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Abstract

Sediments near hydrothermal vents are enriched in metals derived directly from
hydrothermal fluids (e.g., Fe, Cu, Zn, Mn) and those associated with scavenging and co-
precipitation from seawater with hydrothermally derived Fe-sulfides and Fe-oxyhydroxide
minerals (e.g., P, V, Co, Mo, As, REEs). The sediments surrounding active venting have high
concentrations of these elements which decrease with distance from the vents due to both
hydrothermal plume dilution with seawater and sedimentation of hydrothermal particles. The
composition of hydrothermal sediments from the Main Endeavour Field on the Juan de Fuca
Ridge, approximately 300 km off the coast of Vancouver Island, was determined using samples
collected in sediment traps at three locations along a transect below the hydrothermal plume.
These traps were deployed on-axis, 3 km, and 9 km off-axis allowing the spatial variability of the
hydrothermal component of the sediments to be assessed. The chemical composition and mass
accumulation rates of the hydrothermal component is governed by particle formation in the
near vent region and is controlled by particle settling rates with distance from active venting.
The concentration and mass accumulation rate of the hydrothermal component of the
sediment decreases rapidly with distance, with an order of magnitude decrease between the
on-axis and 3 km off axis sediment trap samples, and a further 1-2 orders of magnitude
decrease from 3 km off axis to 9 km off axis.

Sediment trap samples are also used to create a high-resolution time series of
hydrothermal sedimentation over the course of the approximately year sampling period, with
each on-axis sample collecting 21 days of sediment and each off-axis sample collecting 12 days
of sediment. These samples allowed for an initial assessment of the temporal variation in the
chemical composition and mass accumulation rate of the hydrothermal sediment. The
variability observed in the hydrothermal component mass accumulation rate suggests that
physical oceanographic processes (e.g., flow reversal) impacts the rate of sedimentation.

The base of a 50 cm sediment core, collected 2.6 km northwest of the Main Endeavour
Field, was dated at ~6,000 years and a high-resolution geochemical reconstruction is used to
determine how the hydrothermal component has changed on a 100-1000 year time scale. The
comparison of the sediment core to fresh sediment collected by the sediment traps is used to
understand how post-depositional changes affect the composition of the hydrothermal
component preserved in sediment, as well as the utility of some elements, such as Mn, in
reconstructing paleo-hydrothermal sedimentation.
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1 Introduction

1.1 Hydrothermal Vents at Mid-Ocean Ridges

Hydrothermal systems are found in the ocean along plate boundaries where there Is a link
between magmatism, seismicity, and high temperature venting (Hannington et al., 2011).
Hydrothermal vents are found predominantly along the global mid-ocean ridge crest that
extends 64,000 km, in back arc basins, along volcanic arcs, and intraplate volcanoes, where
>300 sites of hydrothermal venting have been discovered (Figure 1.1; Hannington et al., 2011).
The magmatic budget of each setting is closely linked to the degree of hydrothermal activity
that occurs, indicative of the relationship between spreading rates and the occurrence of
hydrothermal vents on mid-ocean ridges.
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Figure 1.1 Global distribution of seafloor hydrothermal systems (Hannington et al., 2011)

1.2 Hydrothermal Circulation

Hydrothermal venting at mid-ocean ridges occurs when seawater percolates downward
through fractures in the ocean crust and is heated by the underlying magma body (German and
Seyfried, 2013). Seawater circulates downwards into the crust following regions of high
permeability due to spreading processes (e.g., dike margins, normal faults, cooling fractures,
etc.). As seawater circulates downward, and temperatures exceed 400°C, it is chemically altered
through reactions with the host rock as it circulates deeply through the crust. When the fluid
reaches a high temperature, they become buoyant, continually reacting with surrounding rock
as they rise through cracks and fissures back toward the seafloor, and are expelled into the



water column (Figure 1.2; German and Seyfried, 2013). The chemical properties of the
hydrothermal fluid are dependent on temperature, pressure and the geology of the system
which control the water-rock reactions (German and Seyfried, 2013).

FeOOH Sulfide

minerals

Scavenged seawater
elements

Figure 1.2 Schematic of hydrothermal particulate fallout from the hydrothermal plume

1.2.1 Water-Rock reactions

Chemical reactions between heated seawater and the basaltic crust result in a
hydrothermal fluid with a distinct composition compared to seawater. As temperatures reach
~150°C, anhydrite (CaSQa) precipitates which results in a near complete depletion of Ca and
about one-third of the sulfate in the fluid (Bischoff and Seyfried, 1978). Further heating results
in the fixation of seawater Mg in the crust as Mg?* and OH™ combine to form a component of
smectite at temperatures less than 200°C and chlorite at temperatures higher than 200°C (Alt,
1995), as well at high temperatures a magnesium hydroxide sulfate hydrate mineral may
precipitate from seawater (Janecky and Seyfried, 1983). The formation of magnesium hydrate
minerals (e.g., chlorite and amphibole) by the reaction: Mg?*+ 2H,0 = Mg(OH), +2H* generates
significant acidity, and the resulting pH of the fluid is lower than that of seawater (pH 8.1),
typically between 3 and 4 (Janecky and Seyfried, 1983; Hannington et al., 2005).

Continuously, as water circulates through the rock and as temperatures increase to 350-
400°C, the composition of the hydrothermal fluid is modified (Alt, 1995). In the high
temperature zone, water-rock reactions alter the composition of the basaltic dikes through
dissolution and alteration of ferromagnesian minerals, such as olivine and pyroxene, and
abundant plagioclase (Alt, 1995). The water-rock reactions result in element depletion in the
basalt, and the resulting fluid is enriched in Ca, K, Si, Fe, and Mn, these elements are the “major
components” of hydrothermal fluids, along with Na and Cl (German and Seyfried, 2013). Base
metals such as Cu, Zn, and Pb are also leached from the rocks during the water-rock reactions,



and due to their mobility in high temperature, acidic environments, they are added to the
hydrothermal fluids (German and Seyfried, 2013).

The chemistry of each individual vent varies, though some similarities in the chemical
characteristics are observed. Hydrothermal vent fluids are enriched in Fe and Mn, with
concentrations 2-3 orders of magnitude higher than the concentration of the ambient water
column (German and Seyfried, 2013). Through fluid studies of global vent systems, it has been
demonstrated that there is often an enrichment in: SiO3, H3S, V, Co, Ni, Cu, Zn, As, Se, Al, Ag,
Cd, Sh, Cs, B, W, Au, Tl, Pb, and the REEs relative to seawater, and a depletion in SO4, Mg, Mo, U
relative to seawater due to their solubility (Figure 1.3; German and Seyfried, 2013), though
trace metal concentrations vary significantly between vent fields. Specifically on the Juan de
Fuca Ridge, enriched basalt (E-MORB) is common, and due to this the hydrothermal fluids are
enriched in trace metals incompatible in hydrothermal fluids, such as Ba, Cs, Rb, Th, U, K, and
Light Rare Earth Elements (LREE) (Hannington et al., 2005).

