the deformation front (DF) are approximates.

Heat flow determinations were made using a “violin bow” style multipenetration heat
flow probe at a nominal spacing of about 200 m near seep sites with the goal of locating areas of
warm fluid discharge to guide coring and ROV operations. The probe’s thermistor string is 3.5-m

long and houses 11 thermistors. Once seep sites were targeted, additional heat flow
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determinations were made with either a 0.6-m or 1.0-m probe on the ROV Jason. The ROV
probes house five thermistors and measurement spacing was generally less than ~10 m.
Determinations of heat flow consist of in situ measurements of the thermal gradient and thermal
conductivity. Thermal conductivity was measured at most but not all sites. Where thermal
conductivity was not measured it was estimated from nearby sites. All heat flow data was
processed using software that allows iterative determination of the local thermal gradient and
heat flux, including a Monte Carlo assessment of uncertainties (Villinger & Davis, 1987; Stein &
Fisher, 2001). In total, 118 heat flow measurements were attempted with the 3.5-m probe. Of
these, 90 were successful. Failed measurements were due to the inability of the probe to
penetrate sediments, often attributed to authigenic carbonates at the seafloor.

Piston, gravity, and push cores were collected for pore water geochemical analysis across
14 sites. Piston cores were collected at two sites, averaging 7 m of penetration. Trigger cores
(gravity cores that trigger the release of the piston upon hitting the seafloor) were collected
alongside piston cores to ensure undisturbed samples of the top meter of sediment at those
locations. Gravity cores were collected at all 14 sites, averaging about 3 m of penetration for
successful cores. 101 gravity coring attempts were made, 58 of which were successful. 19 push
cores (average recovery length of 20 cm) were collected at 8 sites using the ROV Jason. After
collection, gravity and piston cores were immediately cut into 10-50 cm sections, capped, and
stored in a cold room until further processing. Within ~24 hours, sediment was extruded at a 5
cm resolution in the top 20 cm of each core, and coarser resolution in deeper sections. Push cores
were either similarly extruded in small sections or pore water was extracted using Rhizon
samplers. During the extrusion process, 3 mL of sediment was collected from select samples

using a cut-off syringe and placed into vials for later analysis of porosity. Extruded sediment
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sections were then squeezed for pore water using Ti squeezers and hydraulic presses. Each
sample was passed through a 0.2 pm syringe filter before being dispensed into bottles and

preserved for a range of post-expedition chemical analyses.

242  Pore water and sediment analyses

Pore water salinity was measured shipboard using an optical hand-held refractometer.
Alkalinity measurements were also conducted shipboard by Gran titration with HCI. Based on
the profiles of alkalinity with depth, 33 cores were selected as representatives of the sites to be
further analyzed on shore. Selected cores include 2 piston cores (JPCO1, JPC02), 1 trigger core
(JPCO1_TC), 3 push cores (prefix ROVPC), and 27 gravity cores (prefix BB). Figure 2.1 shows
the locations of all collected cores with labels only for the 33 cores that are the focus of this
study.

Porosity was measured at the University of Washington (UW) by weighing 3 mL
sediment samples before and after drying in an oven for 24 hours at 80 “C. Pore water chloride
concentrations were analyzed by titration with silver nitrate at UW following the method in
Gieskes et al. (1991). Cl measurements were calibrated daily by comparison with at least 4
repeat analyses of IAPSO standard seawater to a precision of approximately 0.3%; reported
concentrations are based on duplicate measurements of each sample. Concentrations of major
(Ca, Mg, K, Na, S) and minor (B, Li, Sr, Fe, Mn, Si) elements were measured at Oregon State
University using a Spectro Arcos ICP-OES, with samples diluted at 1:100 and 1:25 with a 1%
and 2% nitric acid solution, respectively. Dilutions of ITAPSO were used as calibration standards
for the major elements. In-house standards prepared from certified reference standards were used
for calibration of the minor elements. Analytical precision of major element analyses was <3%.

Precision of B, Li, Fe, and Mn were <5%, and precision of Sr and Si were <6%. Sulfate was
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measured at UW using a Perkin Elmer ICP-OES with IAPSO as the calibration standard. Sulfate

analyses were only conducted for 6 sediment cores due to improper sample preservation;
analytical precision was generally <5%. Ammonium was analyzed colorimetrically at UW
following the method in Gieskes et al. (1991). Ammonium measurements were calibrated daily
against a series of dilutions of an in-house solution prepared from certified ammonium chloride
standard; analytical precision was <5% based on replicate analyses of a check standard.

Analytical methods and results are included in (Aylward et al., 2024).

243  Reactive transport modeling

We estimate in situ reaction rates and fluid advection rates using a one-dimensional
finite-difference model that solves the transient advection-diffusion equation run to steady-state

(Berg, 2018),

ac _ d ac

= =2 Dy 5| — - [(pb +¢v)C] £ $R, 2.1)
where C is solute concentration, t is time, z is depth, Dy is the sediment diffusion coefficient, ¢
is porosity, b is pore water burial rate, v is fluid advection rate, and R is the sum of the rates of in
situ reactions.

Diffusion coefficients are calculated based on a reference diffusivity adjusted for
temperature (T), salinity (S), and tortuosity (82). We use the Stokes-Einstein relationship to

calculate molecular diffusion coefficients,

o= () (&) @), e

u

where (T, S) is the fluid dynamic viscosity as a function of temperature and salinity, and p,. is

the viscosity at the reference temperature and salinity calculated following Sharqawy et al.
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(2010). D, is the reference diffusion coefficient at the reference temperature, T, (Li & Gregory,
1974). The sediment diffusion coefficient is then,
D, = (l;—’;) 2.3)

where sediment tortuosity is calculated from porosity (¢) as (Boudreau, 1997),

0% =1 — In(¢?). (2.4)

We estimate advection rates by modeling NH4 profiles. Ammonium concentrations
increase within our cored depth range and do not reach an asymptotic value, so we use NHs4
profiles from International Ocean Discovery Program (IODP) Sites U1518 and U1519 (locations
shown in Fig. 2.1b, 2.2a) to represent background, non-seep conditions without fluid advection
(v=0). At these sites, we estimate zoned NHy reaction rates (R in Eqn. 2.1) with depth from the
seafloor (NHs = 0 uM) through the upper sediments. Model input parameters (Table A1) include
NHj4 concentrations, porosity, and temperature gradients at U1518 and U1519 from Wallace et
al. (2019) and sedimentation rates from Crundwell and Woodhouse (2022). Fixing the reaction
rate profiles, we can then model NH4 profiles at a range of advection rates. Advection rates for
our cores are then estimated by finding the best fit between our measured pore water NHy
profiles with the advection models generated at the drilling sites. For both the northern and
southern margin, Site U519 is used as the reference site for cores taken on the mid- to upper-
slope, and U1518 as the reference site for cores taken closer to the deformation front. This
modeling assumes the U1518 and U1519 NH4 profiles are representative of the bottom boundary
concentrations and that in situ NH4 reaction rates at the reference locations are applicable to the
shallow section of seep sediments.
In addition, we estimate the solute concentration change due to diffusion during fluid

transport along faults by sequentially implementing the two-dimensional model of Vasseur et al.
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(1993). We first solve for temperature to compute the sediment diffusion coefficient and then
solve for solute concentration. The model consists of a thin, permeable, and dipping fault that
traverses a homogenous impermeable medium with a specified flow rate. Fluid is assumed to
enter the base of the fault at the ambient temperature given by,

T=Tz+ Ty, (2.5)
where I is the undisturbed thermal gradient, z is depth, and T is the bottom water temperature.
This fluid then flows upward along the fault at a specified flow rate (q), moving heat from the
downdip portion of the fault and warming the updip portion of the fault. The temperature

disturbance (AT) due to fluid flow along the fault is (Vasseur et al., 1993),

AT(X) _ Pe I tan(¢) lh(x) _ ho (&)Petan((p)l, (26)

1— Pe tan(¢p) h(x)

where x is the horizontal distance, h, is the depth to the base of the fault at x = 0, h(x) is the
along-fault depth, ¢ is the fault dip, and Pe is the Peclet number. The Peclet number is the ratio

of the advective and diffusive flow rates,

Pe = % (2.7)

where q is the flow rate, A is thermal conductivity, and py and ¢ are the fluid density and
specific heat, respectively, calculated as a function of pressure and temperature (Nayar et al.,

2016; Shargawy et al., 2010). The background temperature field is given by,

e (2.8)

a\dx2 ' 922
where a is the thermal diffusivity, and x and z are the horizontal and depth dimensions,
respectively. The sides of the model are held constant at the ambient temperature (Eqn. 2.5).
Temperature along the fault is then given by,

Trque =T + 4T, (2.9)



29

and Equation 2.8 is solved by substituting Tfqq,;¢ for grid nodes along the fault.
With temperatures in hand, the sediment diffusion coefficient (Eqn. 2.3) is known. We

repeat the procedure, solving Equation 2.6 for solute concentration disturbance (4C) instead of

AT, replacing Pe = E, and solving Equation 2.8 by replacing a with Dy and T with C, the solute
p g Dy g Bq y rep g

concentration. The background concentration gradient between the surface and the base of the

fault is given by,

I, = fhase— o (2.10)

zZ

Where Cp, 4, 1s the solute concentration at the base of the fault, C, is the bottom water solute

concentration, and z is depth. The sides of the model are set to C = I,z + Cj,.

2.5 RESULTS AND DISCUSSION

2.5.1  Heat flow

ROV determinations of heat flow show significantly higher values than those determined
from the 3.5-m probe, but these high values appear to be associated with recent bottom water
temperature variations. Because the ROV probes are relatively short, compared to the
multipenetration probe, they are more susceptible to perturbations from recent bottom water
temperature variations. Differences in mean heat flow values between the 3.5-m probe (mean
value of 44 mW m) and 0.6-m probe (mean value of 238 mW m) are consistent with a change
in bottom water temperature of about 0.3 “C over a couple of weeks prior to our measurements.
Although no long-term records of bottom water temperature at our study sites exist, temperature
changes of this magnitude were observed during the 2014-2015 Hikurangi Ocean Bottom
Investigation of Tremor and Slow Slip (HOBITSS) seafloor geodesy campaign (Wallace et al.,

2016) at a water depth of 2.4 km along the northern margin. These inferences lead us to believe
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the ROV probe measurements are not suitable for detecting upward fluid advection and we do
not discuss them further.

The locations and results of successful heat flow determinations using the 3.5-m probe
are shown in Figures 2.1 and 2.2. Complete heat flow transects using the 3.5-m probe are shown
in Figures A1-A6. The mean and standard deviation for these heat flow measurements are 44
and 17 mW m, respectively. Sites IN and HFA_N (Fig. A1 and A2) targeted splay faults near
the toe of the forearc in the northern margin. Heat flow results at these sites are generally low
and inconsistent with warm fluid discharge, but a relatively high heat flow value was determined
at Site HFA N near kilometer 4 of the eastern profile (Fig. A2). However, no seep is associated
with this site; 3 ROV seafloor surveys and 6 cores during the 2019 expedition, as well as a
subsequent deployment of a fluid flow meter (Aylward et al., 2023) do not reveal active seepage
at site HFA N. A possible explanation for this single anomalous value is slumping associated
with deformation of the margin at this steeply-sloped site, but without additional information, it
is difficult to explain this single high value. Sites 1S, 2S, and 3S (Fig. A3-AS) targeted seep sites
along the southern margin. At Site 1S along profile A-A' heat flow values between kilometer 0.4
and 0.7 are slightly higher than average (Fig. A3) and near kilometer 0.4 of profile B-B' a value
>100 mW m is observed. At Site 2S, values of ~80 and 65 mW m™ between kilometer 1.1 and
1.4 along profile A-A' are observed (Fig. A4). These high values are broadly consistent with
upward fluid flow. Relatively low values of heat flow are also associated with Site 2S (Fig. A4).
One of these values is along transect A-A' near kilometer 1 and the other along transect B-B' near
kilometer 0.75. These low values may be associated with recharging of fluids due shallow gas

emissions and bubble irrigation associated with the seep sites (e.g., Solomon et al., 2008).
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2.5.2 Constraints on fluid sources from pore fluid chemical profiles

Select pore water solute profiles are shown in Figure 2.3; all pore water data are shown
in Figures A7 and A8. Evident pore water deviations from seawater composition include
increasing alkalinity, Si, Ba, and NHy, and decreasing Ca, Li, and S concentrations with depth.
Other solutes (K, Mg, CI, Na, B, Sr) show near-vertical profiles that remain close to seawater
concentrations. The most notable observation derived from this dataset is that Cl concentrations
(Fig. 2.3a, f) do not show a significant negative deviation from seawater that would indicate
freshening due to mineral dehydration, as has been widely documented at other margins (e.g.,
Brown et al., 2001; Hensen et al., 2004; Philip et al., 2023; Torres et al., 2004). The near-vertical
Cl profiles suggest that the sampled seeps are not draining sediments that have undergone
dehydration reactions, and thus are sourced from shallow depths. In the remainder of this section,
we evaluate this inference in the context of additional geochemical and thermal data from the

region.
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Figure 2.3. Select pore water solute profiles.
Select pore water solute profiles from gravity and piston cores taken at the northern (a-¢)
and southern (f-j) margin, along with the upper ~600-700 cm of pore water data from



33

IODP Sites U1518 and U1519 (Wallace et al., 2019). Seawater concentration is denoted
by a black arrow and vertical line.

The incoming sediment section at the northern HSZ was drilled at IODP Site U1520
(Wallace et al., 2019; location shown in Fig. 2.1, 2.2). Coring of the upper ~510 mbsf recovered
mainly trench-wedge facies and submarine slide materials (Barnes et al., 2020; Wallace et al.,
2019; Fig. A9). Below 650 mbsf, Site U1520 is thought to sample the protolith material for the
plate interface, i.e., the incoming plate interval that correlates to the plate interface zone (Barnes
et al., 2020; Dutilleul et al., 2020). This protolith interval is composed largely of pelagic
carbonates with alternating clay-rich layers (Lithologic Unit IV) and a highly altered
volcaniclastic conglomerate with a smectite-based matrix (Lithologic Unit V) (Barnes et al.,
2020; Wallace et al., 2019; Fig. A9). Analysis of these units suggests low to moderate bound
water content in the Unit IV marls (~2—15%) and chalks (~2%), and very high hydrous mineral
content (up to ~22%) in the Unit V smectite-rich volcaniclastic conglomerates (Dutilleul et al.,
2020). The smectite to illite transition reaches peak fluid production at 60 — 150 °C, producing
fluid in proportion to the amount of smectite present. Thermal modeling of the northern HSZ
predicts that temperatures reach this range along the plate boundary between 10 and 50 km
landward of the deformation front (Antriasian et al., 2019; Fig. A10). Thus, if fluids originating
from within or below the plate interface 10 — 50 km landward of the deformation front are
discharging at seep sites, they should carry low chloride concentrations indicative of smectite
(and zeolite) dehydration reactions in the volcaniclastics (Lithologic Unit V).

The fault-hosted seep sites we sampled in the northern margin span the area from the
deformation front to the shelf break approximately 40—45 km landward (Fig. 2.2); these sites
overlap the region of expected dehydration reactions (Fig. A10). However, CI concentrations in

our sediment cores remain near seawater values, with endmember concentrations generally
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ranging from 551-560 mM (Fig. 2.3a). Despite sampling seep sites that are thought to tap deeper

fluid sources, the near-seawater Cl concentrations indicate that these fluids likely originate from
sediment compaction within the accretionary wedge, rather than dehydration of the lower wedge
or underlying underthrust sediment. We are confident that the lack of low-Cl signal is not a mere
product of dilution with seawater-Cl fluids from compaction sources given that modeling by
Ellis et al. (2015) predicted the volumetric fluid release from smectite-illite transformation in the
wedge (1.2 m® yr'! m!) and subducting sediments (1.8 m? yr'! m!) is ~10% of the total fluid
release from porosity change and mineral dehydration (~30 m?® yr'! m!), well within detectability
of our methods. Further, these results are consistent with findings at IODP Site U1518: although
U1518 sampled the westward-dipping Papaku thrust fault that extends from the megathrust to the
seafloor at a depth of 304 — 322 mbsf, no low CI signature was detected (Morgan et al., 2022;
Wallace et al., 2019; Fig. A9).

To test our interpretation of shallow fluid sources, we consider additional pore water
geochemistry data from the incoming section drilled at Site U1520 (Fig. A9). Pore fluid data
from the lower section of subduction inputs (Lithologic Units IV and V) exhibit anomalous
values of Sr, Mg, and Ca, that are easily distinguished from shallower accreted materials
(Lithologic Units I — IIT) (Wallace et al. 2019; Fig. 2.4, A9). These signatures of the deeper units
have been attributed to carbonate recrystallization towards dolomite (Wallace et al., 2019),
which consumes Mg and releases Ca and Sr. In addition, a dissolved Li peak is observed at the
transition between the shallower Unit III trench-wedge facies and deeper Unit IV pelagics, which
has been interpreted to result from ash alteration (Luo et al., 2024). These anomalous signatures
(low Mg, high Sr, Ca, Li) should be detectable in our samples if fluids were traveling from the

plate boundary and deep wedge to the seafloor seeps.
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Figure 2.4. Cross plot comparisons of endmember fluid compositions.
Cross plots of Li vs. Sr (a) and Mg vs. Ca (b) concentrations. Data points include
endmember concentrations for [ODP Site U1520 Lithologic Units I-V (Wallace et al.,
2019), measurements from the Papaku fault at IODP Site U1518, and cores from the
northern margin in this study. Dashed lines represent concentrations resulting from

mixing seawater with U1520 pelagic carbonates (Unit IV) and volcaniclastics (Unit V).

Figure 2.4 shows the endmember pore water concentrations of Li, Sr, Mg, and Ca for

Lithologic Units I — V at Site U1520 (incoming sediments) and of the Papaku fault (U1518),

alongside the endmember composition from our seep cores in the northern margin. Pore water

data of seep cores roughly fall on a mixing line connecting seawater values with the
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compositions of fluids from the shallowest sediments (Units I and IT) from Site U1520 (Fig. 2.4),
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indicating that the fluid chemistry is likely the result of mixing between those two sources.
Mixing lines connecting seawater values with endmember compositions of the deeper pelagics
and volcaniclastics (Units IV and V) show how pore water composition would change for a
given contribution of deeply-sourced fluid. These scenarios demonstrate that even a small
fraction of fluids from the plate boundary or deep wedge (e.g., 10%) would cause a noticeable
shift in composition. Such a shift is not observed in any of our northern margin cores, nor in
fluids sampled directly from the Papaku fault at IODP Site U1518.

Because the IODP drilling transect (Wallace et al., 2019) and thermal modeling
(Antriasian et al., 2019) are confined to northern Hikurangi, we do not include our southern
margin results on the cross plot comparisons with Site U1520 (Fig. 2.4). The compositions of the
southern margin cores, however, are generally comparable to those in the north, with no
evidence of considerable alteration or input from mineral-dehydration reactions (Fig. 2.3, A7).
However, two cores from the southern margin deviate from the norm. BB29 collected at Site 7S
presents lower solute concentrations than average, explained by in situ carbonate mineral
precipitation and gas hydrate dissociation upon core recovery. Numerous carbonate nodules and
evidence of gas hydrate noted during ship-board processing of BB29 support this interpretation.
Core BB33 taken at Site HFA_S, shows enrichment in Li and Sr not seen elsewhere. While these
characteristics could signal fluid migration from depth, the enriched K and near-seawater Cl, S,
B, and alkalinity also observed in this core are not consistent with enhanced fluid flow or deep
sources. No known seep is associated with this site and heat flow determinations are not
elevated. Instead, the enhanced Li and Sr in BB33 could be explained by ash
dissolution/alteration which has been previously documented to release Sr and Li into the pore

water at Hikurangi (Luo et al., 2023, 2024; Wallace et al., 2019). Overall, no systematic
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differences in geochemical observations between the northern and southern sites are observed
despite the varying subducted sediment thicknesses and tectonic characteristics along the margin
(e.g., incoming plate roughness, convergence rate, slip behavior).

In summary, the geochemistry results from sediment cores collected at fault-hosted seep
sites in both the northern and southern margin lack evidence of deep-sourced fluid input or long-
range fluid flow. Most notably, CI concentrations show no contribution from dehydration
reactions, and Sr, Mg, Ca, and Li concentrations do not reflect those observed in the deep
incoming sediments sampled at U1520 (Fig. 2.3, 2.4). Moderate B and K values (Fig. A7, A8)
also suggest shallow sediment-water reaction sources given that input from altered, higher-
temperature fluid sources would cause a significant increase in B and reduction in K (Kastner et
al., 2014; Philip et al., 2023) not observed in our cores. The fault-hosted seep fluids lack
evidence for drainage of the plate boundary and instead suggest a shallow wedge-compaction

source at temperatures lower than 60 °C.

2.5.3  Modeled fluid flow rates and inferences on fault zone permeability

Fluid advection rates at seep sites are estimated by best fitting the measured NH4 data
from our sediment cores to modeled advection rate scenarios at reference Sites U1518 and
U1519. NHy4 profiles for eight cores (four northern margin and four southern margin cores) are
plotted along with the model-generated advection rate scenarios in Fig. 2.5, where positive
values indicate upward fluid flow. Estimated maximum rates for all modeled cores are
summarized in Fig. 2.2 and Table A2. We note that cores with a mixed layer (vertical pore water
solute profiles at seawater concentrations in the upper sediment column) are plotted from the
base of the mixed layer to depth when estimating advection rates (e.g., BB6, BB59, BB20, and

BB21 in Fig. 2.5), where the depth of the mixed layer is based on the alkalinity profiles. Cores
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without a mixed layer (i.e., pore water solute profiles exhibit immediate excursions from
seawater concentrations) are plotted from the seafloor to estimate advection rates (e.g., BB80 and
JPCO2 in Fig. 2.5). Cores whose full NH4 profiles remain near-vertical or are concave-up are

plotted from the seafloor and listed as zero upward flow (e.g., BB7 and BB71 in Fig. 2.5).

(a) Upper slope sites (b) Lower slope sites
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0 1000 2000 3000 4000 0 2000 4000 6000 800010000
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Figure 2.5. Select pore water solute profiles and advection model results.
Measured pore water ammonium profiles for 8 example cores (red symbols), and for the
upper ~700 cm at IODP Sites U1518 and U1519 (black circles). Solid lines show
modeled ammonium profiles for Sites U1518 and U1519 given a range of upward
advection rate scenarios. Cores located on the mid-upper slope of the northern and
southern margin (Sites 3N, 4N, 5N, 48, 5S in this study) are referenced to U1519 (a) and
cores on the lower slope (Sites HFA N, IN, 1S, 28, 3S, 7S, HFA_S in this study) are
referenced to U1518 (b). We estimate the following upward advection rates (cm/yr) for
the example cores based on best fit (by-eye) to modeled profiles: BB21- 0.2; BB6, BB59
—0.1; BB80, JPC02 — 0.05; BB20 — 0.04; BB7, BB71 - 0.

The rate of upward fluid flow varies between sites, ranging from ~0.04 to ~2 cm/yr.
Similar to the pore fluid composition, the observed variations do not show a systematic or

predictable change from north to south along strike, or from trenchward to landward across strike
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(Fig. 2.2, Table A2). In the northern margin, the highest estimated flow rate for piston and
gravity cores is ~0.1 cm/yr upward (BB59) located about 22 km landward of the deformation
front. The remaining piston and gravity cores have rate estimates of <0.1 cm/yr upward.
Estimated rates from southern margin piston and gravity cores are similarly low, with maximum
rates of ~0.2 cm/yr upward (BB21). Two push cores, ROVPC1 1121 (northern margin) and
ROVPCI15 1115 (southern margin) give the highest flow rates estimates of ~2 and ~1 cm/yr,
respectively. Notably, even the cores with the highest upward flow rates (e.g., ROVPC15 1115
and BB21) do not show geochemical signatures of deeply-sourced fluids (i.e., low CI, K, high B,
Li).

The range of modeled fluid flow rates is relatively low (generally < 0.2 cm/yr) despite
targeting seeps associated with fault zones that could channel fluid flow. We compare our
estimated rates to the seafloor seepage rate predictions at fault zones in the outer forearc of
subduction zones by Sun et al. (2020a). They use a numerical modeling approach in which
mechanical loading, deformation, and fluid drainage are fully coupled. Given fault zone
permeabilities that are considerably enhanced relative to sediment matrix permeabilities (Sun et
al., 2020a, models REF, MK2, FK2), their models predict seafloor seepage rates of 10 cm/yr at
fault zone locations. Our estimated flow rates are more compatible with model scenarios of little
to no fault zone permeability enhancement, which predict rates of <5 cm/yr (Sun et al., 2020a
models FK1, FK3). In summary, sediment cores from both the northern and southern Hikurangi
margin provide geochemical evidence for low fluid flow rates that do not vary systematically,

and imply relatively low fault zone permeability.
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2.5.4  Attenuation of geochemical signals due to diffusive loss along flow path

Given the low fluid flow rates we estimate at fault-hosted seeps (< 2 cm/yr), we consider
whether the lack of a geochemical signal of underthrust fluids (i.e., anomalous solute
concentrations) could be due to diffusional loss during fluid migration from depth (e.g., Saffer &
Screaton, 2003). To test the expected solute concentration loss due to diffusion to the
surrounding sediment matrix during fluid transport along faults, we apply the diffusional loss
model (Eqns. 2.5-2.10) to four representative fault geometries (Fig. 2.2, 2.6, Table 2.1). Fault
length, depth of fault at x = 0 (hy), and fault dip (¢) span the range of splay fault geometries
along seismic line 05CM-04 at the northern Hikurangi margin (Barker et al., 2018). We calculate
temperature at the bottom boundary (Tp4s.) from the bottom water temperature (T,) and the
thermal gradient (I"), based on results from Antriasian et al. (2019). Thermal conductivity (4 =
0.9 W/m K) is based on measurements from Antriasian et al. (2019) and we use a thermal
diffusivity (a) of 1 X 107® m?/s. Porosity (¢) is based on model results from Ellis et al. (2015).
We use Sr as the modeled solute because the high Sr concentrations measured in the pelagic
section of the incoming sediments at Site U1520 (Lithologic Unit IV) serve as an effective tracer
of deep fluids. The Sr concentration at the seafloor (C,) is the seawater value (Table 2.1), and
the Sr concentration of 1300 uM at the bottom boundary (Cp4se) is the maximum Sr measured in
the pelagic sediments at U1520 (Fig. A9). We note that the bottom boundary of 1300 uM Sr is a
minimum value, as carbonate recrystallization will continue to add Sr to the pore water during
subduction. We test fluid flow rates (q) that span order of magnitude estimates from our

observations (0.2 — 2 cm/yr).
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Table 2.1. Fault parameters for diffusional loss model
Fault

h T T r C C
Fault L th 0 43 : 0 Igase . 0 base
w0 (O O cokm P ) M)
1 3 1.4 28 2 20 13 035 &7 1300
2 6.9 2.8 24 2 30 10 025 87 1300
6 9.9 5 30 2 50 10 0.2 87 1300
8 9.9 8 54 2 150 18 0.1 87 1300

hy — depth of fault at x = 0; ¢ — fault dip; T, — temperature at z = 0; Ty, — temperature at x =
0; I' — undisturbed thermal gradient; ¢ — porosity; C, — Sr concentration at z = 0; Cp 45, — St
concentration at x = 0.

Using an along-fault fluid flow rate of 2 cm/yr, we find that complete diffusive loss of the
high Sr signal does not occur in any of our four tested fault lengths (Fig. 2.6d). Only in modeling
the longest, steepest-dipping tested fault (Fault 8, 9.9 km long) does the model predict
considerable attenuation of the signal such that expected concentrations fall near the point of
detectability of our methods. Testing a lower advection rate of 0.2 cm/yr predicts greater signal
attenuation, but enhanced Sr concentrations are still detectable along Faults 1 and 2 near the
deformation front (Fault 1 shown in Fig. 2.6¢). The resulting persistent high Sr concentrations
for representative Faults 1, 2, and 6 at an advection rate of 2 cm/yr, and Faults 1 and 2 at 0.2
cm/yr (Fig. 2.6) discount the hypothesis that diffusional loss alone causes the lack of deeply-
sourced fluid signals in our seep samples or the lack of a signal along the Papaku Fault drilled at

IODP Site U1518 (Wallace et al., 2019).
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Figure 2.6. Model of geochemical signal attenuation due to diffusive loss along a flow path.
(a) Geometry of 2-D fault model with fluid flow rate q (cm/yr). (b) Schematic for four
fault geometries tested. (c) Sr concentration along Fault 1 given three different flow rates.
(d) Sr concentration along faults near the seafloor for q = 2 cm/yr. Color scheme for (b)
and (d) is same as that shown in Figure 2.2.

2.5.5 Gas-driven processes generate mixed layers in shallow sediments

When discussing our approach for modeling advection rates using NH4 profiles, we noted
that some of the cores collected at seep sites show near constant solute concentrations in the
uppermost sediment, followed by the concave-down profiles below that are indicative of upward
fluid advection beneath a mixed layer. For example, JPCO1 (Fig. 2.3, 2.7, A7), collected from a
seep site in the southern margin, shows concave-down profiles of Ca, S, Li, alkalinity, SO4, and
NH4 beneath vertical profile segments at seawater concentrations that extend ~145 cmbsf.
Overprinting the geochemical effects of in situ reactions and upward fluid advection, the vertical
profiles in the upper sediments reflect rapid seawater irrigation. The thickness of the mixed layer

observed at our seepage locations generally ranges from 4 to 235 cm (Table A2). As a result,
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cores with shallow penetration (<~200 cmbsf) often have near-vertical profiles with depth (e.g.,
JPCO1_TC, Fig. 2.7) despite close proximity to seepage indicators because they do not penetrate

deep enough to surpass the mixed layer.
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Figure 2.7. Shallow mixed layers in pore water profiles.
Pore water alkalinity (a) and ammonium (b) for piston core JPCO1 and associated trigger
core JPCO1_TC. The trigger core did not penetrate deep enough to capture the advective
signal observed in the piston core.

The kinked pore water profile shapes we observe in many seep cores (near-seawater
solute concentrations in upper pore fluids and concave-down profiles below) indicate that the
rate of seawater irrigation in the upper 10s of centimeters is greater than the rate of upward
advection from depth. This phenomenon is ubiquitous at seep sites globally. Observations of
mixing in the upper ~1 m sediment are documented, among others, in the Gulf of Mexico (e.g.,
Solomon et al., 2008), the Sea of Okhotsk (e.g., Haeckel et al., 2007), and in the Cascadia (e.g.,
Tryon et al., 1999), Svalbard (Hong et al., 2016), and Barbados (Henry et al., 1996) margins.
Mixing of bottom water into the uppermost part of the sediment column has been attributed to

bio-irrigation (e.g., Aller, 1982), recent, rapid emplacement of sediments (e.g., mass transport
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deposits; Hensen et al., 2003; Hong et al., 2014), bubble irrigation (Haeckel et al., 2007), and

gas-driven aqueous pumping (Solomon et al., 2008; Tryon et al., 1999). While a quantitative
assessment of the rate and impact of such mixing is beyond the scope of this paper, it is likely
important for the flux of many solutes across the sediment water interface at seeps worldwide,
particularly those that are most impacted by early diagenetic reactions such as SO4, Ca, Mg, and

alkalinity.

2.5.6  Implications for pore pressure accumulation and the occurrence of slow slip

Fluids are sourced at depth along the Hikurangi margin through both sediment
compaction and mineral dehydration. As observed at other subduction zones (e.g., Hensen et al.,
2004; Martin et al., 1996; Philip et al., 2023; Ranero et al., 2008; Torres et al., 2004), we
expected to see evidence of these fluids rapidly expelled at structurally-controlled seep sites,
which are thought to serve as efficient flow paths from depth. We sampled sites of known fluid
emission in the northern and southern margin and do not observe evidence of plate boundary
drainage from any fault zone. There is no geochemical evidence of deeply-sourced fluids at our
coring locations or along the Papaku Fault drilled at IODP Site U1518. Furthermore, the
shallowly-sourced fluids we sampled are expelled at low rates (up to 2 cm/yr but generally < 0.2
cm/yr), compatible with model scenarios of little to no fault zone permeability enhancement (Sun
et al., 2020a). These observations imply that fluids along the plate boundary and in surrounding
sediments (1) are draining laterally and exiting at as-yet unsampled seep sites seaward of the
deformation front; (2) have limited vertical drainage and are accumulating in the wedge; or (3)
are trapped at depth, causing high pore pressures along the plate boundary.

Lateral flow could occur along permeable sediment layers (e.g., the turbidites of

Lithologic Unit III drilled at Site U1520) after vertical flow into the wedge, or possibly through
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the fractured basalts of the incoming plate and subducting seamounts, which are likely more
permeable than surrounding sediments (e.g., Solomon et al., 2009). If significant lateral drainage
of fluid is occurring, the sites of fluid expulsion at the seafloor have not yet been sampled. Given
the extent of our sampling program, which targeted all known seep sites identified during several
surveys of the region (Watson et al., 2020), we argue that this scenario is unlikely landward of
the deformation front. We cannot discount long-distance lateral drainage and fluid expulsion
farther seaward. However, the longer flow pathways would not be as efficient as focused flow
along splay faults and thus would not be as effective at regulating pore fluid pressure.

In scenario two, deeply-sourced fluids may be draining from the plate boundary, possibly
aided by damage associated with seamount subduction in the northern margin (Sun et al., 2020b,
Chesley at el., 2021), and stored within the overlying wedge. Fluid storage following drainage
into the wedge is consistent with electromagnetic observations that identify regions of anomalous
porosities in the lower wedge (Chesley et al., 2021), and seismic observations that identify areas
of overpressure in portions of the wedge (e.g., Arnulf et al., 2021). This option is perhaps most
compatible with drainage of the plate boundary and underthrust sediments via fault-valving
(Sibson, 1990). In the fault-valve model, fluid pressures are cyclically accumulated and then
released with fault slip that temporarily opens fluid migration pathways. This model is supported
by several lines of geophysical evidence at northern Hikurangi, including the evolution of
earthquake focal mechanisms (Warren-Smith et al., 2019), Vp/Vs and shear wave splitting delay
times (Zal et al., 2020), and repeating earthquakes (Shaddox & Schwartz, 2019). However,
transient fluid pulses from depth during this process would generate visible geochemical signals
in our dataset if fault zones acted as efficient vertical pathways for fluid transport to the seafloor.

As shown in other regions where fluid discharge is episodic, the pore water profiles will show
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non-steady state characteristics that can last on the order of thousands of years (Hong et al.,
2016). We postulate that trapping of fluids within the wedge could explain the lack of
geochemical evidence for a previous discharge pulse despite geophysical inferences for fault-
valving at northern Hikurangi.

At the southern margin, early, efficient drainage of the subducting sediments into the
upper plate in the region of our southern margin sites has been inferred from seismic data
(Crutchley et al., 2020). However, while several anomalous heat flow values near the
deformation front (Sites 1S and 2S; Fig. 2.1, A3, A4) may be indicative of local fluid advection,
pore fluid compositions at the sampled seeps do not reflect deep fluid sources. Instead, our
geochemical results indicate that fluids draining from the plate boundary and subducting
sediments do not reach the seafloor. Thus, fluids may remain trapped in the outer wedge at this
portion of the southern margin. This interpretation is compatible with the presence of a low
seismic velocity zone at the base of the frontal thrust fault in the lower wedge beneath Site
HFA_S, which has been interpreted as a zone of high pore fluid pressure resulting from
compressional deformation and upward drainage of subducting sediments (Crutchley et al.,
2020).

A third scenario to explain our observations is that in the absence of efficient drainage,
fluid input from the compaction and dehydration of the smectite-rich volcaniclastics that make
up the lower subduction inputs, would lead to overpressure along the plate boundary. This
interpretation is consistent with geophysical studies that have imaged high-reflectivity zones
(Bell et al., 2010), high conductivity/low resistivity anomalies (Heise et al., 2017), and low Vp
and high Vp/Vs (Eberhart-Phillips & Bannister, 2015) at northern Hikurangi. These observations

have been interpreted as fluid-rich, overpressured zones along and surrounding the plate
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interface in the region of slow slip. Numerical models that prescribe low splay fault and
megathrust permeabilities are also in line with these interpretations, predicting high fluid
pressures at depth and low fluid flow rates at the seafloor (Ellis et al., 2015; Sun et al., 2020a).

In summary, our results of shallowly-sourced, slow-flowing fluids at fault-hosted seeps
indicate that splay fault and megathrust permeabilities at the Hikurangi margin are low, leading
to relatively poor vertical drainage of the lower-wedge, plate boundary, and underthrust
sediments to the seafloor. This in turn may result in the development of an overpressured system
that spans from the deformation front to the upper slope. Initial results from the NZ3D seismic
reflection experiment at the northern margin imaged high-velocity layers at the base of the
hanging wall of faults in the outer forearc (Gase et al., 2023; Han et al., 2022), interpreted as
low-permeability carbonate layers which disrupt BSR (bottom simulating reflector) continuity
and potentially inhibit fluid flow along fault planes (Han et al., 2022). These findings provide
one possible explanation for low splay fault permeability and poor fluid drainage along fault
zones offshore northern Hikurangi.

However, there is evidence of deeply-sourced fluid venting landward of the upper slope
region, at onshore seeps ~75 km landward of the deformation front. Previous studies that
sampled onshore springs along the margin have reported signatures of deeply-sourced fluids as
well as a systematic decrease in solute concentration from north to south (Barnes et al., 2019,
Reyes et al., 2010). Fig. 2.8 shows a cross plot of Li vs. Sr concentrations which showcases the
composition of the onshore seep fluids. Unlike the offshore seeps sampled in this study, onshore
forearc seeps (those plotted are from the northern margin only) exhibit highly altered fluid

compositions with enhanced Li and Sr concentrations indicative of inputs from deep sources.
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Barnes et al. (2019) attributed variation in seep composition along strike to changes in upper

plate structural permeability rather than a systematic change in fluid source along the margin.
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Figure 2.8. Cross plot comparison of onshore and offshore seep endmember compositions.
Cross plot of Li vs. Sr concentrations at onshore seeps sampled in the northern margin
(Barnes et al., 2019), endmember concentrations of IODP Site U1520 Lithologic Units I-
V, the Papaku fault at IODP site U1518, and cores from the northern margin in this study.

The venting of fluids from deep sources at onshore seeps in the northern margin may be
enabled by the transition from a compressional to extensional stress regime, which enhances
upper-plate permeability (McNamara et al., 2021; Sibson & Rowland, 2003). A modeled
enhancement in effective coefficient of friction at ~50 km landward of the deformation front
based on heat flow measurements is consistent with the onset of extension in the upper plate
marking the down-dip extent of overpressure along the plate boundary (Antriasian et al., 2019).
The Tuaheni Seep Field (Site 5N in this study) on the shelf break at the northern margin, lies just
seaward of this onset of extension. We did not sample deeply-sourced fluids at this site, but the

active, dense fluid expulsion recorded at this location (>1700 seep indicators covering ~90 km?;
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Watson et al., 2020) suggests enhanced permeability. A tectonically-driven change in
permeability structure likely explains the change from inefficient drainage of the plate boundary
along faults in the offshore forearc to efficient drainage observed at onshore seeps, associated

with the transition from compression to extension ~50 km landward of the deformation front.

2.6 CONCLUSIONS

We collected heat flow measurements and performed geochemical analyses on pore
water of sediment cores taken at structurally-controlled seep sites spanning the continental slope
of the southern and northern Hikurangi margin. We do not observe evidence for wide-spread
warm fluid discharge, or deeply-sourced or dehydration-derived geochemical signals at our
sample sites. Cl concentrations are at near seawater composition in all our cores even though the
plate boundary is within the modeled temperature range for clay mineral dehydration.
Additionally, near-seawater Li, B, and Sr concentrations in offshore seep fluids provide no
evidence of contributions from the protolith material for the plate interface (the pelagic and
volcaniclastic Units of the incoming section at IODP site U1520). Modeled upward fluid
advection rates are relatively low, ranging from ~0.04 — 2 cm/yr. Overall, our results from
offshore seeps show no evidence of appreciable drainage of the plate boundary along fault
zones.

This result contrasts with observations at many other subduction zones of seep fluid
geochemical signatures indicative of long-distance transport from plate boundary depths. Deep-
sourced fluids have been identified at seeps along Barbados (Martin et al., 1996), Nankai (Pape
etal., 2014; Toki et al., 2014), Costa Rica (Hensen et al., 2004, Ranero et al., 2008), Chile
(Scholz et al., 2013), Marianas (Mottl et al., 2004), and Cascadia (Philip et al., 2023) using

sediment cores with similar penetration depths to our samples. Instead, shallow fluid sources and
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low flow rates at Hikurangi suggest that fault zones from the deformation front to the upper slope
are relatively impermeable at depth and prevent efficient drainage of the megathrust and
surrounding sediments to the seafloor. Our results are consistent with a plate boundary and/or
lower wedge that is poorly drained and over-pressured, likely influencing the occurrence of slow

slip.
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Chapter 3. SEAFLOOR FLUID FLOW TRANSIENTS LINKED TO

SLOW SLIP AT THE NORTHERN HIKURANGI
MARGIN

*This chapter will be submitted to a journal with the following author list:
I. Aylward, E.A. Solomon, L.M. Wallace

3.1 ABSTRACT

Mechanical and hydrogeologic processes are inextricably linked at subduction zones.
Broad scale hydrogeologic conditions are often inferred from geophysical proxies or numerical
models, whereas direct measurements are rare and often temporally static, limiting our
understanding of the interrelationships between pore fluid pressure, fluid flow, and fault slip.
Using continuous records of fluid flow rate from 10 seafloor flow meters from February to
November 2019, we investigate the hydrologic responses to a large slow slip event (SSE) at the
northern Hikurangi margin, New Zealand. Flow meter records at four diffuse flow locations
indicate that creep characterizes the shallow megathrust during the inter-SSE period, with
locking farther landward. Flow transients correlate temporally with the SSE, consistent with
compressional volumetric strain (~0.1 microstrain) on the mid continental slope and dilatation (<
—0.4 microstrain) near the deformation front. We propose that transients at two focused flow sites
may reflect a temporary enhancement of shallow fault-zone permeability in response to the SSE.
Flow records at four other focused flow sites are dominated by shallow gas-dynamics. This work
provides the first set of direct measurements of seafloor fluid flow rates throughout a slow slip
cycle at the Hikurangi margin, contributing to an improved understanding of offshore locking,

shallow slow slip behavior, and margin dewatering.
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3.2  INTRODUCTION

Observed at subduction zones globally, slow slip events (SSEs) are aseismic episodes of
elevated fault slip rates lasting days to years (e.g., Sacks et al., 1978; Peng & Gomberg, 2010).
Many geophysical and modeling studies indicate that low effective normal stress tied to pore
fluid overpressure may promote conditional fault zone stability and encourage slow slip
(Kitajima & Saffer, 2012; Kodaira et al., 2004; Liu & Rice, 2007; Saffer & Wallace, 2015). In
addition, fault slip (seismic and aseismic) is thought to modulate fluid flow by inducing a
poroelastic response to strain and generating non-elastic permeability changes (e.g., Roeloffs,
1996; Sibson, 1990). In these ways, fault zone hydrogeologic and mechanical processes are
intimately linked: pore fluids regulate fault slip by bearing loads (reducing the effective normal
stress), and fault slip affects pore fluid pressure and fluid flow by changing pore volume and
permeability (Neuzil, 2003). Long-term fluid flow measurements at subduction zones provide a
means to observe background flow conditions and record the hydrologic response to
deformation, informing on the evolution of fault zone permeability, fluid pressure conditions,
and the overall state of strain in the outer forearc (e.g., Brown et al., 2005).