1A

H 11A Periodic table of the elements A IVA_ VA _VIA VIA
Li

Na B IVB VB VIB VIB VIIB VIIB VIIB _IB_|IB

K| Ca|Sc| Ti

Rb| Sr | Y Zr
Hf | Ta

Fr Ac | Rf

Ru
Os

Tb Ho Tm
Np| Pul Am |Cm | Bk | Cf | Es | Fm | Md | No | Lr

Enriched with respect to seawater on a Cl-normalized basis
Depleted with respect to seawater on a Cl-normalized basis
Enriched and depleted

Hg

Figure 1.3 Periodic table of elements that are generally enriched in hydrothermal vent fluids relative to
seawater (red), depleted (blue) and elements that that have been determined to be both enriched and
depleted in different hydrothermal systems (yellow). (Source: German and Seyfried, 2013)

1.3 Hydrothermal Plume Processes

As fluids are heated to a high temperature in the reaction zone, they become buoyant
and rise back to the seafloor, where they are expelled into the water column through a
hydrothermal vent chimney as a buoyant plume of hot, acidic, and chemically altered fluid.
Hydrothermal chimneys are composed of an anhydrite shell, due to the rapid mixing of calcium-
rich vent water and sulfate-rich seawater, then metal sulfides as the chimney walls become
thicker and are less impacted by mixing with seawater (Von Damm, 1990). In high temperature
(>250°C) vent fields, chalcopyrite (CuFeS;) precipitates first as the high temperature sulfide in
the interior walls of hydrothermal chimneys, followed by pyrite and sphalerite (Haymon, 1983).

When fluids first interact with seawater, this stage is called the “buoyant plume”, where
the hot, acidic, metal-rich hydrothermal fluid is more buoyant than seawater. The buoyant



plume rises and mixes with cold and dense seawater, which results in the progressive dilution
of the plume both vertically and laterally. The hydrothermal plume will continue to rise
vertically until it reaches a height of neutral buoyancy (the “neutrally buoyant plume”). At this
height, the hydrothermal effluent can disperse laterally thousands of kilometers away from the
ridge axis (German and Seyfried, 2013). The height of neutral buoyancy is a complex
relationship between the physical properties of the hydrothermal fluids (i.e. temperature,
salinity, etc.) and the ambient water column (Speer and Helfrich, 1996)

1.4 Formation of Hydrothermal Particulate Material

As hydrothermal fluid enters the ocean, there is rapid mixing between high
temperature, Fe and sulfide rich fluids, and the cool, oxidizing ambient seawater endmembers.
his mixing process drives precipitation and redox reactions, and results in the rapid
precipitation of sulfides (e.g. pyrite, chalcopyrite, and sphalerite) and oxyhydroxides (Rudnicki
and Elderfield, 1993).

Rapid precipitation of Fe-sulfides occurs nearly instantaneously within the buoyant
plume, where up to 50% of Fe in the buoyant plume may be removed through the precipitation
of Fe-sulfides (Rudnicki and Elderfield, 1993). The rapid sulfide precipitation in the buoyant
plume occurs predominantly through the FeS-H,S pathway (Eq. 1.1) as dictated by ambient pH,
reactant concentrations, and reaction kinetics (Findlay et al., 2019). The primary factors
controlling sulfide formation are the concentration of Fe in the hydrothermal endmember,
which can vary widely globally (1 to >1000 mM), and the concentration of H,S, which varies
between 1-10 mM (Von Damm, 1990). The rate of pyrite formation decreases with decreasing
H,S concentration, temperatures lower than 125°C, and pH approaching that of seawater; this
confines most of the sulfide precipitation within the buoyant plume (Findlay et al., 2019). On
the Juan de Fuca Ridge, pyrite and pyrrhotite (Fe1S, where x varies from 0-0.125) coexist in the
black smoker chimney walls and the rising plume fluids, and are the primary sulfide minerals
precipitated from hydrothermal fluids (Feely, 1987; Feely et al., 1994; Findlay et al., 2019).
Additionally, in plume studies on the Mid-Atlantic Ridge (e.g., Waeles et al., 2017) and on the
Juan de Fuca Ridge (e.g., Feely, 1987), Zn and Cu are predominantly found in Cu- and Zn-bearing
sulfides, and do not persist as dissolved species. The early precipitation of Fe before vent fluid is
expelled or in the very early buoyant plume may be limited to removal through co-precipitation
and inclusion of Fe in Cu- and Zn-bearing minerals (e.g. chalcopyrite, sphalerite), rather than
the rapid precipitation of pyrite (Waeles et al., 2017).

FeS + H,S = FeS, + H, (Eq.1.1)

Before fluids are expelled from the hydrothermal vents, Fe and Mn are present in their
reduced, dissolved form (Fe(ll) and Mn(ll)) and after mixing with seawater these are oxidized to
Fe(lll) and Mn(l11/1V) (German and Seyfried, 2013). After rapid precipitation of hydrothermal
sulfides, any remaining dissolved Fe in the plume undergoes oxidative precipitation forming Fe-
oxyhydroxides (Mottl and McConachy, 1990; Rudnicki and Elderfield, 1993). Fe(lll) ions are very
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insoluble in oxygenated, circumneutral pH ambient seawater and rapidly form Fe(lll)-
oxyhydroxides, that aggregate and coagulate into larger particles (Klar et al., 2017). The
fundamental control on the formation of Fe(lll)-oxyhydroxides is the rate of oxidation of Fe(ll)
to Fe(lll). This is dependent on deep water chemistry, mainly pH and dissolved O, (Field and
Sherrell, 2000). The Fe(ll) oxidation half life varies significantly geographically, from 2.1 minutes
at the TAG hydrothermal field at the Mid-Atlantic Ridge to 6.5 hours on the Juan de Fuca Ridge
in the Northeast Pacific (Figure 1.4; Field and Sherrell, 2000). Inter-basin variation in Fe-
oxidation rates is due to the chemical composition of the ambient deep water, this is due to the
thermohaline circulation of the ocean, in which biogeochemical cycling of carbon and oxygen
causes the pH and O; to decrease in the deep ocean along the flow path from the Atlantic to
the Indian to the Pacific Ocean (Field and Sherrell, 2000). The long oxidative half life in the
Northeast Pacific Ocean allows Fe-oxyhydroxide formation to persist farther from the
hydrothermal vent axis in the Northeast Pacific. Fe(lll)-oxyhydroxides particles then aggregate
and coagulate into larger particles and are removed from the dissolved Fe fraction and from
buoyant plume through gravitational settling (Field and Sherrell, 2000; Klar et al., 2017).

Pacific Indian Atlantic

Fe (II) oxidation half-life (hr) -

Figure 1.4 Fe (ll) oxidation half-lives for ambient deep water conditions at various vent sites in the
Pacific, Indian, and Atlantic Ocean on the global ridge system. Error bars are representative of the range
of half lives over depths of known black smokers at each vent region (Field and Sherrell, 2000)

Hydrothermal vent fluids are also enriched in Mn(ll), and mixing with seawater allows
oxidation of Mn(ll) within the plume (Cowen et al., 1986). Within the neutrally buoyant plume,
Mn(Il) is oxidized to Mn(llI/IV) and the formation of Mn-oxides. This process, and the cycling of



Mn in hydrothermal systems is often compared to that of Fe, as they are both enriched in
hydrothermal fluids and removed from the system by oxidation and particle formation (Von
Damm, 1990; German and Seyfried, 2013). The oxidation process of Mn differs from that of Fe
as it is microbially mediated, whereas Fe oxidation is predominantly abiotic and orders of
magnitude faster than Mn (Field and Sherrell, 2000). Mn uptake into the hydrothermal plume
particles is dominated by microbially catalyzed dissolved Mn(ll) oxidation to Mn(l11/1V) (Cowen
et al., 1986; Fitzsimmons et al., 2017; Lee et al., 2021) that would otherwise be kinetically
inhibited, and has been shown to form Mn-oxide coatings on bacterial cells (Cowen et al.,
1986). Once hydrothermal Mn is oxidized and Mn-oxide particles have formed, they eventually
sink to the seafloor, while scavenging other trace elements (German and Seyfried, 2013).