At the northern Hikurangi margin, offshore the North Island of New Zealand (Fig. 3.1),
cyclic shallow SSEs have been detected every ~2 years since the onshore GNSS network GeoNet
was established in 2002 (Wallace, 2020). Additional offshore instrumentation including two
CORK borehole observatories (U1518 and U1519, Wallace and Saffer et al., 2019) and
campaign deployments of seafloor pressor sensors and seismometers (Wallace et al., 2016;
Woods et al., 2022) have greatly increased the resolution of slip distribution models and indicate
that slow slip may propagate out to the trench. Geophysical (Basset et al., 2014; Bell et al., 2010;

Eberhart-Phillips & Bannister, 2015; Heise et al., 2017) and numerical modeling (Ellis et al.,
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2015) studies provide evidence for fluid-rich zones surrounding the plate interface in the source
region of slow slip and support the hypothesis that overpressure enables this shallow slow slip
behavior. Recent studies implicate hydrous subducting sediments and seamounts (Barnes et al.,
2020; Bangs et al., 2023; Gase et al., 2023; Chesley et al., 2020; Sun et al., 2020) as well as low
fault zone permeability in the wedge (Aylward et al., submitted; Cook et al., 2020; Han et al.,
2022; Morgan et al., 2022) as primary mechanisms generating fluids at depth and preventing
efficient fluid outflow. Previous studies based on temporal observations suggest that fluid flow,
and therefore fluid pressures, evolve throughout the slow slip cycle via fault valving (Warren-
Smith et al., 2019; Zal et al., 2020; Shaddox & Schwartz, 2020). In this fault valve model, fluids
are accumulated during interslip periods and released when fault slip temporarily opens fluid
migration pathways (Sibson, 1990). Despite abundant geophysical and modeling evidence
suggesting significant ties between fluid accumulation and slow slip at northern Hikurangi, direct
observations of fluid flow during slow slip are lacking.

Here we present a continuous record of seafloor fluid flow rates before, during, and after
a large slow slip event at the northern Hikurangi margin. In early 2019, we deployed twelve flow
meters offshore Gisborne (Fig. 3.1) to monitor the fluid flow response to slow slip. In March—
June of 2019, a large SSE involving 150-200 mm of total slip occurred beneath the instrument
array at 69 km depth (Woods et al., 2024). Flow meters located at diffuse flow settings allow us
to observe the poroelastic response to the Gisborne event (i.e., the vertical flow induced by local
volumetric strain). Flow meters located at seafloor seeps hosted by fault zones allow us to test
the fault-valve model by detecting permeability changes during slip. This dataset provides a

detailed picture of the hydrologic responses to the 2019 Gisborne SSE.
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(a) Instrument locations. (b) Regional map of the North Island of New Zealand. (c) 2019

time-series of eastward displacement (mm) of onshore GNSS station MAKO
(https://www.geonet.org.nz) and borehole pressure (kPa) at IODP CORK Sites U1518
and U1519 (locations shown in a). CORK pressure data was detrended to account for

drift of the pressure sensor, and a long-term (~1-year post drilling) borehole transient was

removed. Oceanographic signal was filtered using the pressure sensor at the wellhead

(e.g., Araki et al., 2017).
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3.3 FLUID FLOW METERS

We present flow rate data from two types of seafloor fluid flow meters (Appendix B):
Chemical Aqueous Transport (CAT) meters (Fig. B1; Tryon et al., 2001) and Multiple Orifice
Sampler and Quantitative Injection Tracer Observers (MOSQUITOs) (Fig. B2; Solomon et al.,
2008). We deployed six CATs and six MOSQUITOs offshore Gisborne in January and February
2019. Deployment locations spanned the shelf break to the deformation front and targeted both
diffuse flow (non-seep) and focused flow (seep) sites. The instruments remained on the seafloor
for over two years, continuously collecting a mix of pore fluid and non-reactive tracer solution in
their sample coils via osmotic pumps (Jannasch et al., 2004). We recoverd all instruments in
March 2021. Upon instrument recovery, we systematically cut sample coils into discrete
intervals and transferred the fluid contained in each tubing segment to individual bottles for
preservation.

We time-stamped each sample given fixed end points of the time-series (the deployment
and recovery dates) and assuming a constant pump rate throughout the deployment (methods).
We analyzed a subset of samples for tracer concentration at the University of Washington
(methods), excluding samples from two instruments that had problems during deployment or
recovery (C8, M3). Concentrations of Li, B, Sr, and Ba were concurrently analyzed for CAT
meter samples. We then modeled tracer concentrations to quantify flow rates over time
(methods). In total we report flow rate (Table 3.1, Fig. 3.2-3.3) and concentration (Fig. 3.5-3.12)
data from ~February to November 2019 for ten instruments: five CATs and five MOSQUITOs.

This time window captures the 2019 SSE and several months following it.
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3.4 FLUID FLOW OBSERVATIONS

The first order results of this study document that net flow polarity varies across strike,
and that transient flow pulses occur before and during the bulk of SSE deformation as recorded
by onshore GNSS stations and in borehole pressure records.

Diffuse flow records (CATs C4, C5, C6, C7) are generally characterized by two
prominent flow rate peaks in the beginning of the deployment followed by a reduction in flow to
near 0 cm/yr for the remainder of the analyzed period (Fig. 3.2, Table 3.1). Near the base of the
continental slope, diffuse sites exhibit net downward flow of fluid into the sediment at CATs C4,
C6, and C7. Downward flow transients occur in early March 2019, and again in April 2019,
peaking at rates of < 1 cm/yr. Plots of the cumulative flow distance for C6 and C7 show these
transients as step-like features relative to a steadier background (Fig. 3.2). Peaks in flow at C4
are not as discrete or step-like, likely due to a lower sampling resolution caused by decreased
osmotic pump rate relative to the other CATs. These records sharply contrast to that of C5
located farther up-slope, which exhibits net upward fluid flow. Peaks in flow rate of ~0.2 cm/yr
occur in mid-February and mid-March 2019. The C5 cumulative flow distance record mirrors
those of the lower-slope sites (Fig. 3.2).

Focused flow records (C3, M2, M4, M5, M7, M8) are more variable (Fig. 3.3, Table
3.1). CAT C3 and MOSQUITO M4 on the mid-slope record overall net upward flow, while M2
(upper-slope), M5 (mid-slope), and M7 and M8 (lower-slope) record net downward flow. Flow
records of C3 and M8 exhibit discrete periods of rapid upward flow that are temporally
correlated with the SSE and associated with a sharp upward step in the cumulative flow record.
Noisy, mixed-polarity signals characterize the flow rate records at M2 and M4; no significant

flow event is correlated with the SSE at these sites. Fluid samples from M5 and M7 did not
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contain any tracer solution indicating net downward flow persisted throughout the deployment.
This prevents us from identifying fluid transients correlated with the SSE at these two sites, and
thus they are not included in Figure 3.3.
Table 3.1. Summary of flow rate modeling results.

Negative flow rates are downwards (into the sediment), and positive flow rates are

upwards (out of the sediment). Instantaneous flow rate results for MOSQUITOs are non-
unique; we give peak flow estimates for both flow rate solutions shown in Fig. 3.3.

Peak Flow
Net Flow Net Flow Peak Flow Rate
Analyzed Rate Distance  During SSE During SSE
Instrument Lat. Lon. Period (cmlyr) (cm) (Date) (cmlyr)
c7 -38.860 178.952 12 Mar - 31 Oct -0.12 -0.08 1-Apr -0.65
Diffuse flow c4 -38.857 178.889 6 Mar - 31 Oct -0.018 -0.012 18-Apr -0.05
records C6 -38.876 178.845 26Feb-300ct -0.078 -0.053 4-Apr -0.25
C5 -38.730 178.704 20 Feb-29 Oct  0.052 0.029 13-Mar 0.18
M8 -38.848 178.871 2 Mar- 7 Oct -15 9g 21Apr-6-June 35
C3 -38.794 178.671 19 Feb - 21 Oct 4.1 2.7 21-Mar 40
Focused flow M4 -38.727 178.700 2 Feb-1 Nov 5.4 3.9 - -
records - -
8-Apr - 16-May 6
M2 -38.622 178.554 17 Feb-1 Nov 7.8 5.7
9-Apr - 27-Apr 9
M7 -38.880 178.812 21Feb-1 Nov <0 <0 - -
M5 -38.586 178.769 19 Feb - 30 Oct <0 <0 - -
M3 -38.594 178.778

Not analyzed
C8 -38.622 178.562
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Figure 3.2. Flow rate and cumulative flow time-series of diffuse flow records.

Flow rate of 0 cm/yr and flow distance of 0 cm are shown as red dashed lines. Timing of
the 2019 Gisborne SSE is shown with light blue lines. Dotted line segments in flow rate
records of C5 and C6 represent discrete periods where instantaneous flow rates are not
resolvable due to high-frequency flow oscillations.
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Figure 3.3. Flow rate and cumulative flow time-series of focused flow records.
Flow rate of 0 cm/yr and flow distance of 0 cm are shown as red dashed lines. Timing of
the 2019 Gisborne SSE is shown with light blue lines. Instantaneous flow rate results for
MOSQUITOs are non-unique; two possible solutions are shown for each MOSQUITO.
Note there is evidence of high frequency oscillations in the C3 record over a two-week
period after the SSE; this does not impact the overall net flow or our interpretations.

3.5 SECULAR STRAIN

Downward flow throughout the analyzed period and negative net flow characterize
diffuse flow records on the lower slope (C4, C6, C7). In contrast, C5 on the mid-slope records
upward flow throughout the analyzed period and positive net flow. These results suggest broad-
scale contrasting strain states across strike: dilatational on the lower-slope and compressional on
the mid-slope from February to November 2019 (Fig. 3.4). Net compression on the mid-slope is

consistent with previous interpretations of strong locking during the inter-SSE period and SSEs
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accommodating the majority of plate motion in the slow slip source area (Wallace, 2020; Woods
et al., 2024). Dilatation on the lower-slope and at the trench are consistent with creep on the
shallow megathrust extending from the deformation front to landward of Site U1518, compatible
with frequent small pressure transients recorded at Site U1518 (Fig. 3.1b). Unfortunately, the
gap in instrumentation between the lower-slope and mid-slope regions (Fig. 3.4) prevents us
from further defining the transition from the dominantly-locked to dominantly-creeping portions.
Nonetheless, our long-term records of diffuse flow serve as highly sensitive indicators of secular
strain, providing constraints on offshore interplate coupling that is not well resolved by onshore

instrumentation and is essential for the assessment of seismic and tsunami hazards.

3.6 POROELASTIC RESPONSE TO SLOW SLIP

Based on our observations at diffuse flow locations, we postulate that rapid changes in
fluid flow rate reflect transient strain signals caused by deformation of the upper few meters of
sediment. A general conceptual model is that slip along a subseafloor fault causes a propagating
dislocation. The associated stress field induces horizontal strain, impacting fluid pressure
gradients and driving vertical flow into and out of the seafloor, akin to a saturated sponge being
tectonically squeezed and released (Moore and Vrolijk, 1992). The induced horizontal strain and
pore pressure changes are coupled and reversible, and hence are termed the “poroelastic”
response (e.g., Kiimpel, 1991).

Flow rate peaks first occur at the beginning of our record (mid-February to early-March;
Fig. 3.2), concurrent with subtle eastward displacement on onshore GNSS time-series (Fig.
3.1¢). These results are consistent with the initiation of the slip event in mid-February. Flow
transients then occur in mid-March to April (Fig. 3.2), during the period of recorded maximum

displacement at GNSS stations and observed pressure increases in borehole observatories. To
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assess whether the flow transients we observe during the SSE at diffuse flow sites (C4, C5, C6,
and C7) are compatible with slow slip strain signals, we do a basic calculation of the strain
required to produce the observed flow (methods). We perform this calculation using the peak
flow rate observed between 13-March — 4-May (Table 3.1), when the majority of SSE
deformation is recorded at GNSS station MAKO (Fig. 3.1¢). Assuming flow across the sediment
water interface relieves the pore pressure changes caused by strain, we estimate a positive
pressure step of 0.6 kPa at C5 and negative pressure steps of 0.1, 0.6 and 1.6 kPa at C4, C6 and
C7, respectively. These pressure steps correspond to volumetric strains of +0.1, -0.03, -0.2, and -
0.4 microstrain at C5, C4, C6, and C7, respectively. The magnitude of these estimates is
comparable to the pressure steps observed at U1518 and U1519 (Fig. 3.1¢) as well as pressure-
strain calculations at other margins following slow slip (Davis et al., 2009; 2011). Thus, this
first-order calculation supports our interpretation that flow transients are compatible with signals
of volumetric strain.

The upward flow transients, and thus positive pressure and strain signals, at C5 on the
mid-slope are consistent with the ~0.5 kPa pressure increase observed at Site U1519 during the
SSE and indicative of compressional strain. However, downward flow transients (negative
pressure and strain signals) over a large area on the lower-slope during the SSE, which indicate
dilation, are inconsistent with the pressure increase at U1518 and appear counterintuitive in an
accreting outer-wedge deforming via thrust faulting. Rather than propagating along the
décollement out to the trench, this result could indicate that shallow slip occurs along a splay
fault in the outer-wedge. If the lower-slope sites are located in the footwall of the slip plane, or if
throw along the Papaku fault (drilled at U1518) reduces stress and lateral compression in the

outer-wedge, we could envision dilatation resulting at the seafloor (e.g., Davis et al., 2015).
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Alternatively, it is possible that the observed dilatation is a result (direct or indirect) of
subduction of the Papaku Seamount, imaged beneath the mid-slope region (Bangs et al., 2023).
Mixed lithologies and geometric complexity of the plate boundary (e.g., Barnes et al., 2020), as
well as distributed deformation including pervasive brittle fracture of the upper plate and stress
shadowing of trailing sediment are thought to result from seamount subduction (Wang and Bilek,
2014; Ruh et al., 2016; Bangs et al., 2023; Saffer and Wallace, 2015; Sun et al., 2020a, 2020b).
Hence, seamount subduction leads to significant spatial variations in tectonic loading and stress
field that we posit could manifest as dilatation near the trench. We postulate that these
mechanisms might enable the downward flow transients observed at C4, C6, and C7, but note
that a fully-coupled poroelastic model (e.g., LaBonte et al., 2009) is required to make robust
quantitative estimates of the deformation that best explains the flow rate time-series.

Overlain on the background flow and resolvable transient strain signals, flow records from
CATs C5 and C6 exhibit periods of high-frequency oscillations in instantaneous flow polarity that
exceed our sampling resolution. While we have confidence in the net flow direction and qualitative
flow magnitude during these intervals (C5 remains upward at low rates and C6 remains downward
at low rates), we cannot resolve instantaneous flow rates. We infer that these signals are caused by
bio-turbation/bio-irrigation. Because the CAT fluid collection chambers have a large seafloor
footprint, they are vulnerable to organisms burrowing beneath them and disrupting flow signals.
Clams observed during ROV operations at C5 and shrimp at C6 are potential culprits, as well as

organisms with less apparent surficial expressions like urchins and polychaetes.
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Figure 3.4. Cross section with interpretations.
Cross section based on seismic reflection line 05CM-04 along the IODP Exp. 375 drilling
transect. Flow meter locations and interpretations projected onto the cross section.
Structural interpretations from Barker et al., (2018), Wallace & Saffer et al., (2019).

3.7 PERMEABILITY RESPONSE TO SLOW SLIP

At seep sites, fluid flow focused along permeable pathways (e.g., fault zones, fractures) is
expelled at the seafloor at higher rates than permitted by typical slope sediments with low
hydraulic conductivity (e.g., Sun et al., 2020, Lauer and Saffer, 2012). Several of our instruments
measured flow rates in excess of diffusive or poroelastic signals (10s to 100s of cm/yr),
indicative of focused flow. The observed transients likely reflect slip-related permeability
changes and non-tectonic seep processes.

Flow rate records at MOSQUITOs M2, M4, M5, and M7 are likely dominated by non-
tectonic shallow gas-seep dynamics. Observations of bubble streams emanating from the
seafloor, seafloor carbonates, and macrofaunal colonies during ROV dives at these sites are
indicative of active gas emission, supporting this interpretation. Records at M2 and M4 are
relatively noisy and do not suggest a significant increase in upward flow during the SSE. At M5
and M7, fluid samples lack any tracer, indicating that net downward flow persisted from

February to November 2019. We postulate that gas-driven aqueous pumping and/or bio-
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irrigation drive rapid outflow and downflow at these sites, as has been observed at seeps
elsewhere (Solomon et al., 2008; Tryon et al., 1999; Whorley, 2021). Overall, we cannot say
with confidence that flow records from M2, M4, M5 or M7 provide evidence for fault-valving as
a direct result of slow slip. If these sites had a permeability response to the SSE, it was masked
by shallow gas-driven processes.

Upward flow observed at CAT C3 on the mid-slope peaks in late March at ~40 cm/yr,
consistent with the compressional strain response we infer at C5 and an additional hydrologic
contribution. We also observe a high-magnitude upward flow peak at MOSQUITO MS on the
lower-slope during or just after the SSE. Both sites lack water column and seafloor indicators of
gas seepage, suggesting local fluid emission is water-dominated. Hence, flow rate records at
these sites are less influenced by gas dynamics that likely complicate the records of M2, M4,
M5, and M7. The peak flow at C3 and M8 exceed reasonable poroelastic signals and correlate
temporally with the SSE (Fig. 3.3, Table 3.1). Thus, these signals may indicate a permeability
response to the 2019 SSE. If these transients reflect enhanced permeability of deep-reaching
faults, we could expect the fluids sampled to bear chemical signatures of high
temperature/pressure alteration indicative of long-range transport. However, we observe near-
seawater B, Li, and Sr concentrations at C3 throughout the 9-month period analyzed (Fig. 3.5).
The fluid compositions at C3 are consistent with a shallow, compactive fluid source such that
permeability changes are restricted to shallow depths and only impact drainage of the upper
wedge. This interpretation is in line with those of an extensive sediment coring study that
sampled seep sites at the northern margin (Aylward et al., submitted). Alternatively, shallow
fluid sources may indicate that slip-related permeability enhancement does not occur regularly or

has not been active long enough to drive deep-sourced fluid to the seafloor in this region.
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Overall, our results at focused flow sites do not provide conclusive evidence of extensive fault-

valving tied the 2019 slow slip event that permits drainage of deep-sourced fluids to the seafloor.

3.8 CONCLUSIONS

Net seafloor fluid flow rates at the northern Hikurangi margin from February to
November 2019 suggest contrasting secular strain across strike: dilatational on the lower-slope
and compressional on the mid-slope. These observations are consistent with creeping on the
shallow megathrust and locking in the slow slip source region in the inter-SSE period.
Continuous records of flow rate display transients correlated with the occurrence of a large slow
slip event. We infer that these transients reflect local volumetric strain induced by the SSE at
diffuse sites, and additionally non-tectonic gas-driven processes and possibly shallow
permeability changes at focused flow sites. We postulate that downward flow on the lower-slope
during the SSE may indicate that shallow slip propagates along a splay fault or could result from
seamount subduction, but follow-on strain modeling is required to validate these hypotheses. We
do not observe convincing evidence of wide-spread fault-valving or transport of deeply-sourced
fluids to the seafloor during the monitored period, suggesting the 2019 event had a minimal
impact on broad-scale megathrust drainage and chemical fluxes at the northern Hikurangi

margin.
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3.9 METHODS

3.9.1  Instrument deployment, recovery, and sampling

Descriptions, photos, and internal diagrams of the two types of benthic fluid flow meters
used in this study (CATs and MOSQUITOs) are provided in Appendix B.

All CATs and MOSQUITOs included in this study were deployed using the remotely
operated vehicle (ROV) Jason in early 2019 during expedition RR1901/RR1902 on the R/V
Roger Revelle. All instruments were recovered using the ROV ROPOS in 2021 during expedition
TN2102 on the R/V Tangaroa. Upon instrument recovery, coils were disconnected from the
osmotic pumps, the tubing ends were capped, and coils were stored in a cold room at 4 °C.
Sampling of each coil was performed at sea within ~1 day of recovery. Coils were systematically
cut into discrete intervals 25 cm (CATs) or 45 cm (MOSQUITOs) in length. Fluid was expelled
from each tubing interval into a microcentrifuge tube using a small air pump. Aliquots of every
fifth sample were preserved in zinc-acetate solution for sulfate analysis. CAT samples were
acidified to a pH of 2 with nitric acid; every tenth sample was not acidified. Salinity of every
tenth sample for CATs (the non-acidified sample) and MOSQUITOs was measured using a
handheld refractometer. Storage containers for MOSQUITO samples were wrapped in aluminum

foil to prevent photodegradation of the fluorescein tracer.