1.4.1 Scavenging by Hydrothermal Particles

The vent derived particles (Fe-oxyhydroxides, Mn-oxides and sulfides) become a sink for
the micronutrient P, and trace elements V, Cr, As, Y, Co, Mo, Pb, REEs, U, and Th. Smaller
particles that do not sink remain entrained in the plume that can be detected thousands of
kilometers away from the ridge axis (German and Seyfried, 2013). Trace elements are removed
from the water column by adsorption onto suspended particle surfaces (Figure 1.5) such as
plume derived sulfides, colloidal ferrihydrite (Fe(OH)s; Fe-oxyhydroxide), and poorly crystalline
Mn oxides (German et al., 1997; Dunk and Mills, 2006; Lee et al., 2021). These minerals are
highly efficient sinks for dissolved seawater trace elements due to their abundance, high
specific surface area, and their residence time in the hydrothermal plume (German et al., 1997;
Hayes et al., 2015). Scavenging processes occur rapidly during the formation of hydrothermal

particles close to the ridge axis.

Dissolved trace elements 5 4 sorption . . . Aggregation
+ —— —
Seawater anions .

Sulfides .
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Biogenic particles

Figure 1.5 Idealized scavenging processes of hydrothermal particles occurring in hydrothermal plumes.
Thick black outline indicative of dissolved trace elements and seawater anions being scavenged by
hydrothermal particles (Fe-oxyhydroxides, sulfides, and Mn-oxides). Based on Hayes et al. (2015)



1.5 Hydrothermal Sedimentation

The formation of particles within the hydrothermal plume occurs quickly as the plume
enters the ocean. With distance from the vent site, the plume becomes progressively more
diluted due to mixing with seawater and the progressive fallout of hydrothermal particulate
matter. The deposition of plume particles on the seafloor acts as an important removal
mechanism in the geochemical cycling of many trace elements in the ocean. The particle
settling dynamics control the accumulation rates of the hydrothermally derived components of
the sediments as well as the associated scavenged elements. The processes that control the
deposition of the particles include physical processes such as currents, turbulence, and the
height of the neutrally buoyant plume. The removal of hydrothermally derived elements from
the neutrally buoyant plume in the near venting region occurs due to aggregative removal of
these elements onto biogenic and/or lithogenic particles that settle from the water column
above (Fitzsimmons et al., 2017) as well as aggregation of hydrothermally derived plume
particles that increases the particle size and density, which leads to increased removal near the
vents.

Up until recently, the hydrothermal contribution to the oceanic dissolved Fe inventory
was thought to be negligible as the mineral precipitates were expected to settle rapidly to the
seafloor (e.g. Bennett et al., 2009). However, recent studies demonstrate that Fe-bearing
sulfide nano-particles are preserved within the plume (Yicel et al., 2011) and observed up to
4,000 km away from active venting (Fitzsimmons et al., 2017). The persistence of Fe in the
hydrothermal plume is due to both nano-particulate Fe-sulfides, as well as Fe that is stabilized
and complexed by organic ligands allowing Fe to remain in the dissolved phase great distances
from sites of active venting (Bennett et al., 2009; Toner et al., 2009; Fitzsimmons et al., 2017).
Fitzsimmons et al. (2017) observed hydrothermal particulate Fe in the plume 100-200 km away
from active venting as Fe(lll)-oxyhydroxide minerals embedded in a matrix of organic carbon.
Dissolved Fe and Mn from a hydrothermal source was detected 4,000 km from the vent source
as particulate Fe(lll)-oxyhydroxides and organically complexed iron phases (Fitzsimmons et al.,
2017). The aggregation with organic carbon results in an offset of the high specific gravity of Fe
minerals with the low specific gravity of organic matter, allowing the more dense Fe-
oxyhydroxide particles to persist for longer distances from active venting (Fitzsimmons et al.,
2017). With this persistence in the neutrally buoyant plume, high concentrations of
hydrothermally derived elements are observed in the near vent region, which decrease
concentrations with distance from the vents due to progressive plume dilution from mixing
with seawater and particle fallout into the underlying sediments.

1.6 Study Area
1.6.1 Geologic Setting: Juan de Fuca Ridge

The Juan de Fuca Ridge is a 500 km long ridge located approximately 300 km off the
Coast of Vancouver Island (Figure 1.6). The Juan de Fuca plate is a remnant of the Farallon



plate, which has largely been subducted beneath the North American Plate. The Juan de Fuca
ridge separates the Pacific plate from Juan de Fuca plate, and has an intermediate spreading
rate mid-ocean ridge, with a half spreading rate of 3 cm year (Kelley et al., 2012).
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Figure 1.6 Geologic setting of the Eastern Pacific Ocean. Source: USGS

1.6.2 Endeavour Segment, Juan de Fuca Ridge

The Endeavour Segment (47°N, 129°W) of the Juan de Fuca Ridge is 90 km long; it is one
of seven segments that comprise the Juan De Fuca Ridge. These segments from North to South
are: Middle Valley, West Valley, Endeavour, Northern Symmetrical, Axial, Vance, and Cleft
(Kelley et al., 2012, Clague et al., 2014; Figure 1.6). The central rift of the Endeavour Segment is
a 25 km long volcanic high that is divided by a 0.5-1 km wide, 75-200 m deep, steep-sided axial
rift (Kelley et al., 2012). Within this central rift, there are five major hydrothermal vent fields,
from North to South: Sasquatch, Salty Dawg, High Rise, Main Endeavour, and Mothra (Figure
1.7). This region is one of the most active hydrothermal areas known on the global mid-ocean
ridge system, with 572 identified chimneys in the central 14 km of the segment, with 47 active
vents (Kelley et al., 2012; Clague et al., 2020). The study site for this project is the Main
Endeavour segment of the ridge. The Main Endeavour field has 53 mapped chimneys (Clague et
al., 2020). The large number of inactive chimneys in the Endeavour segment, suggest that
hydrothermal activity has persisted for at least 2,300 years (Jamieson et al., 2013; Clague et al.,
2014a).
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Figure 1.7 Vent distribution on the Endeavour Segment of the Juan de Fuca Ridge. Coloured circles
represent chimney locations, with colours representing height of the chimneys as reported in Clague et
al., 2020.

The outer flanks of the ridge are bounded to the east and west by low-relief, plains.
Based on a 2001-2005 University of Washington (UW) and UW-Monterey Bay Research
Aquarium Institute (MBARI) survey of the outer flanks, the eastern flanks have extensive sheet
flows and collapse basins with 10-15 cm of sediment, and to the east the ridge flanks are
capped by ~1 m of sediment (Kelley et al., 2012). Sediment accumulation rates on the Juan de
Fuca Ridge were estimated based on the length of sediment cores and the age at the bottom of
the core using radiocarbon dating of planktic foraminifera by Clague et al. (2014). Sediment
accumulation rates on lobate flows were determined to range from 0.09-1.25 mm year!
(Clague et al., 2014a).

1.6.3 Endeavour Hydrothermal Plume

The physicochemical characteristics of the hydrothermal plume on the Endeavour
Segment of the Juan de Fuca Ridge is well documented and has been the subject of multiple
studies over the past 40 years (e.g. Baker and Massoth, 1987; Feely et al., 1992, 1994; Thomson
et al., 2005). The temperature of the black smoker vent fluids coming immediately out of the
plume have been measured between 300-380°C (Baker and Massoth, 1987; Von Damm and
Bischoff, 1987; Feely et al., 1992). An average temperature anomaly, as determined by CTD
surveys of the hydrothermal plume of 0.043°C is observed in the area (Baker and Massoth,
1987; Burd and Thomson, 1994; Coogan et al., 2017). Temperature anomalies are quite useful
to map the distribution of the hydrothermal plume and are calculated from Equation 1.2:

AO = 0—koy—b (Eq.1.2)

Where 0 is potential temperature, oy is potential density, and k and b are the slope and
intercept of the trend of 0 as a function of o4 in hydrothermally unaffected water immediately
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above the neutrally buoyant plume (Baker, 1994). The average vent fluid temperature and the
water column temperature anomaly can be used to calculate a dilution factor of the
hydrothermal fluid to seawater of 8000 (Coogan et al., 2017).

The hydrothermal plume on the Endeavour Segment is made up from emissions from
individual vents within the Main Endeavour Vent field that rise and combine into a single ~200
m thick plume that is moving away from the source (Baker and Massoth, 1987). The orientation
of flow of the neutrally buoyant plume is to the southwest (Baker and Massoth, 1987). The near
steady background current is constrained within the rift-valley and results, in part, to turbulent
entrainment by the buoyant plumes rising from vent fields (Figure 1.8; Thomson et al., 2003).
The current reverses ~10% of the time, which appears to be linked to strong bursts of
southwesterly flow in the overlying water column (Thomson et al., 2003).

Cold inflow

outflow

inflow

Figure 1.8 Schematic of water flow within the Endeavour Ridge (Thomson et al., 2003).

1.6.4 Chemistry of the Endeavour Hydrothermal plume and plume particles

The chemical composition of the Endeavour hydrothermal fluid has been studied since
the 1980’s. Early studies of the plume particulates from the buoyant plume on the southern
Juan de Fuca Ridge found predominantly sphalerite (ZnS), wurtzite (ZnS), and pyrite (FeSz)
(Feely, 1987). Pyrite was found as inclusions within sphalerite as well as discrete fine-grained
particles (Feely, 1987). Pyrrhotite (Fe1xS) and chalcopyrite are minor components of the vent
particles and are also found as fine-grained discrete particles and intergrown with sphalerite.
Other minor mineralogical components of the hydrothermal particulates include barite,
isocubanite (cubic CuFeS;), and elemental sulfur (Feely, 1987). The major chemical components
of the Endeavour hydrothermal plume in decreasing order of abundance are: iron, sulfur,
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copper, calcium, silicon and zinc; Table 1.1 shows the weight percent of dry particulate matter
concentration in the Endeavour plume as reported in (Feely, 1987).

Table 1-1 Composition of dry black smoker particulate matter from the Endeavour hydrothermal plume,
reported in weight percent. Samples collected on Alvin dive 1418, using titanium samplers (Feely, 1987)

Sample ID Al Si S Ca Fe Cu Zn
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
Dive 1418 -3 0.34 1.7 31.7 0.24 31.2 13 1.56
Dive 1418 -7 1.06 3.9 32.8 3.54 25 7.39 2.39
Dive 1418 -9 0.69 2.1 32.9 3.14 31.2 5.73 3.16

1.6.5 Geochemistry of Endeavour sediments

The chemical composition of the sediments is controlled by the composition of the
plume, plume dilution and particle fallout moving away from active hydrothermal venting.
There have only been a few studies of hydrothermal sediments at the Endeavour Segment prior
to this study.

Dymond and Roth (1988) were the first to install sediment traps to analyze the
geochemistry of the hydrothermally derived particulate matter at the Main Endeavour Field. A
sediment trap was placed directly within the buoyant plume at the MEF, as well as a sediment
trap below the neutrally buoyant plume at High Rise for 11 months. From this study, the
differences in the flux of hydrothermal material in the near and far field experiments revealed
spatial and temporal variation of the hydrothermal plume, with high fluxes in the near field and
a sharp decrease with increasing distance from the source (Dymond and Roth, 1988).

Hrischeva and Scott (2007) published the first comprehensive report of the
geochemistry, mineralogy, and morphology of the Endeavour sediments through analysis of
sediment core and grab samples of near vent and ridge flank (3 km off axis) sediments. They
found that the concentrations of Fe, Cu, Zn, Pb, As and Mo decreases rapidly with distance from
the vents due to rapid deposition of sulfides near the vents.

Coogan et al. (2017) used a sediment trap emplaced on-axis near the buoyant plume in
the Main Endeavour Field and sediment cores from near and far-field locations to determine
the geochemistry of the hydrothermal sediments and to understand chemical processes
occurring in the hydrothermal plume. It was found that sulfides precipitate early and
accumulate rapidly in the sediments near the vents. Using the geochemistry, the proportion of
each component (hydrothermal, detrital, biological, and basalt) was separated to determine
the spatial variation in the composition of the hydrothermal component. The 2014-2015
sediment trap data from this study is used in this work to expand the time scale of on-axis
hydrothermal sedimentation that has been analysed.
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1.7 Objectives of This Study

Given that the chemical composition of sediments near the Endeavour Hydrothermal Field
(Dymond and Roth, 1988; Hrischeva and Scott, 2007; Coogan et al., 2017) is controlled by the
distance from active venting the objectives of this study are to assess:

(1)

(2)

(3)

the spatial variability of the hydrothermal component (e.g., Fe, Cu, Zn and Mn, and
associated scavenged elements) of the sediment near the Endeavour ridge using
sediment traps emplaced on-axis at the Main Endeavour Field, 3 km off-axis, and 9 km
off axis. The concentrations and mass accumulation rates of the hydrothermally derived
elements will be used to answer the question “what processes control the chemistry
and mass accumulation rates of the hydrothermally derived component of the
sediments?”.

the temporal variability of the hydrothermal component in the sediments collected
from sediment traps on month to year time periods. The variation in the concentration
and mass accumulation rate of hydrothermal elements will be used to understand how
variable hydrothermal sedimentation is, as well as what processes are controlling this
sedimentation.

post-depositional changes that may mask the primary hydrothermal signature
preserved in sediment cores over thousand-year time scales. Diagenesis may have an
impact on the composition of hydrothermally derived particles over long time scales.
The geochemistry of the sediment and pore fluids of a sediment core that represents
6,000 years of sedimentation to the NW of the Main Endeavour Field is used to assess
whether post-depositional changes have masked the primary geochemical signature.
The hundred to thousand of year time scale changes can also be compared to those
preserved across glacial-interglacial time periods.
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2 Sample Suite

2.1 Sediment core: sampling and processing

2.1.1 Geographic location and sample collection

A sediment core (H-1581) was collected by Ocean Networks Canada on July 17, 2017, at
16:35 by ROV Hercules roughly 2.8 km West of the High Rise vent field and 2.6 km Northwest of
the Main Endeavour Field. The core was taken at a depth of 2360 mbsl (meters below sea level)
at the base of the topographic high on the western flank of the ridge (47°57°35.49”, -
129°7°29.27”; Figure 2.1). After collection, the core was kept frozen until it was processed on
shore in the laboratory at the University of Victoria. Unused material was promptly returned to
the freezer for archiving.