3.9.2 Time-stamping

We calculate the time duration of a sample as the deployment period (deployment date
minus recovery date) divided by the total number of samples up to the midpoint of the diffusive
salinity tail (tail is a result of diffusive smearing between sample fluid and ultrapure water pre-

filled in the sample coil). CAT meter sample durations range from ~1.4 — 2.2 days; MOSQUITO
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sample durations range from ~3.3 — 6.4 days. Each sample is then time-stamped using the
midpoint of the calculated duration. The start date of the flow rate records varies between
instruments given different deployment dates and pump rates.

Diffusive smearing, which results in decreased temporal resolution, varies in extent both
1) within an individual sample coil (fluid collected early in the deployment period sits in the
sample tubing longer and thus the diffusional length will be longer relative to fluid collected later
in the deployment) and 2) between sample coils (depending on pump rate, in situ effective
diffusion coefficient of the tracer, deployment duration, and sample tubing inner diameter; e.g.,
Jannasch et al., 2004). We estimate that a step change in tracer concentration would diffuse
outward ~125 cm (5 samples) in either direction in CAT coils early in the deployment and ~100
cm (4 samples) at the end of the deployment. Throughout the deployment period, diffusive
smearing in MOSQUITO coils impacts a maximum of ~2 samples on either side of a step change

1n concentration.

3.9.3  Sample analyses

CAT meter samples were diluted with 2% nitric acid solution and analyzed using a
Perkin Elmer 8300 inductively coupled plasma optical emission spectrometer (ICP-OES) or a
Thermo Scientific iCAP RQ inductively coupled plasma mass spectrometer (ICP-MS) for
concentrations of Rb (tracer), B, Li, Sr, and Ba. Samples were spiked with In to correct for
instrumental drift. Measurements were calibrated daily against a series of dilutions of an in-
house multi-element solution prepared from certified reference standards. Analytical precision
was generally <3% for all solutes based on replicate analyses of check standards. We do not
report Ba data because low dissolved Ba concentrations were often below the detection limit of

our method and because sampling in oxygenated conditions likely caused some dissolved Ba to
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precipitate out as barite (BaSOs). Every-other sample was analyzed for both coils of each CAT
meter (temporal resolution of ~2.7-4.3 days without accounting for diffusion).

MOSQUITO samples were analyzed for fluorescein (tracer) concentration using a Cary
Eclipse Fluorescein Spectrophotometer. Calibration using a series of dilutions of an in-house
stock solution made from certified fluorescein sodium salt was performed daily. Analytical
precision was typically <5%. Every sample of at least one coil was analyzed for each

MOSQUITO (temporal resolution of ~3.3-6.4 days without accounting for diffusion).

3.9.4  Flow rate and net flow

Each CAT meter has two sample coils (Fig. B1) and hence two sample sets: one set from
the coil located upstream of the tracer injection point and the other set from the coil downstream
of tracer injection. The Rb (tracer) concentration in both sample sets will co-evolve through time
with flow polarity and flow rate.

For periods of low flow (volumetric flow rate, g, is less than the osmotic pump rate of the

upstream coil, P,), we calculate flow rate, Q, as (Tryon et al., 2001):

Q==01-f) (3.1)
where A is the cross-sectional area of the collection chamber and f, is the fraction of tracer in the
sample from the upstream coil (Csgmpie/Ceracer Where C is the tracer concentration).

For periods of higher flow (volumetric flow rate, g, is greater than the osmotic pump rate

of the upstream coil, P,), we calculate flow rate as (Tryon et al., 2001):

_1(Px Py

where P, is the pump rate for the downstream coil and f;, is the fraction of tracer in the sample

from the downstream coil.
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We can use the above equations to calculate flow rate only when the following is true: a
sample from one coil contains either no tracer solution or all tracer solution, and the
corresponding sample from the other coil contains a mixture of tracer and pore water or
seawater. Flow rates are unresolvable during time periods when corresponding samples from
each coil of a CAT meter contain a mix of tracer and pore water or seawater. However, the
difference in tracer concentration between corresponding samples can be used to determine
dominant flow polarity. These periods likely reflect flow oscillations occurring at a higher
frequency than our sampling resolution can resolve and are shown as dotted lines in flow rate
plots (Fig. 3.2). There is evidence of similar high frequency oscillations in the C3 record over a
two-week period after the SSE.

Following the method in Solomon et al., (2008), MOSQUITO flow rates are estimated
for a given coil by matching the time-series of measured fluorescein (tracer) concentration to
forward-modeled concentrations considering advection and diffusion. We model tracer

concentration, C, as a function of depth and time as (Baetsle, 1969):

C(z 1) = —20— x exp (- %) (3.3)
S(Ht)i\/D_s 4Dgt

where C, is the concentration of tracer injected; V/; is the volume of tracer injected; t is time; Dy
is the sediment diffusion coefficient; z is depth; and v, is the flow rate in the vertical direction,
which is solved for numerically. The depth, z, is the vertical distance from the injection point to
the sampling port. The sediment diffusion coefficient, Dy, is calculated from the molecular
diffusion coefficient, D,,, and tortuosity, 82, where D,, is estimated following Wilke and Chang
(1955) and tortuosity is estimated from porosity following Boudreau, (1996). This approach

assumes that tracer is injected as a point source mass into an infinite porous medium with no
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other tracer sources or sinks. This 1-D analytical solution does not consider horizontal flow but
does take into account horizontal diffusion.

All MOSQUITO tracer concentrations that were modeled had positive values of z. That
is, the sampling port was located above the tracer injection point because the sampling needle
was shorter than the injection needle (Fig. B2). As a result, instantaneous flow rate estimates are
only possible once tracer has traveled upward (via diffusion and/or advection) and reached the
sampling port. Thus, if net downward fluid flow occurs such that tracer arrives at the sampling
port later than it would in a purely diffusive setting, we can only estimate the net downward flow
rate during that period. Once tracer arrives at the sampling port, we can model instantaneous
flow rates, but solutions are non-unique. We present two flow rate time-series solutions for each
MOSQUITO (Fig. 3.3), both of which fit the measured tracer data (Fig. 3.10-3.12).

For both CATs and MOSQUITOs, net flow distance is calculated as the product of the
modeled flow rate and the duration of that flow rate, summed over the entire record. Notably, the
net flow distance is a unique solution for MOSQUITO records even though instantaneous flow

rate is non-unique.

395 Strain calculations

To assess whether the flow transients we observe at diffuse flow sites during the SSE are
compatible with slow slip strain signals, we do a basic calculation of the strain required to
produce the observed flow.

.. d . .
We first calculate the pressure gradient, £ , at the seafloor during peak flow using

Darcy’s Law:

g=—2% (3.4)
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where q is the observed peak flow rate during the SSE (Table 3.1); u is the in situ fluid viscosity
calculated using water temperature measured by ROV during instrument recovery and using a
typical fluid sample salinity of 34 measured shipboard using a handheld refractometer; k is the
permeability calculated using a permeability-porosity relationship based on compaction

experiments on IODP Sites U1519 and U1520 samples (D. Saffer, pers. comm.); P is pressure;

and z is depth.
We then calculate the pressure step, Py, required to generate the pressure gradient, Z—Z ,
calculated from Equation (3.4) from (Carslaw and Jaeger, 1959):
= (3.5)

where c is the hydraulic diffusivity calculated following equations in Wang and Davis (1996)
and Van der Kamp and Gale (1983) and assuming a Poisson’s ratio of 0.49 (Hamilton, 1979;
L’Esperance et al., 2013); and t is time. We report results at t = 0.75 days, approximately the
midpoint of one sample.

Finally, we calculate strain, 8, from the pressure step obtained from Equation (3.5) as

(Davis et al., 2009):
1
0= i (5~ an) o (36)
where [, is the compressibility of the matrix frame calculated from the Bulk modulus, y is the
3D loading efficiency, a,, is the effective stress coefficient, and P, is the pressure step. Elastic

properties are calculated following equations in Wang and Davis (1996), Van der Kamp and

Gale (1983), and Davis et al., (2009).
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3.11 EXTENDED DATA

3.11.1  CAT meter fluid chemistry
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Figure 3.5. Fluid chemistry over time for CAT C3.
(a-d), Chemistry of Coil 1 (upper coil). (e-h), Chemistry of Coil 2 (lower coil). Rb
concentration is used for flow rate modeling; the concentration of Rb in undiluted tracer
solution is 25.4 mM. Note there is evidence of high frequency oscillations in the C3
record over a two-week period after the SSE; this does not impact the overall net flow or

our interpretations.
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Figure 3.6. Fluid chemistry over time for CAT C4.
See caption of Figure 3.5 for further information.
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Figure 3.7. Fluid chemistry over time for CAT CS.
See caption of Figure 3.5 for further information.
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Figure 3.8. Fluid chemistry over time for CAT C6.
See caption of Figure 3.5 for further information.
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Figure 3.9. Fluid chemistry over time for CAT C7.
See caption of Figure 3.5 for further information.
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3.11.2  MOSQUITO fluid chemistry

Chemistry data for MOSQUITOs M5 and M7 are not shown. Samples from these instruments
did not contain any tracer.
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Figure 3.10. Fluorescein concentration over time for MOSQUITO M2 (Coil 1, 14.8 cm above
tracer injection point).
Fluorescein concentration is used as the tracer for flow rate modeling; 0.05 mL of tracer
with fluorescein concentration of 9.983 g/L was injected into the sediment upon
instrument deployment.
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Figure 3.11. Fluorescein concentration over time for MOSQUITO M4 (Coil 3, 5 cm above tracer
injection point).
See caption of Figure 3.10 for further information.
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Figure 3.12. Fluorescein concentration over time for MOSQUITO M8 (Coil 3, 4.8 cm above
tracer injection point).
See caption of Figure 3.10 for further information.
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Chapter 4. RAPID DRAINAGE OF SUBDUCTING SEDIMENTS AT

PYTHIA’S OASIS SEEP IMPACTS
GEOMECHANICS AND FOREARC
GEOCHEMICAL FLUXES AT THE CENTRAL
CASCADIA MARGIN

*This chapter will be submitted to a journal with the following author list:
I. Aylward, E. A. Solomon, R. N. Harris, M. E. Torres, D. S. Kelley

4.1 ABSTRACT

Seeps are underwater springs where subsurface fluids are emitted at the seafloor. They
are ubiquitous along the forearc of subduction zones worldwide. Chemical characterization of
seep fluid compositions, in concert with visual and geophysical investigation, allows for
assessment of their fluid sources and flow rates, and in so provides insight into broad scale
hydrogeologic conditions, geochemical cycles, and geo-mechanical processes. This study
presents geochemical and thermal data from the “Pythia’s Oasis” seep site that indicate focused
drainage of the megathrust and subducting sediment section within the Cascadia margin offshore
of central Oregon. At the primary emission site (“Pythia”), warm (~12°C), highly altered fluids
are discharged at a rate of ~2-30 cm s!. Elevated heat flow values at Pythia (260 mW m™) and a
near-by emission site called “Blow Out” (212 mW m) are consistent with high water discharge.
Geochemical analyses of the emitted fluids reveal extreme enrichment in B (6660 uM), Li (202
uM), and Sr (1190 uM), depletion in Cl (340 mM), non-radiogenic strontium (¥’Sr/*¢Sr =
0.7066), crustal helium (*He/*He < 0.67 Ra), and the presence of ethane and propane. These
chemically and isotopically distinct values reflect fluid source temperatures of ~170 “C-250 °C,

with fluids sourced above basement, within or below a carbonate-rich underthrust sediment
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section (=4 km depth). Persistent, rapid expulsion of highly altered fluids at Pythia’s Oasis

indicate that inefficient drainage of subducting sediments near the deformation front and/or
funneling of fluid from a large catchment area into a high-permeability conduit (likely the Alvin
Canyon Fault), result in long-distance focused fluid transport and significant solute fluxes to the
ocean. Hence, high volumetric discharge at this mid-slope seep may be indicative of
permeability changes that influence broad-scale margin characteristics and indicates that
subduction zone seeps may be more important for marine geochemical cycles than previously

considered.

4.2 INTRODUCTION

Marine cold seeps are the seafloor manifestation of focused fluid flow from the
subsurface. Seeps occur globally along subduction zone forearcs (Suess et al., 2014), commonly
coinciding with deep-reaching fault zones that in some instances provide pathways for focused
fluid flow through low-permeability wedge sediments from plate boundary depths to the seafloor
(e.g., Kastner et al., 2014; Lauer & Saffer, 2012; Moore et al., 1991; Ranero et al., 2008; Sun et
al., 2020). Thus, seep fluid characteristics can be used to examine processes occurring both near
the seafloor (e.g., geochemical fluxes across the sediment-water interface and sediment-animal-
microbe interactions in vent ecosystems), and to infer processes occurring at depths that are out
of reach of sampling and in situ measurements. Specifically, detailed geochemical, geophysical,
and visual characterization of seeps and venting fluids can inform on the thermal structure of
subduction megathrusts and wedge sediments, and the distribution and evolution of pore fluid
pressure in the outer forearc (e.g., Suess et al., 1998).

The composition of pore fluids discharging at seeps are typically altered from seawater.

While shallow, compaction-derived fluids are of seawater origin, chemical reactions, solute
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diffusion along concentration gradients, and mixing with fluids of other sources (e.g.,
dehydration-derived fluids) alter their nature and composition during sediment diagenesis. The
primary diagenetic reactions that modulate pore fluid composition in outer forearc settings
include organic matter degradation, gas hydrate formation and dissociation, carbonate
precipitation and recrystallization, ion exchange, opal and clay dehydration, and alteration of
reactive silicates (e.g., volcanic ash) and upper oceanic crust (e.g., Kastner et al., 1991; Kastner
et al., 2014). These processes progressively alter the composition of pore fluids during burial
such that pore fluids become increasingly “exotic” with increasing depth and temperature. In
general, typical characteristics of deeply-sourced fluids resulting from the above reactions
include low CI and K, high B and Li concentrations, the presence of thermogenic hydrocarbons,
and anticorrelated oxygen and hydrogen isotope ratios (Kastner et al., 2014).

As fluids ascend toward the seafloor, diffusion, continued reaction, and mixing with
shallow pore fluids further affect fluid composition, particularly at low fluid transport rates.
Rapid transport along high-permeability conduits minimizes chemical over-printing by shallower
signals. Thus, the chemical and isotopic composition of fluid expelled at seeps can be used to
assess the fluid source (i.e., depth and temperature of formation) and transport path (i.e.,
subsequent changes experienced) from depth to the seafloor. Additionally, the shape of pore
water solute profiles (i.e., changes in solute concentration with depth) can be used to quantify
fluid flow rates. Heat flow data are complementary to the pore water geochemical profiles.
Spatial variations in heat flow can be used to identify sites of active fluid ventilation that can
then be targeted for geochemical sampling (e.g., Aylward et al., in press). Furthermore, heat flow

data can be modeled to estimate fluid advection rates (e.g., Hutnak et al., 2007).
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Collectively, pore water chemistry and heat flow data at seafloor seeps allow assessment
of the origin, transport path, and rate of flow of seeping fluids. These data permit calculation of
water and solute fluxes associated with focused fluid flow and provide constraints on subduction
zone heat and water budgets. Understanding these budgets is critical: the magnitude and
distribution of heat and water in subduction zones are recognized as primary factors in
controlling the timing and mode of megathrust slip through their influence on frictional
properties and effective stress (e.g., Saffer and Tobin, 2011; Saffer and Wallace, 2015). Further,
the transfer of fluids to the ocean through seafloor seeps influences global elemental cycling
(e.g., Suess, 2014; Kastner et al., 2014). Hence, chemical and thermal investigation of seafloor
seeps afford insight into numerous broad scale processes of scientific and societal relevance.

Seep processes have been studied along the Cascadia subduction zone (CSZ) since the
1980’s (e.g., Collier &Lilley, 2005; Han & Suess, 1989; Kulm et al., 1986; Merle et al., 2021;
Riedel et al., 2018; Sample et al., 1993; Tobin et al., 1993). However, only a few seep sites have
been studied in detail (e.g., Hydrate Ridge, Torres et al., 2002; 2004). A seep unlike any other
yet discovered is Pythia’s Oasis, located on the Oregon accretionary prism about 20 km
landward of the deformation front of the central CSZ (Fig. 4.1; Philip et al., 2023). Discovered in
2014, Pythia’s Oasis is a ~0.385 km? seepage area containing four sites of active fluid expulsion:
Promontory, Pythia (also called “Orifice,” Philip et al., 2023), Blow Out, and Moat. Preliminary
investigations of venting sites at Pythia’s Oasis, including limited fluid sampling during two
remotely operated vehicle (ROV) dives of opportunity, revealed rapid expulsion of warm (~12
°C), highly altered fluids at Pythia, interpreted as focused drainage of overpressured fluids from

plate boundary depths (Philip et al., 2023).
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This study builds upon the initial results of Philip et al., (2023), presenting detailed

geochemical and thermal datasets collected in 2019 during a dedicated research expedition on
the R/V Atlantis (AT42-17). To gain a better understanding of the Pythia’s Oasis
hydrogeochemical system, fluids from the main vent (Pythia) were directly sampled, and gravity
and push cores were collected at each of the four emission sites. In addition, extensive ROV,
autonomous underwater vehicle (AUV), and heat flow surveys of Pythia’s Oasis were conducted.
In this study, the chemical composition of the venting fluid is used to constrain the source depth
and fluid formation temperature. Spatial variations in the nature of seepage are then discussed,
and estimates are made of water discharge and solute fluxes to the ocean using vent fluid
compositions and modeled fluid flow rates. Finally, the implications of focused, long-range
drainage are discussed for marine geochemical cycles, and the hydrogeologic conditions and

water budget of the central CSZ.
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Figure 4.1. Regional map showing location of Pythia’s Oasis.
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(a) Locations of Pythia’s Oasis and scientific ocean drilling and hydrothermal sites in the

region. Baby Bare (“BB”) is a low temperature hydrothermal site; North Cleft (“NC”),

South Juan de Fuca (“SJDF”), Axial, and Endeavor are high temperature mid-ocean ridge
hydrothermal sites. (b) Zoom in of area surrounding Pythia’s Oasis (box in “a”). Near-by

strike slip faults shown as bold black lines (WF = Wecoma Fault; DBF = Daisy Banks
Fault; ACF = Alvin Canyon Fault). Structural interpretations from Goldfinger et al.,

(1992).

4.3  GEOLOGIC SETTING AND PREVIOUS WORK

Along the CSZ, the Juan de Fuca (JDF) plate subducts eastward beneath North America

(Fig. 4.1a) with a convergence rate of ~3—4 cm/yr (e.g., Wilson, 2002). A thick incoming
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sediment section on the young, hot JDF plate results in a thick accretionary prism and no
bathymetric trench. Much of the shallow megathrust along Cascadia is thought to be partially to
fully locked, with very low background seismicity during the interseismic period since the last
large (M9) megathrust earthquake, which occurred in January of 1700 CE (e.g., Atwater et al.,
1995; Wang & Tréhu, 2016).

Pythia’s Oasis is located offshore of central Oregon just south of 44.5 °N, and is likely
co-located with the Alvin Canyon strike-slip fault. Although the Alvin Canyon fault (ACF) is
poorly mapped in the region of Pythia’s Oasis, the seep site lies within ~5 km of the fault zone,
which has an estimated width up to 6 km (Goldfinger et al., 1997). The ACF is the southern-most
of three left-lateral, NW-oriented strike-slip faults in central Cascadia (Fig. 4.1b). These faults
offset both the oceanic crust and wedge sediments, and mark N-S changes in numerous major
tectonic characteristics. Nearly full frontal sediment accretion, a deep décollement at the top of
the oceanic crust, and a shallow (~4°) plate dip near the deformation front occur offshore of
northern Oregon and Washington (~44.75-47 “N; Carbotte et al., 2024; Han et al., 2017,
MacKay et al., 1992). Atypical landward-vergent thrust faults (where vergence refers to the
direction of transport of the overriding thrust sheet) also characterize this region. A jump up in
décollement depth to ~1.5 km above basement, increased plate curvature near the deformation
front, and a switch to seaward-vergent thrust faults occur at ~44.5 “N (Carbotte et al., 2024; Han
et al., 2017). Offshore of Washington, accreted sediments are over-consolidated. In contrast, the
thick sediment sequence subducting offshore of central Oregon is thought to be under-
consolidated and fluid-rich (Han et al., 2017). These changes correlate with variations in
interface seismicity and episodic tremor and slip, current locking fraction, and paleoslip

indicators. Relative to northern Cascadia, modeled reduced locking or a narrower locking zone,
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increased local microseismicity, decreased non-volcanic tremor, a possible higher frequency
megathrust earthquake recurrence interval, and a modeled low-slip region at ~44.5 °N for the
1700 CE megathrust event characterize the central Oregon region where the Pythia’s Oasis seep
site is located (Hyndman and Wang, 1995; McCaffrey et al., 2013; Schmalzle et al., 2014;
Walton et al., 2021; Wang and Tréhu 2016).