] 47°N 59’

4l 47°N 58

47N 57

T4 A7

129°W 21 129°wW 15’ 129°W 9’ 129°wW 3’ 128°W 57’

Figure 2.1 Sampling locations of sediment core (orange circle) and sediment traps (green circles) in
relation to active vents (red circles) at the Endeavour Hydrothermal Field (vent location data from
GeoMapApp, accessed on October 14, 2021). White lines are representative of bathymetry transects
shown in Figure 2.2. Transect D (northern-most sample) is representative of the E-W transect
intersecting the sediment core sample; Transect A is the on-axis sediment trap, B the 3 km off-axis trap,
C the 9 km off-axis trap. Transect utility is to show the positioning of the sediment traps with respect to
surrounding bathymetry.
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Sediment Core H-1581

2000 Transect D at 47.959°N
8 -2050
§ -2100
g -2150
© -2200
&
2 -2250
S -2300 O
2 2350 °
2 2400 b
(]
£ -2450
-129.208 -129.188 -129.168 -129.148 -129.128 -129.108 -129.088 -129.068 -129.048 -129.028
Longitude
Main Endeavour Field Sediment Traps
Transect A at 47.948°N
__-2050
i
B 2100
< -2150
>
2 .2200
o
v -2250
3
S 2300
0
» -2350
)
2 -2400
€
-2450
-129.21 -129.19 -129.17 -129.15 -129.13 -129.11 -129.09 -129.07 -129.05 -129.03 -129.01

Longitude

Figure 2.2 Seafloor bathymetry along an east-west transect, from furthest North (sediment core,
transect D) to south (Main Endeavour Field sediment trap, transect A; 3 km off axis sediment trap,
transect B; 9 km off axis sediment trap, transect C). Bathymetry data from GeoMapApp, downloaded
October 14, 2021
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3 km Off Axis Sediment Trap
Transect B at 47.928°N
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9 km Off Axis Sediment Trap
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(Continued from previous page) Seafloor bathymetry along an east-west transect, from furthest North
(sediment core, transect D) to south (Main Endeavour Field sediment trap, transect A; 3 km off axis
sediment trap, transect B; 9 km off axis sediment trap, transect C). Bathymetry data from GeoMapApp,
downloaded October 14, 2021

2.1.2 Sediment Core Description
Sediment core H-1581 is 51 cm long and 6.5 cm wide (Figure 2.4). Visual inspection of the
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Figure 2.4 (A) Sediment Core H-1581 (B) close up of basal section of sediment core



frozen core showed that the top 6 cm are an oxidized, brown muddy material, which grades
into 6-8 cm of lighter, greenish-grey sediment, representing the grey-green boundary generally
interpreted as an oxidation front (Lyle, 1983). The rest is a homogeneous dark grey colour
(Figure 2.4). The dried sediment is light brown-grey at all depths. The bottom two segments
were observed under a binocular microscope before being crushed and is composed of
biological material (foraminifera, radiolarians, and diatom tests) and pellet-shaped material
(possible organic material), volcanic glass shards, volcanic hair, and fine detrital grains (Figure
2.5)
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Figure 2.5 125 — 425 um size fraction showing foraminifera, volcanic shards, elongated pellet shaped
material, and fine grained sediment
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Figure 2.6 (left) schematic of sediment composition zones in sediment core H-1581, (right) capture from
collection of sediment core H-1581 (Source: ONC SeaTube; July 17, 2017, 16:54)

2.2 Sediment Traps: collection and processing
2.2.1 Sediment trap deployment and sample collection

A series of sediment traps were placed at the Endeavour Hydrothermal vent field at 3
distances away from the active vents: within the Main Endeavour Field, 3 km southwest of the
vent field, and 9 km southwest by Ocean Networks Canada (Figure 2.1, Figure 2.7). The
sediment traps are McLane Parflux MK78H-21 which are equipped with 21x 500 mL sampling
bottles filled with a 5 wt% NaCl brine with a higher density than seawater to isolate samples in
the trap and prevent resuspension of particles (GOFS, 1989). The sediment traps are equipped
with a 0.65 m? cone to collect sediment into the narrow mouth HDPE sample bottles (Figure
2.8).
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Figure 2.7 Location of MEF On-Axis sediment traps (2014-2015, 2017-2018, 2019-2020) with relation to
individual vents in the Main Endeavour Field (Source: Dave Clague, MBARI)

Two on-axis traps were deployed within the Main Endeavour field at separate times to
cover the time periods of July 1, 2017 —July 14, 2018
(https://data.oceannetworks.ca/Sites?siteld=1000861) and May 16, 2019 — September 9, 2020
(https://data.oceannetworks.ca/Sites?siteld=1007439 ). The approximate position of the 2017-
2018 on axis trap is 47°56’53.97°N, 129°5’57.37”W, at a depth of approximately 2190 mbsl
(depth derived from MBARI AUV bathymetry) on a mooring extending 8 m above the bottom
(Figure 2.7)). This trap was to be recovered in 2018 but could only be retrieved on September 9,
2020. The approximate position of the 2019-2020 on axis trap is 47°56'55.12”N,
129°5’56.81”W, at a depth of approximately 2184 m also on an 8 m mooring. The sampling
interval for both on axis sediment traps was set at 23 days.

The 3 km off-axis trap (https://data.oceannetworks.ca/Sites?siteld=1013600) was deployed
at approximately 47°55’46.3”N, 129°7°38.34”W at a depth of 2115 m, near the top of the ridge
on the west flank on a 20 m mooring with the trap mouth approximately 28 m above the
seafloor (Figure 2.7) to reduce the chance of collecting resuspended bottom sediment. This trap
was located about 3 km SW from the nearest vent in the MEF based on the direction of
prevailing bottom currents (Section 1.6.3). Material was collected from September 16, 2019 to
February 28, 2020 with a sampling interval of 12 days. The closing mechanism failed after the
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collection of sample 14 during rotation 15, therefore the last sample (15) was collected from

February 28-September 28, 2020, a collection time of 213 days and the bottle remained open
as the trap was transported to the surface and therefore may be contaminated with material
collected as it moved upward through the water column.

The 9 km off axis trap (https://data.oceannetworks.ca/Sites?siteld=1013620 ) was deployed
at approximately 47°53’37.64”N, 129°12°6.43”W at a depth of 2320 m, about 9.5 km SW of the
Main Endeavour Field using the same deployment method as the 3 km trap. Samples were
collected with a fixed sampling interval of 11 days from September 17, 2019 to May 30, 2020

and recovered on September 28, 2020.
?_A
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Figure 2.8 (left) McLane Parflux MK78H-21 Sediment trap (https://mclanelabs.com/sediment-traps/)
(right) Sediment trap mooring configuration (Steve Mihaly, Ocean Networks Canada)
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3 Analytical Methods

3.1 Sample Preparation

3.1.1 Sediment core preparation

The still frozen core was cut into 34, approximately 1.5 cm long, segments using a ceramic
(Zr0Oy) serrated bladed knife to minimize metal contamination and processing time was kept to
a minimum to ensure material did not thaw significantly during handling. Small aliquots of
samples, dry mass between 5 and 9 g of material, were separated and transferred to clean 50
mL centrifuge tubes. Where they were left to thaw at room temperature, centrifuged and pore
fluid was removed using a rubber free syringe and passed through a 0.2 um Luer lock filter for
dilution and analysis. The remaining unfiltered material was transferred to a clean 15 mL
analysis tube and returned to the freezer. The sediment aliquots were then placed in a drying
oven, partially covered to avoid contamination, at ~40°C temperature until they were
completely dry. They were then crushed using an agate mortar and pestle, weighed using an
analytical balance, and transferred into glass storage vials.

3.1.2 Sediment trap sample preparation

To separate the sediment from the brine, samples were filtered in a class 100 fume
hood. Before starting sample processing all filtering equipment, tweezers, and 50 mL centrifuge
tubes were cleaned using 2 M HNOs. First, all material was passed through a 1 mm Nitex mesh
to remove swimmers (large shells, plankton, tube worm casings, and jelly-like organisms). The
residual material was then filtered with 0.2 um hydrophilic polycarbonate Isopore membrane
filters (Millipore Sigma) using a 500 mL Polysulfone Nalgene vacuum filter tower. The filter
tower was connected to a vacuum pump using % inch PVC tubing (Figure 3.1). The vacuum
pressure used was approximately 35 psi. The material retained in the filter was transferred to a
50 mL centrifuge tube using deionized (DI) water in a squirt bottle. The samples were
centrifuged for 40 minutes, and the majority of the water was removed from the material by a
combination of pouring and disposable plastic transfer pipettes. Samples were then dried,
partially covered by a clean glass beaker in a low temperature drying oven (40-50°C) until
completely dried, weighed, and then crushed by hand using an agate mortar and pestle until
ground into a fine powder.
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Figure 3.1 Filter tower setup

3.1.3 Sample preparation for pore fluid trace element analysis

After pore fluid was separated from the sediment, as described in Section 3.1.1, it was
prepared for trace element analysis. Approximately 1 mL of pore fluid was removed from the
separated total and weighed using an analytical balance. This was then diluted to
approximately 1:10 gravimetrically with 2% HNOs immediately after filtering.

3.1.4 Digestion procedure for sediment ICP-MS analysis

For major and trace element analysis of sediment from the core and traps, a multiple
step HF-HNO3 digestion and dilution procedure was followed using a method modified from
Eggins et al. (1997). Digestion batches contained duplicates, procedural blanks, and the
standards: BCR-2, DNC-1, BIR-1a, IAEA-405, DR-N, SY-4, LKSD-2, IF-G and AGV-1 (Table 3-1).

Table 3-1 Geologic rock standard information (Source: GeoRem)

Standard | Standard Information

BCR-2 Columbia River Basalt; USGS

DNC-1 Olivine-normative dolerite; USGS

BIR-1a Icelandic Basalt; USGS

IAEA-405 | Estuarine sediment powder; International Atomic Energy Agency (IAEA)

DR-N Diorite powder; Centre de Recherches Petrographiques et Geochimiques (CRPG)
SY-4 Diorite gneiss powder; NRCan

LKSD-2 Lake sediment powder; NRCan

IF-G Iron formation powder; CRPG

AGV-1 Andesite powder; USGS

For each sample and standard, 0.1000 g + 0.001 g (or 0.02-0.03 g for sediment trap
samples with limited sample mass; volumes of acid used for smaller samples in brackets) was
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weighed into a 15 mL Teflon vial. Then, 5 mL (2.5 mL) of concentrated environmental grade HF
and 0.5 mL (0.25 mL) 16 N HNOs were added to each sample, standard, and blank and set on a
hot plate at 125°C for at 24 hours. Samples were then left to dry with the lids off on the hot
plate at ~150°C. Once the samples were dried down, some dark coloured material remained in
the vials which is thought to be organic material did not dissolve. After samples were dry, 4 mL
(2 mL) of 8M Environmental Grade HNOs and 1 mL (0.5 mL) of 0.2 M oxalic acid were added and
left on a hot plate at 125°C for 12 hours. The addition of oxalic acid is to help with the
dissolution of samples with high Fe by complexing the Fe in the sample and increasing its
solubility (Longerich et al., 1990). Samples were once again dried at ~150°C and 4 mL (2 mL) of 8
M HNOs and 0.5 mL of 0.2 M oxalic acid were added. After the second dry down, some material
remained un-dissolved in the on-axis sediment trap samples. In an attempt to dissolve the
residual material another 4 mL of 8 M HNOs and 1 mL of 0.2 M oxalic acid were added to the
samples, and they were left on the hot plate overnight. Some material remained undissolved
so before drying down, a solution composed of 1 mL 0.2 M oxalic acid and 0.667 mL
concentrated HCl was added and set on a hot plate at 150°C to dry. This step was successful in
dissolving the material and was not dried to completion as some material started to
reprecipitate. Samples were watched carefully and frequently agitated, they were removed
from the heat immediately when reprecipitation was observed. After this, 4 mL of 8 M HNO3
and 1 mL of 0.2 M oxalic acid were added, vials were capped and left on a warm (~80°C) hot
plate overnight. Some of the dark particulate material remained undissolved, but if, as thought,
this is charred organic matter it will not have a significant impact on determined metal
concentrations.

Samples were then diluted to reduce the signal of highly concentrated elements, minimize
matrix effects, and reduce the risk of contamination during the analysis. A two-step dilution
procedure was used to reduce the chance of barite precipitating out of the sample before
analysis due to the decrease in acid strength, with the second dilution done on the day of
analysis.

As the first dilution step, 8 M HNO3 was added to the dried down sample using a
benchtop balance in the fume hood until an approximately 250-fold dilution factor was reached
(Table 3-2).

Table 3-2 Mass of acid required to achieve a 250-fold dilution with varying sample mass

Sample Mass (g) Mass 8 M HNO3 added (g)
0.1 25
0.03 7.5
0.027 7
0.025 6
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The mass was then precisely determined using an analytical balance. The first dilution factor
(DF1) was calculated using:

DF1 = YstMa (Eq.3.1)
Mg

Where, Ms is the mass of the solid sample digested, and Ma is the mass of 8M HNO3 added.

On the day of analysis, 1 mL of the 8 M HNO3 solution at a 250x dilution factor was
removed with a pipette and weighed using an analytical balance (1 mL of 8M is approximately
1.2 g (Mpr1)). Then 9 mL of DI was added and weighed. Samples were diluted to ~2200x. The
final dilution factor (DF2) was calculated from:

DF2 — Mpp1 +Mw (Eq.3.2)
M q
d
lv[DFl
Mg= ———xM Eq.3.3
d MS+MAX S (Eq )

Where Mpr is the mass of sample from the first step of dilution (sample diluted to 250x with 8
M HNO3s); Mgis the mass of the initial digested sample being diluted in the second dilution step;
and My is the mass of DI water added.