Pythia’s Oasis was discovered in 2014 during a multibeam sonar survey as two bubble
plumes rising hundreds of meters into the water column, separated by ~380 m (Philip et al.,
2023). Subsequent surveys determined that the seep area hosts four fluid emission sites along a
NW-SE trend. Seafloor investigations (Philip et al., 2023) in 2015 and 2016 using the ROV's
ROPOS and Jason, respectively, revealed that Pythia (the primary emission site) is an ~5 cm-
diameter orifice emitting warm (11.8 “C-12.6 °C), sediment-laden, freshened fluid. Fluids
collected directly from within the Pythia orifice and pore water from two ROV push cores near
the vent revealed a fluid composition that is significantly altered from seawater (e.g., extremely
enriched in B and Li relative to sea water values). Analysis of a 2015 ROPOS video clip of
Pythia indicated that water was being expelled at 10 — 30 cm s™! (Philip et al., 2023). Bottom
simulating reflector (BSR) anomalies consistent with long-lived expulsion, together with the
anomalous fluid compositions, led Philip et al., (2023) to hypothesize that fluid flow may be
channeled from plate boundary depths to the seafloor along the Alvin Canyon fault co-located
with Pythia’s Oasis. Moreover, calculations by Philip et al., (2023) of the CSZ water budget,
and the pore pressures and permeabilities required to support the observed water discharge,
implied that strike-slip faults may play a major role in regulating megathrust pore fluid pressure

throughout the outer forearc in the central CSZ.
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4.4  METHODS

44.1 Sample collection and processing

During a 2019 expedition onboard the R/V Atlantis (AT 42-17), Pythia’s Oasis was
extensively surveyed and sampled using a hull mounted Kongsberg EM122 multibeam sonar,
high-resolution bathymetric mapping with the AUV Sentry utilizing a RESON multibeam sonar
(400 kHz), photomosaic surveys by Sentry and the ROV Jason, visual seafloor investigation and
vent sampling with Jason, gravity coring, and heat flow measurements (Fig. 4.2, 4.3). To obtain
high resolution (~1 m) bathymetric maps of the area, Sentry was flown at an altitude of 30-60 m
off bottom. During one ROV dive (J2-1227), Jason drove in a grid pattern at ~3—4 m above the
seafloor to collect overlapping images of a ~7700 m? area centered around Pythia, allowing the
production of a high-resolution photo mosaic of the area (Fig. C1).

Ten discrete fluid samples were collected from the Pythia vent using Isobaric Gas Tight
samplers (IGTs; Seewald et al., 2001) co-registered with temperature and Major Fluid samplers
(von Damm et al., 1985; Fig. 4.2b). Fluid samples were filtered through a 0.2 um filter. Salinity
was measured shipboard with a Reichert temperature-compensated handheld refractometer and
pore water alkalinity was measured by Gran titration following Gieskes et al. (1991). The
remaining filtered pore water was aliquoted for shore-based analysis and stored in a cold room at
4 °C. Aliquots for sulfate and dissolved Cl measurement were diluted 1:101 in a 0.4893 mM
ZnAc solution. For major and minor elements and Sr isotope measurements, aliquots were
acidified to a pH of 2 with HNOs. Subsamples for §'C analyses of dissolved inorganic carbon
(DIC) were preserved with HgCl,. Untreated aliquots were stored in glass bottles for additional
Cl measurements and Cl isotope analyses. Subsamples for 3'%0 and 8D determination were

stored in flame-sealed glass ampoules. Gas samples for hydrocarbon and methane isotope
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analyses were preserved in evacuated serum bottles. IGT gas samples for *He/*He analysis were
preserved in crimped copper tubes and stored in a cold room at 4 °C. The copper tubes were
initially flushed with Ultra High Purity N> gas, then flushed with 1 volume of sample (~20 mL);

the second sample volume was then crimp-sealed.

Figure 4.2. ROV Jason photos of Pythia’s Oasis.
(a) The Pythia vent at the Pythia’s Oasis seep site. (b) Sampling Pythia fluids using a
Major sampler. (c) Push cores collected in a clam field near the Pythia vent. (d) Extensive
bacterial mat and clams near the Blow Out site.

Utilizing the Oregon State University (OSU) MARSSAM coring facility, 21 successful
gravity cores (Table C1) ranging from 0.4—4 m penetration targeted the four emission sites, with
a focus on the area immediately surrounding Pythia. Using the ROV Jason, six push cores were
collected, four around Pythia and two near the Blow Out emission site (Table C1). Gravity cores
were cut into 150 cm sections, which were immediately labeled, capped, taped, and stored in a
cold room at 4 °C until further processing. Sediment from all cores was extruded from the core

liner in short intervals (2—10 cm) within ~12 hours of core collection. Two 3 mL sediment plugs
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were collected from extruded sediment intervals using a cut-off syringe. Sediment plugs were
stored in crimp-sealed glass bottles for follow-on porosity and headspace hydrocarbon analyses.
Ten mL of saturated KCI solution were added to hydrocarbon samples, and bottles were stored
upside-down. The remaining extruded sediments were squeezed for pore water using titanium
squeezers and hydraulic presses. The extracted pore water was then filtered through a 0.2 um
filter. Salinity and alkalinity were measured shipboard, and remaining fluids were aliquoted and
preserved for shore-based analysis as described for vent samples collected with IGTs and Major
samplers.

Sixty-five heat flow measurements were collected along transects of each emission site
using a “violin bow” style multi-penetration heat flow probe. The probe’s thermistor string was
3.5-m long, housing 11 equally spaced thermistors that were inserted into the sediment at each
measurement location. Heat flow determinations were made using in situ measurements of the
thermal gradient and thermal conductivity, based on 1) the decay of frictional heating generated
during insertion of the probe, and 2) the decay of a calibrated heat pulse generated by a heating
wire in the thermistor string, respectively. All heat flow data were analyzed using SlugHeat
(Stein and Fisher, 2001), an interactive set of processing tools. Measurements were conducted
every ~80 m along NE-SW trending transects (~1000 m long) across each emission site. An

additional ~2700-m-long E-W transect was conducted crossing Pythia (Fig. 4.3, 4.5).

442  Onshore geochemical analyses

Major (Ca, K, Mg, Na) and minor (B, Li, Fe, Mn, Sr, Si) constituents of pore water and
vent fluid were measured at OSU using a Spectro Arcos ICP-OES. For major element analyses,
samples were diluted 1:100 with a 1% nitric acid solution. Dilutions of IAPSO standard seawater

were used as calibration standards. Analytical precision of major element analyses was <3%. For
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minor element analyses, samples were diluted 1:25 in a 2% nitric acid solution. In-house
standards prepared from certified reference standards were used for calibration. Precision of B,
Li, Fe, and Mn were <5%, and precision of Sr and Si were <6%.

For strontium isotope analyses, acidified pore fluid aliquots were loaded directly onto
columns containing EICHROM Sr-Spec® resin; samples from the columns were collected in
acid-washed Teflon bottles, acidified with 2 mL of 3% HNO;3 and analyzed using the multi
collector inductively coupled plasma-optical emission spectrometer (MC-ICPMS) located in the
W.M. Keck Collaboratory for Plasma Spectrometry at OSU. 37Sr/%¢Sr ratios were normalized to
the National Bureau of Standards 987 standard, with a ¥’Sr/%¢Sr value of 0.71025 + 0.00005 (2o
mean; n=91). External error is represented through replicate analysis of an in-house standard
yielding an 87Sr/%Sr ratio of 0.708170 £ 0.000051 (26 mean; n=91). The stable isotopic
composition (8'3C) of the dissolved inorganic carbon (DIC) was measured at OSU using a Gas-
Bench II automated sampler interfaced to a gas source stable isotope mass spectrometer as
described in Torres et al. (2005). The precision of the 3'3C measurements based on replicate
analyses of a NaHCOs3 in-house standard is better than £0.1%o.

Sulfate, chloride, hydrocarbons (C1—Cs), and §'%0 and 8D were measured at the
University of Washington (UW). Sulfate and chloride were analyzed using a Metrohm 882
Compact ion chromatograph. Calibration standards were prepared from dilutions of IAPSO
standard seawater. Analytical precision based on repeat measurements of check standards was
<2% and <1.2% for SO4 and Cl, respectively. For vent samples, Cl was also measured by
titration with silver nitrate following the method in Gieskes et al. (1991). Samples were run in
duplicate. Analytical precision based on repeat analyses of IAPSO was <0.4%. Hydrocarbon

(C1—Cs) concentrations were measured using a Hewlett Packard 5890 Series II gas
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chromatograph. All analyzed headspace samples were collected well below the sulfate-methane
transition zone (SMTZ) to ensure no effects from anaerobic methane oxidation. Samples were
run in triplicate. Analytical precision was generally <2% for methane, <5% for ethane, and <10%
for propane; no higher hydrocarbons were detected. '*0 and D (VSMOW) were measured on a
Picarro liquid water cavity ring-down spectrometer (CRDS). Reproducibility based on repeat
measurements of a reference standard was +0.4%o and +0.09%o for 8D and 8'%0, respectively.
Sediment porosity was measured at UW for gravity and push core samples by weighing 3 mL
sediment plugs before and after drying in an oven for 24 hours at 60 C.

Methane isotope ratios (8'*C-CHa, 8D-CH4) were measured for two samples at ETH
Zurich using a Thermo Fisher Delta V isotope ratio mass spectrometer (IRMS). An in-house CH4
reference standard was calibrated against Methane #1, #2, #5 and #7 (Biogeochemical
Laboratories, Indiana University, USA). The reproducibility of the CH4 standards was 0.4%o for
8!3C and 1.3%o for 8D. Reproducibility was 0.6%o for 8'3C for the IGT sample and 0.1%o for the
pore water sample (core BB2). For 8D, the standard deviation was 0.4%o for the IGT sample and
0.7%o for the pore water sample. §°’Cl was determined using the AgCl-CH3Cl method (Godon et
al., 2004) on a duel-inlet gas source mass spectrometer (ThermoFisher Delta XP or Delta V) at
the Institut de Physique du Globe de Paris (IPGP). External reproducibility of the Atlantique 2
seawater Cl reference standard was + 0.025%o.

3He/*He was measured at Ohio State University. Gas samples were prepared by attaching
the sampling container to an ultra-high vacuum steel line (total pressure <3 x 10 torr). Sample
gas was purified in vacuo following methods described in Darrah and Poreda, (2012) and then
introduced to a Thermo Fisher Helix Split Flight Tube (SFT) mass spectrometer for

quantification of isotope abundances. Errors averaged +0.0091 times the ratio of air (or 1.26 x
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10%) for *He/*He as determined by measuring the Lake Erie atmospheric air reference material
(Darrah et al., 2014) and Scripps Institute of Oceanography MM helium standard (Darrah and
Poreda, 2012).

Pore water geochemistry data produced for this study are available through EarthChem

Library (https://doi.org/10.26022/IEDA/112771; Aylward et al., 2023). Note that not every

analysis was conducted on every sample. Following analyses, the endmember composition (i.e.,
the fluid composition below the shallow mixing zone) of the vent fluid collected using IGT and
Major samplers was estimated based on the measured SO4 concentrations and assuming
conservative mixing between bottom water (SO4 = 28.9 mM) and SO4-depleted vent fluids (0
mM). Given that the regional SMTZ is <50 cmbsf, any sulfate in the venting fluid was assumed
to reflect shallow fluid entrainment near the seafloor and/or dilution of vent fluid during
sampling. Thus, solutes and isotopic ratios in the Majors and IGT samples were cross-plotted vs.

SO4 and endmember concentrations were estimated by extrapolating SO4 to zero (Table 4.1).

443  Fluid flow rate modeling

Estimated fluid flow rates at Pythia were made using Jason 4K video collected during the
2019 expedition. The movement of sediment particles suspended within the fluid expelled from
the orifice was tracked using Tacker 6.1.3, an open-source video analysis and modeling tool.
Distances were calibrated using lasers mounted 10 cm apart on Jason. Five video clips were
analyzed, in which a visible particle was tracked for 20-100 frames to calculate an average
particle velocity.

Fluid advection rates outside of Pythia were estimated by modeling pore water Cl profiles

from 18 sediment cores (16 gravity cores and two push cores; Table C1, C2) using a one-
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dimensional finite-difference model (Berg, 2018) that solves the transient advection-diffusion

equation run to steady-state,

= sot] Lt veat 2en

where C is solute concentration, t is time, z is depth, Dy is the sediment diffusion coefficient, ¢
is porosity, b is pore water burial rate, v is fluid advection rate, and R is the sum of the rates of in
situ reactions.

Diffusion coefficients were calculated based on a reference diffusivity (Li & Gregory,
1974) adjusted for tortuosity (estimated from porosity), and a bottom water temperature of 3.3 °C
(Philip et al., 2023). Sediment tortuosity (8%) was calculated from porosity using the following
relationship (Boudreau, 1997):

0% =1 — In(¢?) (4.2)
where ¢ is porosity.

Several simplifying assumptions were made because the cores were relatively short (up to
4 m, but generally < 3 m). Diffusion coefficients were calculated assuming a constant
temperature. Pore water burial flux was computed assuming a constant sedimentation rate of
0.015 cm/yr (Torres et al., 2004), and CI was assumed to be conservative (R = 0). A complete
list of input parameters is included in Table C2.

Estimates of the total volume of water discharged at Pythia were made by multiplying the
flow rate by the cross-sectional area of the orifice (assuming a circular orifice of diameter 5 cm;
Fig. 4.2a, 4.2b). For estimates of the water discharge distal to Pythia, the flow rates at discrete
coring sites were extrapolated to the total seepage area. To estimate the total seepage area,
visible seepage indicators were identified (bacterial mats, carbonate mounds, and macrofaunal

colonies) in the Jason photomosaic covering an area of ~7700 m? centered at Pythia (Fig. C1).
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The spatial area of each identified feature was estimated using QGIS (a free, open-source
geographic information system software). The overall percentage of the photomosaic area
covered by seepage features was then calculated. Using these values, the total seepage area was
estimated as: 1) the number of identified seep features multiplied by the average area of each
feature type, or 2) the area of hummocky topography surrounding Pythia and Blow Out (Fig. C1)
multiplied by the calculated percentage of the photo-mosaic covered by seepage features. These
two estimates of the spatial area of seepage were multiplied by the average flow rate modeled at

coring sites to give an approximation of water discharge outside of Pythia.

4.5 RESULTS

ROV Jason temperature probe measurements within the Pythia orifice ranged from 10.7—
11.5 °C during the 2019 expedition. Over 250 seafloor features indicative of past and/or present
fluid seepage were identified during 2019 ROV surveys throughout Pythia’s Oasis. These
features include bacterial mats, carbonate nodules, pavements, and outcrops, macrofaunal
communities (e.g., clams, snails, tubeworms), and bubbles issuing from the seafloor (Fig. 4.2,

4.3).
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Figure 4.3. Bathymetric map of Pythia’s Oasis summarizing observations and results.
(a) Map view of Pythia’s Oasis showing heat flow results, bubble plumes detected in
multibeam surveys (acoustic plumes), and ROV track lines during the 2019 expedition.
(b) Zoom-in on the four emission sites, showing flow rate results and observations of
seafloor seepage indicators. Location of Pythia is from 2019 observations. Locations of
the Promontory, Blow Out, and Moat sites from Philip et al., (2023). The four labeled
cores are those shown in Figure 4.5.

A one-meter resolution bathymetric map of Pythia’s Oasis compiled from AUV Sentry
data delineates a nearly continuous depression oriented NW-SE encompassing the four emission
sites, covering an area of ~0.385 km? (Fig. 4.3, C1). Within the depression, gentle hummocky
topography surrounds the Pythia and Blow Out sites, whereas the seafloor around the
Promontory and Moat sites is relatively smooth (Fig. 4.3, C1). Using multibeam data, 14 bubble
plumes were identified within and just outside the seep area as defined by the bathymetric

depression. These observations, along with the locations of the four emission sites identified in
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2015 (Philip et al., 2023), track-lines of all Jason dives, and heat flow and fluid flow rate

modeling results are summarized in Fig. 4.3.

The composition of fluid discharging at Pythia is significantly altered from seawater.
Vent fluids are highly enriched in Ca, Sr, B, Li, Mn, Si, and Fe, and depleted in K, Mg, Na, and
Cl (Table 4.1). The fluids are also isotopically distinct from seawater, with elevated §'0 and
8!3C-DIC, and depleted 5°’Cl, 8D, and ¥’Sr/*Sr values. In Figure 4.4, Sr, Li, and B
concentrations and ¥’Sr/%®Sr of the Pythia SO4-depleted endmember are compared with pore
water from scientific drilling in the region and vent fluids from several hydrothermal systems
located on the JDF plate and spreading center. Despite the shallow sampling depth at Pythia’s
relative to drilling samples and low fluid temperatures relative to hydrothermal sites, Pythia’s
fluid compositions are anomalous.

Table 4.1. SO4-depleted endmember fluid composition from the Pythia vent orifice.
Fluid sampled from the Pythia vent orifice with IGT and Major samplers during ROV
dives in 2019. The top and bottom sections display analytes that are enriched or depleted
relative to seawater, respectively.

Enriched Ca | Sr | Ak | B Li | Mn | Si Fe | 8%0 f)llsg
(mM) | (@M) | (mM) | M) | (M) | (M) | M) | (M) | (%) (%)
Vent 51.9 | 1190 |7.35 | 6660 |203 827 | 1045 | 398 0.118 | 19.0
Concentration
SW 10.55 | 87 2.325 [ 450 |26 0.00 | <100 | 0.0008 |0 0
Concentration 03
Depleted K | Mg | Na | C | &'c1 | 8D | ¥'sr/
(mM) | (mM) | (mM) | (mM) | (%) | (%) | **Sr
Vent 0.702 | 4.65 |230 |341 |-0.562 |-9.97 | 0.7066
Concentration
SW 10.44 | 54 480 [559 |0 0 0.7092
Concentration
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Figure 4.4. Comparison of Pythia fluids with scientific ocean drilling sites and hydrothermal

systems in the region.
(a) ¥’Sr/%Sr vs. 1/Sr and (b) B vs. Li of the Pythia SO4-depleted endmember (Table 4.1),
pore waters from scientific ocean drilling sites, and hydrothermal vent fluids in the
region. Locations of ODP/IODP sites relative to Pythia’s Oasis are shown in Figure 4.1.
Note not all sites in Fig. 4.1 have Sr, B, and Li data, so not all are included here. Data are
from the following references: Leg 168, Baby Bare (Fisher et al., 2000), Leg 311 (Riedel
et al., 2010), Leg 146 (Carson et al., 1992), Leg 204 (Tréhu et al., 2006), Leg 301 (Fisher
et al., 2004), SJDF (Von Damm, 1990), Endeavor (Butterfield et al., 1994), Axial
(Butterfield et al., 1990), NC (Butterfield & Massoth, 1994).

Hydrocarbon (Ci-C3) concentrations are enriched relative to seawater. The highest

measured pore water (core BB2) concentrations of methane, ethane, and propane are ~5 mM,
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0.02 mM, and 0.006 mM, respectively. IGT samples have similar or lower ethane and propane
concentrations, but higher methane concentrations (up to ~60 mM). No hydrocarbons heavier
than propane were detected. Ci/(C2+Cs3) ratios of all analyzed samples range from ~130 to
~7400. Methane isotopes were analyzed for one pore water sample (8°C-CHs= -47.6 %o and 8D-
CHs = -171%0) and one IGT sample (8'*C-CH4 = -50.1%o and 8D-CH4 = -178%o). *He/*He ratios
for IGT gas samples relative to an atmospheric ratio of 1.388 x 10¢ (Wiersberg et al., 2018)
ranged from 0.24-0.67 Ra.

The linear flow rate at Pythia is ~2-21 cm s! based on particle tracking of five video
clips from the 2019 expedition (Table 4.2). Upward fluid flow rates near the Pythia orifice and
from the Blow Out site (estimated by modeling pore water ClI profiles from sediment cores) are
~2—-6 cm/yr (Fig. 4.3, 4.5, Table C1). Slightly lower rates were estimated at the Moat site (cores
BB22 and 27) compared to Pythia and Blow Out. Approximately half of the sediment core sites
show evidence of downward fluid flow or irrigation with seawater (concave-up pore water Cl
profiles) and are not modeled for flow rate (e.g., BB16 shown in Fig. 4.5). Of the cores in which
upward fluid flow was modeled, pore water compositions from sediment cores generally trend
toward the SO4-depleted endmember values of Pythia vent fluids with depth. In most profiles,
alteration from seawater composition occurs within the top ~10 cmbsf of upward-flow sites
(Table C1).

Heat flow measured at Pythia’s Oasis is anomalously high, with values up to 260 mW m
relative to background values of 80 mW m. Elevated heat flow values tend to occur within the
bathymetric depression, with the highest values centered at the Pythia and Blow Out emission
sites. Values at the Promontory and Moat sites are only slightly elevated from background (Fig.