3.1.5 Preparation and dilution of standards

Standards were prepared identically to the samples. For the analysis of the on-axis
sediment trap samples a multi-element spike was added to some of the standards to extend
the concentration range for the calibration of elements that occur in very high abundances
(Table 3-3) using standards BIR-1a, SY-4, and AGV-1. A sulfur-spike was added to IF-G. The multi-
element spike contained the following elements and concentrations:

Table 3-3 Concentrations of elements in the prepared multi-element spike solution

Element Concentration (ppb)
Mn 13701
Cu 71030
Zn 71261
As 1568
Se 149.8
Sr 12112
Mo 500.5
Ag 149.8
Cd 450.2
Sb 74.8
Ba 69216
Pb 3793
Tl 149.8
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Three reference standards were prepared with two different amounts of spike solution.
The low concentration spiked standards were prepared with 1 mL of solution diluted to 250x
with 8 M HNO3s, 0.2 mL of the spiked solution, and 9.8m mL of DI water. The high concentration
spiked standards were prepared with 1 mL of solution as above, 1 mL of spiked solution, and 9
mL of DI water. The spiked standards have a final dilution factor of 2200x.

For the pore fluid analysis, a Pacific seawater standard collected by the Cullen lab was
used. A multielement spike was added to the seawater standard to create a three-point
calibration curve with pure seawater, seawater + 10 ppb spike added, and seawater + 20 ppb
spike added. The elements added to the seawater spike included: Cr, V, Mn, Fe, Co, Ni, Cu, Zn,
Mo, Ag, Cd, Ba, Pb, U.

3.1.6 Preparation of drift solution

For sediment core samples and the off-axis sediment trap samples, small aliquots of
multiple samples were mixed and diluted to the same dilution factor as the samples to make a
drift monitor with a composition that represents an “average” of the samples. A separate drift
monitor was made for the on-axis sediments because the concentrations some elements in
near vent sediments are significantly higher than off axis. The on-axis drift solution was made
with a combination of multiple on-axis sediment trap samples and diluted identical to the
samples to make an average representative solution of the concentrations of the on-axis
samples.

3.1.7 ICP-MS analysis instrument set-up

Samples were analyzed at the University of Victoria using an Agilent 8800-100 Triple
Quadrupole ICP-MS. The instrument conditions such as the nebulizer and carrier gas settings,
sample gas, and lens settings are optimized daily for instrument stability, oxide formation and
doubly charged ion formation. The Ar auxiliary gas flow rate is set at 1 L/min, sample gas flow
rate at 1 L/min, and Ar plasma gas at 12-14 L/min. Samples were analysed both with helium gas
in the collision reaction cell, to decrease molecular interferences, and in no gas mode. Helium
gas analyses are a single quadrupole ICP-MS analysis, and no-gas mode are a double
guadrupole ICP-MS analysis. In single and double quadrupole analyses, the ratio of
156CeQ*/10Ce!* is monitored for typical oxide formation and was around on average 3.6% in
single quadrupole analysis and 4.7% in double quadrupole analysis. Similarly, the ratio of
ThO/Th is also monitored for oxide formation and on average is 0.9% in single quadrupole and
1.12% in double quadrupole analysis.

An internal standard of Indium (**°In) is added to each sample, standard, and blank
during the sample introduction and the count rate on this is used to correct for changes within
the instrument during the analysis and sample matrix effects that may change the analyte
signal (Wilschefski and Baxter, 2019).

During analysis of both sediment core and sediment trap samples and pore fluids the
contents of each vial were analyzed in four blocks in each analysis, and the average values of
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the counts per seconds (CPS) were used for the data reduction. At the beginning of each run,
several 2% HNOs blanks were run followed by drift solutions and procedural blanks before
analysing the standards and samples. For the sediment core, samples were analyzed in blocks
of 8 samples, followed by a drift solution, and a procedural blank was run after every 12-15
samples. The sediment trap samples were analyzed in blocks of 5 samples followed by a drift
solution, and a blank after every 10 samples, as well as 3-4 analytical duplicates were analyzed
randomly during each run.

3.1.8 ICP-MS Data Reduction
Dilution factors for each sample and standard were calculated using equations 3.1-3.3
above. To correct the raw CPS for dilution (CPSpr; Equation 3.4):

CPSDF == CPSraw X DF2 (Eq. 3.4‘)

To correct the CPS for changes in instrument sensitivity during the analysis (CPSint), the
dilution factor corrected CPS for each analyte (CPSpr) was normalized to the raw uncorrected
CPS of ¥In in that sample (CPSin; Equation 3.5).

(Eq.3.5)

For blank corrections (CPSgL), the average of the CPS\nt for each procedural blank was
taken for each element (CPSgL-avg). The average was then subtracted from all samples (Equation
3.6):

CPSBL = CPSINT — CPSBL—AVg (Eq 36)

Drift solutions are used to monitor the changes in the sensitivity of the instrument at
different masses over the course of the run. Secondary instrumental drift is corrected by
normalizing the blank corrected CPS for each analyte in the drift solutions to the first analysis of
the drift solution. For each analyte, CPSg. for each drift monitor is normalized to the first
analysis of the drift solution, and the slope and intercept of the lines were calculated by
regression against the corresponding run number. The equation of the line is used to
determine a correction factor applied to each sample (Equation 3.7) with 12 significant figures
to reduce rounding errors. For sediment core and pore fluid samples, the drift correction curve
was linear as the analysis run was shorter, and less drift monitors were analysed when
compared to sediment trap analyses, where a third order polynomial was used.

CPSy,
D

Where CPSp is the drift corrected CPS and D is the drift factor.

CPS, = (3.7)

3.1.9 External calibration
External calibrations are used to convert the signal measured by the ICP-MS detector in
counts per second to a concentration using calibration standards with known concentrations to
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construct a calibration curve. All analytes in the sediment core samples were calibrated using
ten standards BCR-2, DNC-1, BIR-1a, IAEA-405, DRN, SY-4, LKSD-2, IF-G, BHVO-2, and AGV-1. In
the sediment traps, all elements except Mn, Cu, Zn, As, Se, Sr, Mo, Ag, Sb, Cd, Ba, Pb, and Tl
were calibrated using nine standards DNC-1, BIR-1a, IAEA-405, DRN, SY-4, LKSD-2, IF-G, BHVO-2,
and AGV-1. The aforementioned elements were calibrated using six spiked standards (a high
and low concentration spike of BIR-1, AGV-1, and SY-4; section 3.2.2) and the above nine un-
spiked standards.

The concentrations of each element in the spike standard (Xsp) is calculated using Equation 3.8:

Mg

R CGR) + (Msp x Csp) (Eq.3.8)
T

Xsp = (
Where Ms is the mass of the initial sample digested (as previously defined), My = Mg + Mgp +
My,; Msp is the mass of the spike solution; Cer = GeoRem concentration multiplied by Ms to
determine the concentration of the standard in the solution before the spike is added; Csp is the
concentration of the element in the spike solution (Table 3.2).

For each element, the drift corrected CPS for the standard reference materials were
regressed against the GEOREM preferred concentration values, and if those were not available
the compiled values were used (http://georem.mpch-mainz.gwdg.de/; Table 3-4). The slope of
the linear line forced through the origin is used as the calibration factor (Y) to go from CPSp to
concentration in weight percent oxide for major element oxides and parts per million (ug g*)
for trace elements. The concentration is calculated using Equation 3.9:

Concentration = (CPSp)(Y) (Eq.3.9)
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Figure 3.2 Example calibration curve of >’Fe. Calibration curves were constructed for every element after
each analysis
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Table 3-4 Compilation of GEOREM preferred and compiled standard concentration values
http://georem.mpch-mainz.gwdg.de/
Where no value is reported this standard was not used in the calibration of the element.