4.3, 4.5).
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4.6  DISCUSSION

4.6.1 Spatial variations in the nature of seepage

Variations in heat flow, modeled fluid flow rate, and fluid composition occur throughout
Pythia’s Oasis. Along the Pythia and Blow Out transects, heat flow values are low outside of the
bathymetric depression, then increase to peak values centered roughly on the known emission
sites, consistent with focused discharge of warm water (Fig. 4.3, 4.5). These observations are
consistent with modeled fluid flow rates from sediment core pore water Cl profiles; high upward
rates (4.5 — 6 cm/yr) occur near Pythia and the Blow Out (e.g., BB14 and BB2 in Fig. 4.3, Table
C1). Additionally, four cores taken near Pythia and Blow Out have near-vertical pore water
alkalinity profiles near the SO4-depleted endmember of the vent samples (7.35 mM) and high Ca
concentrations throughout the core or increasing with depth (e.g., BB14, BB2 in Fig. 4.5). These
profile characteristics indicate that upward advection of low-alkalinity, high-Ca fluids dominates
the pore water composition at these sites over ongoing in situ reactions (e.g., anaerobic methane
oxidation and carbonate precipitation) and physical circulation processes (i.e., gas-driven
irrigation and bioturbation).

In contrast, heat flow increases only slightly within the bathymetric depression along the
Promontory and Moat transects with no clear central peak (Fig. 4.3, 4.5), indicating diffuse water
flow. The two sediment cores taken near the Moat have lower modeled velocities (2—3 cm/yr)
than at Pythia and the Blow Out (e.g., BB27 in Fig. 4.5), and the one sediment core taken at
Promontory has vertical or concave-upward pore water solute profiles (BB16 in Fig. 4.5),
indicating this site is dominated by downward water flow. Low heat flow, along with downward
or reduced upward modeled fluid flow rates at the Promontory and Moat sites suggest gas is

primarily emitted at these sites and that shallow irrigation of the surface sediment with bottom



99

water dominates over focused long-range upward advection. The three cores taken near the

Promontory and Moat, and downward flow cores outside Pythia and Blow Out, also exhibit

increasing pore water alkalinity concentrations with depth (up to 34 mM in BB27, Fig. 4.5) and

Ca concentrations that decrease or remain near seawater (e.g., BB16 and BB27 in Fig. 4.5).

These characteristics do not reflect focused upward advection of altered fluids, but instead are

consistent with gas-dominated emission, shallow seawater circulation, and reactions driven by

anaerobic methane oxidation.
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Figure 4.5. Heat flow, select pore water profiles, and flow rate model results at the four emission

sites.

(a) Heat flow transects across the four emission sites. Arrows correspond to the edges of
the bathymetric depression and stars denote the estimated seafloor locations of bubble
plumes. (b) Example pore water alkalinity, Ca, and CI profiles from sediment cores
collected at the four emission sites. CI profiles show modeled advection rates. Core
locations are shown in Fig. 2.3; core locations, model parameters, and model results are

included in Tables C1 and C2.
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The spatial distribution of heat flow and fluid flow at Pythia’s Oasis likely reflects a
dynamic shallow permeability structure controlled by the complex interactions of gas hydrate
formation, gas-driven fracturing and transient gas emission, shallow seawater circulation, and
tectonic forcing, similar to other sites (Bangs et al., 2011; Liu and Flemings, 2006; Solomon et
al., 2008; Torres et al., 2002; Tryon et al., 2002). The high flow rate and water-dominated
emissions at Pythia and the Blow Out site imply that water transported along the Alvin Canyon
fault is focused into discrete, high-permeability (i.e., highly fractured) zones near the seafloor
(Fig. 4.6). To create water relative permeability that is much higher than gas relative
permeability, water funneling must begin well below the base of hydrate stability, where gas
saturation is relatively low. Additional funneling within the hydrate stability zone (above the
BSR) may continue to focus water flow beneath Pythia and Blow Out (Fig. 4.6). Gas-dominated
emission at Promontory and Moat implies a cyclic shallow buildup of gas below the BSR until
critical buoyancy is reached (i.e., gas pressure reaches lithostatic stress and drives fracturing) and
gas can break through, forming a column of free gas migration to the seafloor (e.g., Tréhu et al.,
2004; You and Flemmings, 2019). Because of the high gas saturation, water relative permeability
is low beneath Promontory and Moat and the flux of gas exceeds the flux of water.

In both the water-dominated and gas-dominated portions of Pythia’s Oasis, downward
fluid flow and convection of seawater in shallow sediments are also occurring (Fig. 4.6), driven
by gas dynamics (e.g., Solomon et al., 2008; Tryon et al., 1999) and potentially salinity contrasts
between the venting fluid and seawater (e.g., Henry et al., 1996). At locations away from the
Pythia vent, vertical pore water profiles at seawater concentration or concave-up profiles
indicative of downward flow, indicate the amount of water crossing the seafloor due to shallow

seawater circulation is greater than that from long-rage upward flow. However, directly at
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Pythia, the chemistry of the venting fluid is similar to, or more altered, than pore water sampled
from gravity cores that penetrated below the zone of shallow seawater circulation (upper ~1
mbsf; e.g., Hong et al., 2016). This indicates that shallow circulation is not vigorous enough to
significantly dilute the venting fluids, and the upward flow from depth dominates the venting

fluid composition at Pythia.

4.6.2  Fluid source and formation temperature

The elevated temperatures (10.7—12.6 °C at Pythia) and highly altered compositions of
fluids discharging at the water-dominated emission sites at Pythia’s Oasis indicate a high-
temperature source. Based on limited geochemical analyses of two vent fluid samples and two
push cores collected in 2015, Philip et al., (2023) estimated a minimum source temperature of
150°C to 250°C, placing fluid formation at or near the plate boundary. To confirm and further
constrain the source depth and range of possible fluid formation temperatures of Pythia fluids, a
full suite of geochemical analyses were conducted on numerous vent and sediment core samples
collected during the 2019 R/V Atlantis expedition. Source fluids for Pythia’s Oasis were
constrained by 1) comparing the chemical and isotopic composition of the Pythia’s Oasis fluids
to pore water chemistry of scientific ocean drilling sites and hydrothermal sites in the region, and
results of laboratory experiments, and 2) by utilizing established theoretical and empirical
geothermometers.

Dissolved Sr concentrations and Sr isotope results provide the clearest insight into the
source depth of the fluids expelled at Pythia’s Oasis. Potential source materials of the excess Sr
measured at Pythia’s Oasis (concentrations are over 13 times higher than seawater values)
include continental detritus, ash, biogenic carbonates, and oceanic crust. Given that each

potential source of Sr has distinct isotopic signatures, and that there is no measurable
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fractionation of 87Sr/%¢Sr during fluid-rock reactions, Sr is recognized as a powerful indicator of
fluid source (e.g., Kastner et al., 1995; Solomon et al., 2009; Hensen et al., 2015; Ayres et al.,
2020; Teichert et al., 2005).

The ¥7St/®Sr ratio of Pythia SOs-depleted endmember fluid is 0.7066, lower than
seawater and most pore water samples from scientific ocean drilling expeditions along the CSZ,
but higher than basalt-hosted hydrothermal sites (Fig. 4.4). Continental detritus is discounted as
the dominant Sr source because it would result in 37Sr/*¢Sr ratios higher than seawater. For
example, radiogenic (0.70975-0.71279) 87Sr/*Sr ratios measured for authigenic carbonate
cement contained in sedimentary rocks collected at the seafloor along a fault zone northwest of
Pythia’s Oasis are thought to reflect recrystallization of terrestrial clay minerals (Sample et al.,
1993). Further, radiogenic (0.7120-0.7156) average 37Sr/*®Sr ratios have been measured for the
Columbia and Fraser rivers (Goldstein and Jacobsen, 1987; Wadleigh et al., 1985), which
currently dominate sediment delivery to the Cascadia margin (Underwood, 2007).

Fluid interaction with basaltic rock (i.e., oceanic basement) and the dissolution and
alteration of ash are commonly invoked to explain increased Sr concentrations and low (non-
radiogenic) ¥Sr/%®Sr ratios of marine pore waters in Cascadia and elsewhere (Joseph et al., 2012;
Ayres et al., 2020; Riedel et al., 2010; Torres et al., 2020). However, while both sources could
explain the low ¥’Sr/%Sr ratios at Pythia’s Oasis, neither can account for the extremely elevated
dissolved Sr concentrations. Strontium concentrations of hydrothermal vent fluids at
temperatures up to ~350 “C are commonly above seawater values, but do not exceed ~300 uM
(Butterfield et al., 1990, Butterfield et al., 1994, Von Damm, 1990), about four times lower than
the 1190 uM Pythia SOs-depleted endmember. Thus, basaltic interaction with fluids, even at

high temperatures, is discounted as the dominant source of excess Sr at Pythia’s Oasis. If ash was



103

the dominant source of Sr, the 8’Sr/%6Sr of Pythia fluids would be significantly lower. This is
illustrated by a simple mass balance calculation: summing the products of 1) seawater Sr
concentration (87 uM) with seawater ’Sr/*Sr ratio (0.7092), and 2) the remaining
approximately 1103 uM Sr assumed to come from ash with an ash 3Sr/%¢Sr ratio of ~0.7037
(Cascadia volcanics from the GEOROC database), gives a 37St/3¢Sr ratio of ~0.7041 for the 1190
uM-Sr fluids at Pythia’s. Thus, an ash-dominant Sr source is also discounted and an additional Sr
source is required to account for high Sr concentrations at Pythia’s Oasis.

The recrystallization of biogenic carbonate towards dolomite releases Sr into the pore
water, which can cause dissolved Sr concentrations to reach over 1000 uM (e.g., Ayres et al.,
2020; Baker et al., 1982; Fantle and DePaolo, 2006; Kimura et al., 1997; Richter and DePaolo,
1987). Given that the 87Sr/%¢Sr ratio of seawater has not been below 0.7077 for at least 35 Ma
(Paytan et al., 2021), this mechanism can account for the Pythia’s dissolved Sr concentrations,
but does not explain the 8’Sr/%¢Sr ratio of 0.7066. Therefore, both carbonate recrystallization and
either ash dissolution or fluid-basalt interaction are required to explain the Sr data at Pythia’s
Oasis.

Based on the Sr data alone, fluid-basalt interactions cannot be discounted as the cause for
the non-radiogenic ¥’Sr/%Sr signal. However, ash dissolution is a more likely explanation
because it does not require fluid transport from basalt into overlying sediments, which typically
have permeabilities several orders of magnitude lower than the underlying basement (Spinelli et
al., 2004). Elevated dissolved B concentrations at Pythia’s (6660 uM), which greatly exceed
those at basalt-hosted hydrothermal vent sites (<1000 pM; Fig. 4.4), also do not align with a
basement source and *He/*He ratios of 0.24-0.67 Ra in the venting fluids are inconsistent with a

significant basaltic contribution. *He/*He ratios at Pythia’s are similar to values measured at
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other seeps in Cascadia that have been interpreted to lack mantle He input (0.1-0.3 Ra;
Baumberger et al., 2018; Collier and Lilley, 2005). In contrast, two samples collected at seeps
southwest of the Coquille Bank in Cascadia (~42.7 “N; Baumberger et al., 2018), as well as seeps
and scientific drilling sites at other subduction margins (e.g., Wiersberg et al., 2018; Fiiri et al.,
2010) that have *He/*He ratios above 1 Ra have been interpreted to contain mantle-derived
helium (indicative of fluid-basalt interaction). Thus, fluid-basalt interaction (including with JDF
crust or the accreted Siletzia large igneous province) is unlikely to significantly affect the fluids
venting at Pythia’s Oasis, and a combination of carbonate recrystallization and ash dissolution
best explain the observed Sr data.

The Pythia Sr data implies a fluid source above basement, within or below a section of
biogenic carbonate. However, modern inputs to the central CSZ are dominated by terrestrial fan
deposits with low carbonate content (e.g., Underwood, 2007). It is therefore hypothesized that
Pythia’s fluids are traveling from a carbonate-rich underthrust section (Fig. 4.6) that pre-dates
the onset of the Astoria Fan (~1.3—1.4 Ma; McNeil et al., 2000). This interpretation is consistent
with results from Deep Sea Drilling Program Site 174 on the incoming JDF plate, ~100 km west
of Pythia’s (Fig. 4.1). The two major stratigraphic units drilled at Site 174 were late Pleistocene
to Pliocene in age, dominantly consisting of Astoria Fan sands (Unit 1) atop abyssal plain silts
(Unit 2; Kulm & von Huene et al., 1973; Fig. 4.6). At this site, the deepest cores of Unit 2 (Core
39 at 705 mbsf, Core 40 at 766 mbsf, and within the drill bit pulled from 879 mbsf), recovered
limestone beds containing up to 80% micritic carbonate ~160—30 m above the basement depth of
911 mbsf (Kulm & von Huene et al., 1973). The cores were interpreted as a section of pelagic
sediment (inferred to be ~8 Ma) underlying the modern terrestrial deposits (von Huene & Kulm,

1973).
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Beneath Pythia’s, this pelagic section may comprise a more significant portion of the
sediment section. A crustal age of ~9 Ma (Green & Harry, 1999; Han et al., 2018, Wilson, 2002)
beneath Pythia’s indicates that this portion of the plate likely subducted well before the onset of
Astoria Fan sedimentation. Based on interpretations of multichannel seismic reflection images
(Carbotte et al., 2024; Han et al., 2017), the décollement is relatively shallow offshore of central
Oregon (~1.4—1.7 km above basement) such that this deep carbonate-rich section would be
included in the subducting section, as opposed to accreted. Thus, the Sr data provide convincing
evidence for fluid transport from the underthrust section, indicating a minimum source depth of
~4000 mbsf and minimum source temperature of ~170 °C (Carbotte et al., 2024; Philip et al.,

2023; Fig. 4.6).
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Figure 4.6. Conceptual diagram summarizing interpretations.
Water migrating from depth is funneled to a focused region near the seafloor. Gas and

water discharge are partitioned; Pythia and Blow Out are dominated by water flow,
whereas the Promontory and Moat sites are dominated by gas flow. The Alvin Canyon
Fault (ACF) likely facilitates long-range fluid transport. Temperatures with depth from
Philip et al., (2023). Incoming stratigraphic section based on DSDP Site 174 results

(Kulm & von Huene et al, 1973; von Huene & Kulm, 1973).

A high-temperature fluid source is also supported by the molecular and isotopic
composition of hydrocarbon gases in Pythia’s Oasis vent and headspace samples. IGT samples
and headspace samples from sediment cores below the sulfate-methane transition zone (SMTZ)
contain methane (C), ethane (C»), and propane (C3), with no detectable higher hydrocarbons.

C1/(C2+C3) ratios of ~130-7500, §'*C-CH, values of -48 — -50%o, and §D-CH, values of -171— -

178%o in the measured samples are inconsistent with a purely microbial origin (e.g., Bernard et
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al., 1977; Milkov & Etiope, 2018). The, elevated concentrations of ethane and propane along
with relatively heavy methane isotopes indicate a mixture of microbial and thermogenic gas
sources. Formation of thermogenic hydrocarbons occurs in the 80 — 150 °C range (e.g., Claypool
& Kvenvolden, 1983; Kastner et al., 2014; Pape et al., 2014). Thus, a thermogenic gas
component also requires upward migration of fluids from zones of elevated temperatures.

Comparison of Pythia vent fluids with the results of published high-temperature
laboratory experiments further constrain formation temperatures required to produce the
measured vent fluid compositions (Table C3). High-temperature experiments have been
conducted on a range of sediment types to mimic the chemical changes associated with fluid-
rock reactions in ridge-flank and subduction zone settings (You et al., 1996, James et al., 2003,
Wei, 2007). Sediments tested include terrigenous turbidites and muds from the Escanaba Trough
on the JDF plate (James et al., 2003), hemipelagic mudstone from the décollement zone in the
Nankai Trough (You et al., 1996), and detrital smectite from the Barbados margin with and
without a component of basaltic ash from the Lau Basin (Wei, 2007).

Elevated dissolved Li concentrations at Pythia’s Oasis in this study and those reported by
Philip et al., (2023) range from 202-275 pM, corresponding to temperatures between 125 and
250 °C (average ~180 °C) across the sedimentary results of the three experimental studies (Table
C3). Similarly, Ca and Mg values at Pythia correspond to temperatures of 243°C-298 °C, and
171°C-250 °C, respectively. Despite the wide temperature range (up to 350 °C) tested in the
three laboratory studies, several of the solutes measured (Sr, B, K) in these experiments never
reached the concentrations measured at Pythia. Although B is mobilized at high temperatures in
the experiments, B concentrations at Pythia (6660 uM) far exceed those achieved experimentally

(~2000 uM), and those at hydrothermal vents (<1000 uM; Fig. 4.4). These differences are
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largely due to the short-term nature of the experiments (days-months) and differing sediment
compositions. Nevertheless, these experiments point to source temperatures ranging from 125 —
298 °C. Experiments conducted on the incoming material at Cascadia (James et al., 2003), which
are likely the most representative, point to a source temperature range of ~200-250 °C (Table
C3), consistent with input from the subducting section (Fig. 4.6).

The low Cl and K concentrations, slightly enriched 830, and depleted 8D values (relative
to seawater) of Pythia fluids indicate that a component of the fluids are sourced from smectite
dehydration (Philip et al., 2023). The smectite to illite transition reaction reaches peak fluid
production between 60—150 °C (e.g., Pytte and Reynolds, 1989; Kastner et al., 1991). Following
Hensen et al., (2004), oxygen and hydrogen isotopic relationships were used to approximate the
formation temperature of the outflowing freshened fluids (Fig. C2). The results indicate an
estimated temperature of between 60 °C and 206 °C (Fig. C2, Table C3). The low §'30 (0.3047
%o0) of the Cl-depleted endmember fluids indicates a low degree of fractionation between clay
and surrounding pore water, consistent with high temperatures in the upper portion of this range.
However, the temperature-dependent fractionation factor equations for 6D from Yeh (1980) and
Capuano (1992) used in this method are only validated for temperatures below 120 °C and 150
°C, respectively.

Additional established geothermometers utilize temperature-dependent relationships of
fluid-rock Si, Mg, Li, Na, K and Ca contents. Si geothermometers are based on the solubility of
quartz, chalcedony, cristobalite, and amorphous silica (e.g., Fournier, 1977; Fournier, 1981;
Kharaka & Mariner, 1989). At Pythia’s Oasis, the competition between quartz and clay
formation, as well as retrograde reactions after fluid formation likely all impact Si concentrations

such that one mineral phase is not controlling the dissolved silica concentration. K
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geothermometers are similarly problematic given the strong influence of phyllosilicate formation
on dissolved K concentrations. Thus, Si and K geothermometers are likely inappropriate and
other major cations must be looked to as geothermometers.

Empirical geothermometers for sedimentary settings that utilize Li, Na, and Mg
relationships were applied to estimate subsurface fluid formation temperatures (Table C3). The
Li— Mg geothermometer from Kharaka & Mariner (1989), developed using a database of
formation waters from oil and gas fields in North America, gives an estimated formation
temperature of 74 °C. Na— Li geothermometers for saline fluids in sedimentary basins and
geothermal systems give estimates of 135 °C (Fouillac & Michard, 1981) and 92 °C (Kharaka &
Mariner 1989). A later revision of the Fouillac & Michard, (1981) geothermometer (Verma &
Santoyo, 1997) results in an estimate of 132 °C.

The wide spread of temperature estimates from various geothermometers is not
surprising. Major discrepancies can be caused by continued water-rock reactions during fluid
migration, mixing between multiple fluid sources, disequilibrium between the fluid and host rock
at depth, and application of geothermometers that are not representative of the system of interest.
To demonstrate the potential inaccuracies of chemical geothermometers, the above Li, Na, and
Mg empirical calculators were applied to data from two International Ocean Discovery Program
(IODP) drilling sites where deep pore fluid samples were collected at moderate temperatures.
Using Li, Na, and Mg pore fluid compositions from IODP Exp. 370 Site C0023 on the Muroto
Transect (Heuer et al., 2017), empirical geothermometers overestimate in situ temperature at the
top of the décollement (763 mbsf; ~86 °C) by ~10-55 °C. At the bottom of Hole U1546A (304

mbsf) drilled during IODP Exp. 385 in the Guaymas Basin (Teske et al., 2021), the same
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geothermometers better predict the in situ temperature, but still encompass a large range of 62—
109 °C where the measured temperature was ~67 °C.

In summary, many geochemical lines of evidence and several geothermometry
techniques were used to constrain the source depth and formation temperature of the fluids
expelled at Pythia’s Oasis. The methods give a wide range of possible source temperatures from
~60-300 °C. The most consistent indicators (Sr signals, hydrocarbons, high-temperature
laboratory experiments conducted on representative sediments) are the most reliable. They do
not depend as heavily on major assumptions, including equilibrium between pore water and
surrounding minerals at depth with minimal mixing or re-equilibration during ascent. Thus, the
best estimate is a source depth within the underthrust section, > 4 km below the seafloor, and

fluid source temperatures of ~170-250 °C (Fig. 4.6).

4.6.3 Volumetric discharge and implications for central CSZ hydrogeology and the water
budget

Using modeled fluid flow rates and SO4-depleted endmember fluid compositions, the
volumetric discharge and solute fluxes at Pythia’s Oasis are estimated. A volumetric discharge of
water from Pythia of 8.05 x 10° m?/yr is estimated based on the flow rates modeled using particle
tracking in this study, the range of flow rates presented in Philip et al., (2023), and a 5-cm orifice
diameter (Table 4.2). Outside of Pythia, a volume flux of 60 m*/yr is estimated based on
modeled flow velocities from pore water Cl profiles and an approximate area of seepage of
~1700 m?. The total volume flux estimated for the Pythia’s seepage area is then ~8.11 x 103
m?/yr (~8.27 x 10% kg/yr), where the Pythia vent constitutes the bulk of the discharge for the

entire seepage area (Table 4.2).
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Assuming that chloride behaves conservatively in this system, diluted dissolved CI
concentrations (341 mM) at Pythia relative to bottom water (548 mM) indicate that ~38% of the
fluid outflowing at the Pythia vent is derived from mineral dehydration (Table 4.2). The deepest
pore fluid samples for two sediment cores (BB2 near Blow Out and BB14 near Pythia) have even
lower Cl concentrations than those of Pythia vent fluid, consistent with a larger dehydration-
derived component (~47%). Thus, ~53 — 62% of the discharging fluid is sourced sediment
compaction within the wedge and the underthrust sediments, not from dehydration (Fig. 4.6).
Because the composition of Pythia fluids is not substantially different from the composition of
fluids below the zone of shallow seawater mixing in the cores, only a small fraction of this
percentage is likely sourced from shallow seawater circulation (in the upper meter of the

sediment column).



Table 4.2. Summary of modeled flow rates and estimated discharge at Pythia’s Oasis.
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Estimates from Estimates from Best
Philip et al., (2023) this study estimate
Min Max Min Max
Pythia linear flow rate (cm/s) 10 30 2 21 13
Water discharge (m’/yr) 6.18x 10" [ 1.86 x 10" | 1.23x 10" | 1.30x 10" | 8.05x 10’
Linear flow rate outside Pythia (cm/yr) - - 1.5 6 3.5
Appx. area of active seepage (m?) - - 400 3000 1700
Appx. water discharge outside Pythia i i 6 130 60
(m’/yr)
Appx. total water discharge (m¥yr) |6.18 x 10° | 1.86 x 10" | 1.24 x 10’ | 1.32 x 10" | 8.11 x 10’
% of total that is contributed by Pythia - - 99.5% 98.6% 99%
p - -
% of total that is contr1bpted by flow i i 0.5% 1.4% 1%
outside Pythia
% of fluid that is compaction-derived 62% - 53% (BB2)62% (IGT)| 62%
Volume of fluid that is compaction- 3 4 2 3 3
derived (m*/yr) 4.00x 10 [1.10x 10 [6.59x 10 |8.20x 10" |5.04 x 10
% of total pore fluid input into central 0 0 o o o
CSZ (per km trench length) 18% >0% 3% 37% 23%

Estimated compaction-derived fluid discharge at Pythia’s Oasis ranges from 6.59 x 10°

m?/yr to 1.10 10* m?/yr, with an average of 5.04 10> m®/yr over the 4 years of observations

(Table 4.2). This range corresponds to ~3% — 50% of the annual pore fluid input for the accreted

and underthrust sections in central Cascadia per kilometer trench length (~2.2 x 10* m*/yr; Philip

et al., 2023; Table 4.2). This estimate indicates that a significant percentage of the subducting

pore water at the central CSZ is accounted for by a single seep site. As indicated by other studies

showing flow rates that are significantly higher than steady-state modeled values, the enhanced

flow at Pythia’s Oasis may reflect transient fluid release (e.g., Bekins & Screaton, 2007; Saffer

& Bekins, 1999). Indeed, abundant evidence indicates that shear failure may temporarily

increase fault permeability, permitting transient flow (e.g., Sibson 1990; Roeloffs, 1996;

Solomon et al., 2009; Warren-Smith, 2019). At Pythia’s Oasis, the rapid discharge directly

observed since 2015, abundant seafloor seepage indicators, and shoaling of the regional BSR
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consistent with sustained flow for ~1500 years (Philip et al., 2023) indicate long-lived discharge
and that fluid flow persists at high rates beyond the earthquake recurrence interval (~500

years; Atwater & Hemphill-Haley, 1997; Goldfinger et al., 2012; Walton et al., 2021). Thus,
high discharge at Pythia’s Oasis is not solely due to transience.

While conventional models predict that pore fluids in the underthrust sediments are
expelled relatively early in the subduction process (e.g., Moore & Vrolijk, 1992; Saffer & Tobin,
2011), sustained, high-volume discharge from the underthrust sediments at Pythia’s Oasis (~20
km landward of the deformation front) implies that a significant amount of subducted water
reaches the mid-slope region. A lack of drainage of underthrust sediments during initial
subduction is consistent with inferred under-consolidation of the underthrust section in this
region (Han et al., 2017) and could indicate that low permeability conditions characterize the
central CSZ outer wedge. This scenario implies that elevated pore fluid pressures and therefore
reduced effective stresses occur in the outer wedge, conceivably playing an important role in the
reduced locking, increased seismicity, and other changing margin characteristics in this region.
Alternatively, efficient drainage of underthrust sediment seaward of Pythia’s Oasis may occur.
For example, seeps on the ACF NW of Pythia’s Oasis and/or seeps reported near the deformation
front on the Wecoma fault (Tobin et al., 1993) could host efficient fluid flow from the
underthrust section to the seafloor. In this scenario, rapid discharge at Pythia’s Oasis may be
sustained by significant horizontal transport of fluids along the megathrust and relatively
permeable stratigraphic horizons into the ACF. This mechanism implies that the ACF is very
permeable at depth underneath Pythia’s relative to the megathrust and surrounding sediments and
thus acts as a preferred drainage pathway. A combination of these scenarios offers a third

explanation.
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Overall, the hydrogeologic conditions that permit sustained, rapid fluid discharge at
Pythia’s Oasis (i.e., poor drainage beneath the outer wedge and/or a highly permeable and
interconnected ACF funneling fluid from a large area along strike) may have broad impacts on
the distribution and magnitude of pore fluid pressure, sediment consolidation, and effective stress
across and along strike. Given that fault strength and stability are highly sensitive to pore fluid
pressure and effective stress, high-volume discharge at this mid-slope seep may be indicative of
permeability variations that play a major role in the changing margin characteristics and slip
behavior that occur across the central Cascadia strike-slip faults. Further, enhanced drainage at
the mid-slope region leads to expulsion of highly altered fluids that have experienced high-
temperature reactions beyond those occurring nearer to the deformation front. Thus, focused,
long-range fluid transport manifested at Pythia’s Oasis are important for both geo-mechanical

processes and geochemical cycles in the central CSZ.

4.6.4  Solute fluxes and implications for geochemical cycling

Given the high volume, highly altered composition, and elevated temperature of expelled
fluid, the solute and heat fluxes associated with water discharge at Pythia’s Oasis are comparable
to those at both high- and low-temperature hydrothermal vent sites. For context, solute and heat
fluxes at Pythia’s are compared to three well-studied, high-flux hydrothermal systems: 1) Dorado
Seamount; 2) Baby Bare Seamount; and 3) Inferno vent at Axial Seamount (Table 4.3). Dorado
and Baby Bare are basaltic outcrops that serve as sites of focused low-temperature hydrothermal
discharge, located on the eastern flank of the East Pacific Rise (Cocos Plate) and the eastern
flank of the JDF Ridge (JDF plate), respectively. Fluid discharge at Baby Bare is ~2.8 x 108
kg/yr (Mottl et al., 1998). At Dorado, discharge is far greater at ~9.5 x 10'° kg/yr (Wheat &

Fisher, 2008). Inferno is a high-temperature (>300 °C) black smoker chimney in the ASHES
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hydrothermal vent field in the caldera of Axial Seamount on the JDF Ridge. Discharge of high-

temperature, highly altered fluids from Inferno is ~3.56 x 107 kg/yr (calculated based on data
from Rona and Trivett, 1992), which is lower than discharge at Dorado or Baby Bare, but ~1

order of magnitude greater than that at Pythia’s.
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Table 4.3. Pythia’s Oasis solute fluxes compared with high and low temperature hydrothermal

sites.

Pythia’s Oasis solute fluxes estimated from compositions (Table 1) and total Pythia’s Oasis
water discharge (Q) calculated in this study (Table 3). Dorado Seamount (Cocos Plate) fluxes
calculated from concentrations in Wheat et al. (2017) and volume and heat fluxes in Wheat &
Fisher (2008). Baby Bare (JDF Ridge Flank) fluxes calculated from concentrations in Wheat

et al. (2003) and volume and heat fluxes in Mottl et al. (1998). Inferno (ASHES Vent Field
on Axial Seamount, JDF Ridge) fluxes calculated from concentrations in Butterfield et al.
(1990) and volume and heat fluxes in Rona and Trivett (1992). Solute fluxes are calculated as
F = (Cyent — Csw) X Q. Negative values indicate that the vent fluid concentration is lower
than seawater. Heat flux at Pythia’s is calculated as H = Q X v,C,AT, where vy, is density

of the vent fluid, C,, is specific heat capacity, and AT is the temperature difference between

seawater and vent source temperature. Dashes indicate that measurements were below

detection (Mn, Fe for Dorado and Baby Bare) or concentrations were negative after
extrapolating to Mg = 0 (Alk for Inferno).

., F Baby |F Inferno
C C | Units |F 13;;.3 : gegrz??t Bare |(ASHES| % |%Baby| %
Seawater| Pythia| (/kg) (mol/yr) | (mol/ l;) Seamount | field) |Dorado| Bare | Inferno
y YO (mol/yr) | (mol/yr)
Na 469 |227.16] mmol | -2.0E+06 | -3.8E+08 | 1.1E+06 | 1.1E+06 | 0.5% | -180% | -187%
Li 259 1199.83| umol | 1.4E+03 | -7.6E+04 | -4.7E+03 | 2.2E+04 | -2% -31% 7%
K 10.2 0.69 | mmol | -7.9E+04 | -7.6E+06 | -9.2E+05 | 5.9E+05 | 1% 9% -13%
Mg | 527 4.59 | mmol | -4.0E+05 | -4.7E+07 | -1.4E+07 | -1.9E+06 | 0.8% 3% 21%
Ca | 10.27 | 51.16 | mmol | 3.4E+05 | -8.5E+06 | 1.2E+07 | 1.3E+06 | -4% 3% 26%
Sr 89 1174 | umol | 9.0E+03 | -9.5E+04 | 5.8E+03 | 3.7E+03 | -9% 154% 245%
SO,| 282 | 0 |mmol|-2.3E+05 | -8.7E+07 | -2.9E+06 | -1.0E+06 | 0.3% | 8% 23%
Alk | 227 7.25 | mmol | 4.1E+04 | 1.9E+07 | -5.1E+05 - 0.2% -8% -
Si 100 1031 | umol | 7.7E+03 | 9.3E+06 | 7.2E+04 | 5.3E+05 | 0.1% 11% 1%
B 416 6572 | umol | 5.1E+04 | -1.1E+06 | 4.3E+04 | 6.2E+03 | -4% 119% 823%
Mn | 0.00036 | 8.16 | umol | 6.7E+01 - 8.0E+02 | 4.1E+04 - 8% 0.2%
Fe | 0.00054 | 393 | wmol | 3.2E+03 - - 3.8E+04 - - 9%
Volume Flux (kg/yr) 8.27E+06 | 9.46E+10| 2.77E+08 |3.56E+07
Vent Fluid
Temperature (°C) 10.7-12.6] 123 25 326
Heat Flux (MW) 0.2 100-210 2-3 1.5 0.13% | 8.0% 13%
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The magnitudes of solute fluxes at Pythia’s Oasis comprise a significant fraction of these
hydrothermal fluxes despite the lower discharge volume (Table 4.3). In particular, the Sr and B
fluxes at Pythia’s exceed those at Baby Bare and Inferno despite a fluid discharge one to two
orders of magnitude less. The volumetric discharge at Dorado is ~four orders of magnitude
greater than Pythia’s, yet B and Sr fluxes at Pythia’s reach ~4% of Dorado. The Fe flux at
Pythia’s Oasis reaches almost 10% of the Fe flux at Inferno, possibly resulting from ash
alteration and implying that reducing conditions or perhaps complexation with humic substances
allows Fe to exit the vent without oxidizing. This is worth noting because extreme enrichment of
Fe in high temperature hydrothermal vent fluids like those expelled at Inferno is recognized as a
primary source of Fe to the ocean (e.g., German and Seyfried, 2013; Horner et al., 2015) but low
temperature hydrothermal circulation is not a significant source of Fe to the ocean. Heat flux
estimated at Pythia’s, which is likely a minimum value because it doesn’t account for the
conductive component, reaches ~8% of the heat flux at Baby Bare and ~13% of the flux at
Inferno.

Although no other warm seeps with similar solute fluxes to Pythia’s Oasis have been
reported in Cascadia, abundant seepage occurs along the ACF and other strike-slip faults
offshore of central Oregon (Tobin et al., 1993; Carson et al., 1994; Goldfinger et al., 1997;
Sample et al., 1993) indicating that Pythia’s Oasis may not be unique. During this study’s 2019
expedition, four seeps were detected NW of Pythia’s and 27 emission sites SE of Pythia’s along
the ACF projection based on multibeam acoustic plume identification. An ROV seafloor survey
of an area of abundant bubble plumes ~16 km SE of Pythia’s confirmed seafloor seepage
indicators (bacterial mats, carbonates, bivalves, and tubeworm colonies). On the lower

continental slope, linear patterns of authigenic carbonates parallel to the fault trace have been
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interpreted as the product of venting of methane-rich pore fluids (Carson et al., 1994, Goldfinger
et al., 1997). Venting of deeply-sourced (>2 km depth) fluids has also been observed along the
Wecoma fault, ~40 km north of the ACF (Sample et al., 1993; Tobin et al., 1993). Perhaps most
notably, a warm seep was recently discovered offshore of southern Oregon that could
accommodate similar fluxes to Pythia’s Oasis (Beeson et al., 2022). However, without thorough
geochemical investigation of these sites, their discharge and solute fluxes remain unknown.

If these or other seeps do host similar solute fluxes to Pythia’s Oasis, conventional
modest estimates of the impact of subduction zone seeps on marine geochemical cycles could be
severely unrepresentative. If, for example, 10 seeps similar to Pythia’s Oasis existed along the
three strike-slip faults (or perhaps hosted by forearc thrust faults), B fluxes from the combined
seep discharge would dwarf those from Baby Bare and Inferno (12 times greater and 80 times
greater, respectively), and reach half the magnitude of the Dorado B flux. Sr fluxes would be
over 15 times greater those at Baby Bare and Inferno and would match Dorado. Additionally,
heat fluxes from the combined discharge would match those at Baby Bare and Inferno.

In summary, significant heat fluxes and fluxes of Li, Ca, Si, Mn, and Fe occur at Pythia’s
Oasis, and B and Sr fluxes rival those at high-temperature hydrothermal vents and low-
temperature ridge-flank hydrothermal sites (Table 4.3). Estimated fluxes at Pythia’s Oasis, and
the intriguing possibility that similar high-volume seeps may exist in Cascadia, support the
hypothesis that the transfer of seep fluids to the ocean may influence regional elemental cycling.
If Pythia’s Oasis is representative of a fraction of the mid-slope seepage globally, solute fluxes at
subduction zone seeps could be more important for global marine geochemical cycles than
previously considered. Further, advective heat transfer at high-flux seeps could perturb

temperature estimates at the plate boundary by a substantial amount at Cascadia and elsewhere



119
(e.g., Harris et al., 2017; Spinelli & Wang, 2008). Continued investigation of Pythia’s and

detailed characterization of other Cascadia seeps and fault-hosted seeps at other subduction
zones are necessary to further explore these possibilities. However, given that much of the water
flow at Pythia’s Oasis is focused to a single orifice (Pythia), assessing the fluid discharge and
geochemical fluxes for this seep is likely simpler than at seafloor seeps where water flow is more
broadly distributed. Thus, additional sampling and surveying techniques, and denser arrays of
sediment core sampling and heat flow determinations may be required to fully characterize

fluxes and the importance of other seeps.

4.7 CONCLUSION

This study presents a detailed examination of the Pythia’s Oasis seep area, including
ROV and AUV survey data, heat flow determinations, and geochemistry of sediment pore waters
and discrete vent fluid samples. The results constitute an in-depth characterization of a dynamic,
complex seep where fluids transported from plate boundary depths along the Alvin Canyon
strike-slip fault are rapidly expelled at the seafloor, ~20 km landward of the deformation front at
the central Cascadia subduction zone.

Rapid expulsion (~2-30 cm s™') of 11.8 °C~12.6 °C highly altered fluid occurs at the
Pythia primary emission site. Expelled fluids are significantly enriched in Ca, Sr, B, Li, Mn, Si,
and Fe, and depleted in K, Mg, Na, and Cl relative to seawater. Elevated 6'*0 and 8'*C DIC,
depleted 8*’Cl, 3D, and 87Sr/®6Sr, crustal *He/*He (Ra < 0.67), and the presence of ethane and
propane also characterize the venting fluids. These geochemical signatures indicate a component
of the fluid is sourced from within the subducting sediment section below the megathrust (>4 km
below seafloor) at temperatures of ~170-250 °C. Anomalously high heat flow values (up to 260

mW m2) measured near Pythia and the near-by emission site Blow Out are consistent with
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focused outflow of warm water. Elevated heat flow, rapid fluid flow rates, and highly altered
fluid compositions at the Pythia and Blow Out sites are consistent with focused, long-range
upward fluid advection.

Long-lived, rapid fluid discharge may be driven by inefficient drainage of subducting
sediments nearer the deformation front and/or funneling of fluid horizontally over a large area
and vertically into the permeable fault plane, and thus could have broad scale geo-mechanical
impacts in central Cascadia. Long-distance transfer of fluids along the ACF in the mid-slope
region of the Cascadia margin results in significant solute fluxes into the ocean (particularly B
and Sr) at Pythia’s Oasis. If similar solute fluxes occur at other mid-slope seeps globally,
subduction zone seeps may play an important role in the cycles of many elements and isotope

ratios in the ocean.
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Chapter 5. CONCLUSIONS

5.1 KEY FINDINGS AND FINAL THOUGHTS

Much of the populated world lies on or near a subduction zone where one tectonic plate
dives beneath another along a megathrust fault. Given that subduction zone faults generate
earthquakes and tsunamis, even incremental improvements in understanding the mechanisms of
their behavior are of critical societal importance. This dissertation provides a geochemical
investigation of seep sites and diffuse flow locations at the Hikurangi and Cascadia subduction
zones to assess the links between hydrogeologic, geochemical, and geo-mechanical processes.

In the studies presented, fault-hosted seep sites were located using hydroacoustic surveys,
heat flow measurements, and ROV visual seafloor surveys at extant seep locations. This
multifaceted approach allowed for the discovery of new seep sites and detailed investigation of
previously discovered seeps. Seep fluids were then sampled via sediment coring with subsequent
pore water extraction, Isobaric Gas Tight and Major samplers (Seewald et al., 2001; von Damm
et al., 1985), and benthic fluid flow meters (Solomon et al., 2008; Tryon et al., 2001). Diffuse
flow locations were also surveyed and sampled using many of the same techniques. Fluid
compositions were then determined, and fluid sources were inferred. Modeling of fluid
compositions with depth (sediment cores) or tracer concentrations over time (fluid flow meters),
were used for quantification of fluid flow rates. By assessing fluid sources and fluid flow rates at
seeps and diffuse sites, the results presented here inform on permeability and fluid migration
pathways, the state and evolution of pore fluid pressures, the influence of forearc seepage on
geochemical cycling, the impact of slip on margin dewatering, and overall outer forearc water

budgets at the Hikurangi and Cascadia margins.
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Chapters 2 targeted seep sites spanning the continental slope at the northern and southern
Hikurangi margin, offshore of the North Island of New Zealand, with focus on seepage
associated with deep-reaching thrust faults. Key findings are that: 1) fluid compositions of
recovered pore water samples do not exhibit major alteration from seawater, indicating they are
sourced shallowly, from sediment compaction within the wedge; 2) low flow rates estimated
from pore water data indicate fault zones are relatively impermeable, particularly deep within the
wedge; and 3) comparison of offshore seep data from this study with onshore seep results from
previous studies show clear geochemical changes across strike, supporting previous evidence for
a shift in stress regime and a variable state of overpressure. Collectively, these results suggest
that drainage of the plate boundary and surrounding sediments is inefficient in the region of slow
slip. Thus, the accumulation of pore pressure due to low permeability faults at depth in the
offshore portion of the forearc may act as a control on slow slip activity.

Chapter 2 is novel because it sampled all major known seeps associated with thrust faults
from the shelf break to the deformation front at the northern and southern Hikurangi subduction
zone; the number and spatial coverage of sediment cores retrieved for this study is remarkable.
Despite the multifaced approach used to locate and sample seep sites, no evidence of thermal or
geochemical signatures indicative of long-distance fluid transport from plate boundary depths to
the seafloor was observed. This result was somewhat unexpected and contrasts with observations
at several other subduction zones, highlighting the absolute need for direct measurements to
identify the intricacies and deviations from model projections of fault-hosted fluid flow at
individual subduction zones.

Chapter 3 temporally expands the findings of Chapter 2 using continuous records of fluid

flow rate from 10 seafloor flow meters before, during, and after a large slow slip event. This
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effort tested the fault-valve model at the northern Hikurangi margin and contributes to an
improved understanding of offshore locking and shallow slow slip behavior. Key findings are
that: 1) net flow polarity varies across strike, consistent with creep on the shallow megathrust
and locking in the slow slip source area in the inter-slow slip period; 2) flow rate transients at
diffuse flow locations temporally correlate with the slow slip event and are compatible with
signals of local volumetric strain; and 3) flow transients at seeps may indicate shallow
permeability changes but do not provide convincing evidence of wide-spread fault-valving and
transport of deeply-sourced fluids to the seafloor during the monitored period.

This novel work fills a crucial data gap by providing the first direct measurements of
seafloor fluid flow rates throughout a slow slip cycle at the Hikurangi margin. The long-term
records of diffuse flow serve as highly sensitive indicators of secular strain, providing constraints
on offshore interplate coupling that is not well resolved by onshore instrumentation and is
essential for the assessment of seismic and tsunami hazards. The timing of seafloor flow rate
transients reveal that offshore strain occurs during and prior to the majority of strain recorded at
onshore GNSS sites. The occurrence of downward flow transients during the slow slip event near
the deformation front is surprising, and may have broad implications for how slow slip
propagates near the trench. Finally, while flow transients at two seep sites are indicative of a
shallow permeability response to the 2019 slow slip event, wide-spread long-range fluid
transport is not observed despite geophysical indication of fault-valving at northern Hikurangi.
Hence, these direct, long-term, offshore measurements test model projections and provide an
invaluable contribution to onshore and indirect observations.

Chapter 4 focuses on a seep site offshore of central Oregon called Pythia’s Oasis, which

rapidly expels highly altered fluids. This study presents an in-depth characterization of this
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dynamic, complex seep where fluids transported from plate boundary depths along the Alvin
Canyon strike-slip fault are rapidly expelled at the seafloor, ~20 km landward of deformation
front at the central Cascadia subduction zone. Key findings are that: 1) heat flow, modeled fluid
flow rates, and pore water solute profiles vary within the seep area, consistent with focused,
long-range upward fluid advection at the Pythia and Blow Out sites vs. gas emission and shallow
seawater circulation dominating at the Promontory and Moat sites; 2) fluid compositions suggest
a component of the seep fluid is sourced from the subducting sediment at temperatures of 170-
250 °C; 3) sustained, rapid fluid discharge at Pythia’s Oasis may imply elevated pore pressures
occur beneath the outer wedge, and/or that the Alvin Canyon Fault is highly permeable beneath
Pythia’s Oasis, funneling fluid from a large area vertically and along strike; 4) solute fluxes
associated with water discharge at Pythia’s Oasis are comparable to the solute fluxes at both
high- and low-temperature hydrothermal discharge sites.

The high-resolution bathymetric mapping, numerous visual (ROV) surveys, dense array
of sediment core samples and heat flow determinations, and full suite of geochemical analyses
performed on venting and pore fluids for this study comprise a remarkably detailed
characterization of the Pythia’s Oasis seep. The results of this study suggest that focused, long-
range fluid transport manifested at Pythia’s Oasis may be important for both geo-mechanical
processes and geochemical cycles in the central CSZ . Given that fault strength and stability are
highly sensitive to pore fluid pressure and effective stress, high-volume discharge at this mid-
slope seep may be indicative of permeability variations that play a major role in the changing
margin characteristics and slip behavior that occur across the central Cascadia strike-slip faults.
Further, if Pythia’s Oasis is representative of a fraction of the mid-slope seepage globally, solute

fluxes at subduction zone seeps could be more important for global marine geochemical cycles
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that previously considered. Perhaps these powerful, wide-reaching implications will promote
further detailed investigation of mid-slope seeps at Cascadia and elsewhere in future studies.
This dissertation used visual, geophysical, and chiefly geochemical methods to
investigate seafloor seeps and diffuse flow sites at the northern and southern Hikurangi and
central Cascadia subduction zones. The investigative techniques employed here were quite
comprehensive, yet future work re-visiting these locations would certainly provide new insights
into the interrelationships between hydrogeologic and mechanical process given that the many
processes governing the expression of seafloor fluid flow are variable across even small spatial
and temporal scales. In-depth studies of focused and diffuse fluid transport in the outer forearc of
other subduction zones globally also deserves continued attention to address remaining questions
and explore those yet to be identified. Overall, by directly sampling subduction zone fluids and
assessing in situ hydrogeologic conditions at the Hikurangi and Cascadia margins, this
dissertation advances our understanding of the interrelationship between mechanical and
hydrogeologic processes in subduction zones, and thus affords insight into numerous broad scale

processes of scientific and societal relevance.
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR

CHAPTER 2

INTRODUCTION

In this supporting information, Figures A1 to A6 show all heat flow results using the 3.5-
m probe on the 2019 SAFFRONZ expedition (R/V Revelle Expedition RR1901/1902).
Successful determinations as well as attempted measurement locations are shown in map view
for each site; successful determinations are also shown in profile view. Heat flow data are

available at https://www.marine-geo.org/tools/files/31405 (Harris et al., 2023). Figures A7 and

A8 show all pore water data used in this study from cores collected at the southern and northern
margin, respectively. The complete pore water geochemistry dataset plotted in Figures A7 and

A8 is available at https://doi.org/10.60520/IEDA/113176 (Aylward et al., 2024). Figures A9 and

A10 provide plots of data from previous studies to provide useful context for interpretation of the
pore water geochemistry data we present

Tables A1 provides the input parameters used for pore water advection rate modeling.
Table A2 details the results of the advection rate modeling for the 33 sediment cores discussed in
this study. Advection rate estimates are likely less reliable for the cores collected in the southern
margin since all estimates were made in reference to IODP Sites U1518 and U1519 which are

located in the northern margin.


https://www.marine-geo.org/tools/files/31405
https://doi.org/10.60520/IEDA/113176
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Figure Al. Heat flow data at Site 1N.

a) Map view of heat flow data. Heat flow measurements are shown by circles color coded by
value. White circles with ‘x” show unsuccessful heat flow measurement. Bold ‘x” show mapped
seepage indicators [Watson et al., 2020]. b) Profile A-A’, circles show heat flow values, solid
line shows bathymetry, and triangles show seep locations. c) Profile B-B’, circles show heat flow
values, solid line shows bathymetry.
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Figure A2. Heat flow data at Site HFA N.

a) Map view of heat flow data. Heat flow measurements are shown by circles color coded by
value. White circles with ‘x” show unsuccessful heat flow measurement. b) Profile A-A’, circles
show heat flow values, solid line shows bathymetry. c) Profile B-B’, circles show heat flow
values, solid line shows bathymetry.
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Figure A3. Heat flow data at Site 1S.

a) Map view of heat flow data. Heat flow measurements are shown by circles color coded by
value. White circles with ‘x” show unsuccessful heat flow measurement. Bold ‘x’ show mapped
seepage indicators [Watson et al., 2020]. b) Profile A-A’, circles show heat flow values, solid
line shows bathymetry, and triangles show seep locations. ¢) Profile B-B’, circles show heat flow
values, solid line shows bathymetry, and triangles show seep locations.
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Figure A4. Heat flow data at Site 2S.

a) Map view of heat flow data. Heat flow measurements are shown by circles color coded by
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value. Bold ‘x’ show mapped seepage indicators [Watson et al., 2020]. b) Profile A-A’, circles
show heat flow values, solid line shows bathymetry, and triangles show seep locations. ¢) Profile
B-B’, circles show heat flow values, solid line shows bathymetry, and triangles show seep

locations.
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value. Bold ‘x” show mapped seepage indicators [Watson et al., 2020]. b) Profile A-A’, circles
show heat flow values, solid line shows bathymetry, and triangles show seep locations. ¢) Profile

B-B’ circles show heat flow values, solid line shows bathymetry, and triangles show seep

locations.
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Figure A6. Heat flow data at Site HFA_S.

a) Map view of heat flow data. Heat flow measurements are shown by circles color coded by
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Figure A7. Pore water solute profiles for all southern margin cores.

Gravity, piston, and push cores have prefixes “BB,” “JPC,” and “ROVPC,” respectively.
Seawater concentration is denoted by a black arrow and vertical line. Not all solutes were

analyzed for every core.
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Figure A8. Pore water solute profiles for all northern margin cores.

Gravity, piston, and push cores have prefixes “BB,” “JPC,” and “ROVPC,” respectively.
Seawater concentration is denoted by a black arrow and vertical line. Not all solutes were

analyzed for every core.
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Figure A9. Pore water and sediment lithology at northern Hikurangi IODP Sites.

Pore water Cl, Ca, Mg, Li, and Sr, and temperature profiles with depth for the sediments drilled
at (a) Site U1520 and (b) Site U1518 (Wallace et al., 2019). Black arrows show seawater values.
Blue shaded region in (a) is the interval correlated to subduction interface zone (Barnes et al.,
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2020); gray shaded region in (b) corresponds to the Papaku Fault Zone (depths 304.2 — 322.4
mbsf from Morgan et al., 2022). (c) Simplified lithology of IODP Site U1520 (Wallace et al.,
2019; Barnes et al., 2020).
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Figure A10. Temperature along the plate boundary versus distance from the deformation front.
Solid black line shows modeled temperature as a function of the variable effective coefficient of
friction (Antriasian et al., 2019). The zone of sites sampled in this study (thick black arrow)
overlap with the zone of peak clay dehydration (60 — 150 °C, shaded purple).
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Table Al. Advection rate model input parameters for reference Sites U1518 and U1519.

NH4 reaction rates (separated into 3 zones of near-constant slope) were modeled for reference
(non-seep) Sites UI1518 and U1519 given an advection rate of 0 cm/yr. “Synthetic” advection
rates were then modeled using the pre-determined NH4 reaction rates (all other input parameters
remained the same). NH4 concentrations, porosity, and temperature data are from Wallace et al.,
(2019). Bottom boundary NH4 concentration at U1518 (Hole E) is an average of two points
where the profile temporarily reaches near-asymptotic values; the U1519 NH4 profile is steadier
and the bottom boundary is set to the bottom of Hole E. Sedimentation rates are averages from
Crundwell and Woodhouse, (2022). Reference diffusivity for NH4 at 18 °C from Li & Gregory,
(1974).

Depth Modeled

Bottom Geo- Sedimen- Top Bottom  Bottom Range of NHa
Water thermal tation Reference Boundary Boundary Boundary Reaction  Reaction
Temp. Gradient Rate  Diffusivity [NHs] [NH4] Depth Reaction  Zone Rate
Site  Porosity (‘C) (‘C/m)  (m/yr) (cm?¥/s) M) (uM) (mbsf) Zone (mbsf)  (mol/m’/yr)
1 0-14.3  1.00E-07
Ul518 (IZ:;?E;) 1.6 0035 2.15E+03 1.68E-05 0 8750%  56.6* > 143-548 1.00E-04
3 54.8 - 56.6 -8.00E-06
1 0-209 1.20E-04
Variable
U1519 (measured) 5.7 0.025 1.80E-03 1.68E-05 0 3660 84.7 b 20.9-32.5 9.00E-06

3 32.5-84.7 3.50E-06

*average between measured values at 54.8 and 58.4 mbsf.



Table A2. Flow rate model results.
ND indicates No Data. 0 indicates no upward flow was detected. Gravity, piston, and push cores
have prefixes “BB,” “JPC,” and “ROVPC” respectively; “S” and “N” in site names denote
southern and northern margins respectively. The depth of near-seawater alkalinity profile is the
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depth of the mixed layer.
Penetration Depth of Estimated upward
Core Site Reference depth Near-SW Alk advection rate
Site (cmbsf) Profile (cm) (cm/yr)
JPCO1 28 Ul518 775 145 0.05
JPCO1 _TC 28 U1518 210 210 (all) 0
BBI 28 U1518 458 0 ND
BB4 28 U1518 548 135 0.05
BB6 1S U1518 210 35 0.1
BB7 1S U1518 230 230 (all) 0
BBI13 3S U1518 476 0 0.06
BB14 3S U1518 469.5 25 ND
BB16 4S Ul1519 373 145 0
BBI18 4S Ul1519 295 0 0
BB20 4S Ul1519 382 45 0.04
BB21 58 Ul1519 506 125 0.2
BB22 58 Ul1519 411 166 ND
BB24 58 Ul1519 559.5 559.5 (all) 0
ROVPCI5 1115 | 58 Ul1519 15.5 1 1
BB29 7S Ul518 75 7.5 0.05
BB33 HFA S U1518 134.5 0 0.07
BB58 3N Ul1519 165 35 0.05
BB59 3N Ul1519 110 35 0.1
BB64 AN Ul1519 277 35 0
BB67 AN Ul1519 45 25 0
BB68 AN Ul1519 95 0 0
BB70 5N Ul1519 235 235 (all) 0
BB71 5N Ul1519 235 235 (all) 0
BB74 5N Ul1519 325 0 ND
ROVPCI 1121 5N Ul1519 20 14 2
BB42 IN U1518 225 225 (all) 0
BB76 HFA N U1518 193.5 0 ND
BBS80 HFA N U1518 243.5 0 0.05
BBS81 HFA N U1518 155 155 (all) 0
BB84 HFA N U1518 212 0 0.05
JPC02 HFA N U1518 623 0 0.05
ROVPC3 1125 HFA N U1518 21 21 (all) ND
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR

CHAPTER 33

BENTHIC FLUID FLOW METERS

We used two types of benthic fluid flow meters in this study: 1) Chemical Aqueous
Transport (CAT) meters and 2) Multiple Orifice Sampler and Quantitative Injection Tracer
Observers (MOSQUITOs). We provide brief descriptions of each instrument below. See Tryon
et al., (2001) and Solomon et al., (2008) for complete descriptions of the CAT meters and
MOSQUITOs, respectively.

The primary components of a CAT meter are 1) a fluid collection chamber (Ti, cross-
sectional area of 0.37 m?) that sits coupled to the seafloor and 2) a PVC box mounted on the
chamber, housing an osmotic pump (Jannasch et al., 2004), two sample coils of Teflon tubing
pre-filled with ultra-pure water, and a bag of RbCl tracer solution density-matched to seawater
(Fig. B1). Throughout deployment, the osmotic pump continuously pumps tracer solution from
the tracer bag into an inlet/outlet tube which connects the sample coils to the collection chamber.
Concurrently, fluid is drawn from the inlet/outlet tube into the two sample coils, displacing the
ultrapure water. The two sample intakes are located on either side of the tracer injection point
(i.e., one sample coil is positioned to draw fluid from downstream of the tracer injection point,
and the other draws from upstream of the tracer injection point). The fluid contained in each
sample coil will then be a mixture of tracer, pore water, or seawater. The proportions of each
component will vary through time depending on the rate and polarity (upward or downward) of
fluid flow across the sediment water interface. Funneling of fluid form the collection chamber
(large cross-sectional area) into the inlet/outlet tube (small cross-sectional area) amplifies the

flow signal, allowing resolution of extremely low flow rates. The two sample intakes poised on
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either side of the tracer injection point allow for measurement of both upward and downward
flow.

Upon deployment of a MOSQUITO, five Ti needles of different lengths are driven into
the sediment, penetrating to depths of ~10-30 cmbsf (Fig. B2). A discrete volume of fluorescein
tracer solution, density-matched to seawater, is then injected as a point-source into the sediment
through the second-deepest needle. Each of the other four (sampling) needles is connected to a
sample coil of Teflon tubing that is pre-filled with ultrapure water and an osmotic pump.
Throughout deployment, the osmotic pumps draw water from the tip of each sampling needle,
located within the sediment just above or just below the tracer injection point, and into a sample
coil. The concentration of tracer in each sample coil will change over time as a function of
diffusion as well as the rate and polarity of fluid advection. The direct sampling of pore water
through needles mitigates the impact of shallow bioturbation processes on fluid flow rate
estimates, and provides un-diluted pore water samples that can be chemically analyzed to infer

fluid sources and in situ biogeochemical reactions.

(
Inlet/Outlet Tube I

Figure B1. Photo and internal diagram of CAT meter
Note that freshwater chambers in diagram are at the top of the osmotic pump for visual clarity
only.



167
Fluorescein ji
Tracer
T = | =
_IZEH\\“\N\\W-\\ [ =1

A4

Figure B2. Photo and internal diagram of MOSQUITO.
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Table C1. Sediment core locations and modeling results.

Gravity and push cores have prefixes “BB” and “ROVPC,” respectively. Positive flow rates
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indicate upward flow. Mixed layer depth is the depth of near-seawater alkalinity concentrations.

Cores that were not analyzed for Cl were not modeled (“-”).
Mixed | Modeled
. Deepest
Location layer Flow
Core | Lat. Lon. ... |Sample
Description (cmbsf) Depth | Rate
(cmbsf)| (ecm/yr)
BB2 |44.4847 |-125.0630| Near Blow | g 0 55
Out
BB5 |44.4872|-125.0677|N of Pythia| 236 75 1.5
BB7 |44.4866|-125.0683|W of Pythia| 200 0 2
BBS |44.4861|-125.0687] SWOr | 40451 75 | nofit
Pythia
BB10 |44.4879 |-125.0678|N of Pythia| 301 ] -
BB11 |44.4867|-125.0665|E of Pythia| 110 | 0 dovalgvvvvard
BB12 |44.4866 |-125.0664| E of Pythia| 256 42 -
BB13 |44.4866|-125.0684|W of Pythia| 102 | 0 dovalgvvvvard
BB14 |44.4866|-125.0678 |Near Pythia| 65 0 4.5
BBI15 |44.4868 [-125.0686|W of Pythia| 295 0 -
BB16 |44.4889|-125.0719| N€& | 3195 |  |downward
Promontory flow
BB17 |44.4870|-125.0660| NEOf | 590 o [|downward
Pythia flow
BBI18 |44.4855 |-125.0643| N Of Blow | 5 o [|downward
Out flow
BB19 |44.4858 |-125.0630| N Of Blow |5 o [|downward
Out flow
BB20 |44.4851 |-125.0650 Neaéf’tlow 108 0 6
BB21 |44.4868 [-125.0687|W of Pythia| 255 50 -
BB22 |44.4827|-125.0622| Near Moat | 365 0 2




Table C1 continued.

12

BB23 |44.4867|-125.0677 |Near Pythia| 70 0 dovalgvvvvard
BB24 |44.4865|-125.0678 |Near Pythia| 8.5 0 -
BB25 [44.4861(-125.0679|S of Pythia| 75 0 5
BB27 |44.4813(-125.0639| Near Moat | 284 75
ROVPC 4 4844 |-125.0631 | Near Blow 0 no fit
4 Out
ROVPC 44,4843 |-125.0633 Near Blow 1 0 downward
6 Out flow
RO;/PC 44.4866 |-125.0680 |Near Pythia| 9 5 -
ROI\(I)PC 44.4867 |-125.0680 [Near Pythia| 5 5 -
RO;{PC 44.4866 |-125.0678 [Near Pythia| 19 9 -
ROVPC 44.4866|-125.0678 |Near Pythia| 15 15 -
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Table C2. Flow rate modeling input parameters.
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Input parameters

Pore Water Cl data Measured profile
Porosity (nearest core) Measured profile
Top Boundary CI (0 depth; mM) 548
Bottom Boundary CI (mM) Deepest measured value
Reaction Rate (mol/m3/yr) 0
Bottom Water Temp. ("C) 33
Sedimentation Rate (cm/yr) 0.015
Temp. Gradient ("C/m) 0
Spatial Interval (cm) ~5
Spatial Steps ~18
Time Interval (yr) 0.1
Time Steps 3x10°




Table C3. Geothermometers
Comparison of Pythia’s Oasis fluid compositions to high temperature experiments (above);

employment of empirical and theoretical geothermometers to estimate subsurface fluid formation
temperatures (below).

171

log (H) ~0.13

(1981)

James et al., | You et al., (1996)
(2003) Nankai Wei (2007) Wei (2007)
Escanaba decollement Barbados Basaltic ash +
sediment Sediment smectite smectite Overall
Geoindicator O O O 9] O
Li 200-250 154 125-150 199-243 125-250
Ca 250 249-298 - 243-271 243-298
Mg 199-250 nd - 171 171-250
Pythia’s Oasis
Suggested Result
Geo- Application | endmember)
indicator Equation(s) Reference(s) 9] O
2.55 X 10°\ |Method from 6180 eq:
18 — 518 :
0" Octay = 6" Opiuia + ( T2 ) Hensen et al., 0-400
—4.05 (2004).
O/t —-19.6 x 103\ |Equations from| 6D eqs:
ISOtO es 6Dclay = 6Dfluid + f Sheppard and 0‘120 S 206
P +25 Gilg, (1996); |  (You)
_453 x 10° Yeh (1980);
6Dciay = 8Dfpyia + g . T ) (Jllggiano CO-ISO
4 o4 ( ). (Capuano)
T (°C) 2200 273
. = - Kharaka and
Mg, Li log (_/Zg) 547 Mariner, (1989) 0-350 74
o 1195 Fouillac and
Na, Li | TCO=—¢%, — 273 |Michard, ~0-350 135




Table C3 continued.

172

T(C) = 1590 273  |Kharaka and
Na, Li log (ﬁ) +0.779 Mariner, (1989)] 030 02
Li
. 1267 Verma and
Na,Li | TCO= o Nay oo 273 |santoyo, 50-320 132
og (i) +0.07 (1997)
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Figure C1. Observations used to estimate the spatial area of seepage at Pythia’s Oasis.

(a) Bathymetric depression surrounding the entire seep area, areal extent of hummocky
topography surrounding Pythia and Blow Out, and area of the photomosaic produced from
images collected during an ROV Jason dive are outlined (photomosaic courtesy of M. Elend,
UW). (b) Close up of the Pythia and Blow Out sites. Seafloor seepage features noted during
ROV dives (diamonds) and identified from post-cruise examination of the photo-mosaic

(polygons) are shown.