BIR-la | DNC-1 | BHVO-2 | AGV-1 DRN SY-4 | IAEA-405 | LKSD-2 IF-G
“Li 3.203 5.2 4.5 10.72 40 37 72 20 1
Be 0.102 1 1.076 2.3 1.8 2.6 3.56 2.5 4.7
Mgo 9.689 10.05 7.257 1.508 4.4 0.54 1.7 1.89
27A1,03 | 15.51 18.3 13.44 17.11 17.52 | 20.69 12.3 0.15
31P,05 0.03 0.07 0.2685 | 0.4927 | 0.25 0.131 0.28 0.063
34g 70 392 164 26 350 150 1400 700
4ca0 13.29 11.27 11.4 4.89 8.05 2.2 1.55
458c 43.21 31 31.83 12.43 28 11 13.5 13 0.3
47Ti0, | 0.9587 2.731 1.05 1.09 0.287 0.56 0.014
Sty 320.6 148 318.2 119.4 220 8 95 77 2
32Cr 392.9 285 9.474 40 12 84 57 4
MnO | 0.1731 | 0.149 0.169 | 0.0966 | 0.22 0.108 0.26 0.042
Fe203 11.4 9.93 12.39 6.755 9.7 6.21 6.24 55.85
>9Co 52.22 55 44.89 15.14 35 2.8 13.7 17 29
0N 168.9 247 119.8 15.41 15 9 32.5 26 22.5
8Cu 120.7 96 129.3 58.42 50 7 47.7 37 13
66Zn 70.4 66 103.9 86.8 145 93 279 209 20
Ga 15.46 15 21.37 20.36 22 35 18 0.7
5As 0.17 0.12 0.7 0.954 3 23.6 11 1.5
8ge 0.019 0.2 0.18 0.006 | 0.087 0.44 0.684
8Rb 0.21 4.5 9.261 67.8 73 55 140 85 0.4
86Sr 108.6 145 394.1 661 400 1191 118 220 3
8%y 15.6 18 25.91 19.69 26 119 23.5 44 9
0zr 14.8 41 171.2 231.5 125 517 243 254 1
3Nb 0.553 2 18.1 14.53 7 13 8 0.1
%Mo 0.068 0.7 4.07 2.103 0.9 2 2 0.7
107pg 0.041 0.027 0.089 0.078 0.6 0.939 0.8
icd 0.077 0.18 0.152 0.075 0.9 0.73 0.8
1151n 0.0576 0.117 0.042 0.08 0.02
118gn 0.701 1.776 4.88 2 7.1 7.6 5 0.3
121gp 0.462 0.96 0.1034 4.24 0.4 1.81 1.1 0.63
125Te 0.0057 | 0.021 0.014 | 0.0022
133Cs | 0.00646 0.3 0.0996 | 1.252 6.3 1.5 12.5 3 0.06
13783 6.75 118 130.9 1218 385 340 486 780 1.5
13914 0.627 3.53 15.2 38.19 215 58 404 68 2.8
140ce 1.92 8.19 37.53 68.61 46 122 82.1 108 4
141py 0.3723 1.1 5.339 8.31 5.7 15 0.4
146Nd 2.397 4.86 24.27 32.07 235 57 37.5 58 1.8
1479m 1.113 1.4 6.023 5.764 5.4 12.7 6.86 11 0.4
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15Ey 0.5 0.59 2.07 1.6 1.25 1.9

157Gd 1.809 2 6.207 4.862 4.7 14 0.74
159Tb 0.3623 0.39 0.9392 | 0.673 0.77 2.6 0.93 1.4 0.11
163py 2.544 2.76 5.28 3.583 4.6 18.2 6.7 7.3 0.8
165Ho 0.5718 0.65 0.9887 0.68 1 4.3 2.25 0.2
166y 1.68 1.9 2,511 1.825 2.5 14.2 0.63
169Tm | 0.2558 0.33 0.3349 | 0.2737 | 0.39 2.3 0.09
172yp 1.631 1.97 1.994 1.66 2.5 14.8 3.04 4 0.6
1751y 0.2484 | 0.309 | 0.2754 | 0.2518 0.4 2.1 0.468 0.6 0.09
178§ 0.5822 1.05 4.47 5.086 3.5 10.6 5.8 7 0.04
181Ta 0.0414 | 0.098 1.154 0.866 0.6 0.9 1.6 0.8 0.2
2057] 0.0021 | 0.026 | 0.0224 | 0.337 0.7 0.02
208pp 3.037 6.2 1.653 36.35 55 10 74.8 44 4
32Th 0.0328 0.22 1.224 6.351 5 1.4 14.3 13.4 0.1
238y 0.01051 | 0.05 0.412 1.903 1.5 0.8 3 7.6 0.02

3.1.10 Data quality checks for ICP-MS analysis

The precision of the analysis was determined using the procedural and analytical
duplicates, where the percent difference of the duplicate measurements was <5% for all
elements. The accuracy of the analysis is estimated by comparison of the measured values to
the GeoRem recommended values for the standard material.

3.2  '4Canalysis

3.2.1 Sample preparation for *C analysis

Foraminifera were separated from the bulk sediment through wet sieving material for
radiocarbon analysis at the University of California Irvine to determine the age of the base of
the core. A small aliquot of the bottom 2 segments of the core was thawed to ensure an
adequate mass of CaCOs could be obtained for the analysis. After the sediment thawed, it was
wet sieved through a 425 um and 125 pm mesh using deionized water (DI) water. The material
retained in the >425 um mesh and >125 um-<425 um mesh were transferred into two separate
Petri dishes and left in an ~40°C drying oven overnight.

Approximately 0.15 mg of foraminifera were separated using a binocular microscope and
placed in a small glass vial. Approximately 2 g of finely ground, homogenous bulk sediment
from the bottom 2 segments were also sent for bulk *4C analysis. At the Keck Carbon Cycle
Accelerator Mass Spectrometry Laboratory at University of California, Irvine (Southon et al.,
2004), the foraminifera sample was split by species for analysis: Neogloboquadrina dutertrei
(N. dutertrei), Globigerinoides ruber (G. ruber), and Globigerinoides bulloide (G. bulloide). An
ATA National Electrostatics (NEC) 0.5MV 1.5SDH-1 accelerator mass spectrometry (AMS)
system with a 40-sample MC-SNICS ion source was used for radiocarbon analysis (Southon et
al., 2004). The sample preparation and analysis method followed is reported in Rafter et al
(2019).
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3.3 Inorganic carbon analysis

The inorganic carbon content of the sediment core and sediment trap samples were
measured by coulometry at the University of Victoria. Coulometry is based on an
electrochemical method where the total charge (total number of coulombs) consumed in the
redox conversion of an analyte at an electrode is measured (Hauser, 2019). The coulometer cell
is filled with a cathode solution composed of dimethyl sulfoxide (DMSO), ethanolamine, and
tetraethylammonium bromide (TEA), an indicator solution, and a platinum electrode, then as
gas passes through the solution CO; is absorbed. The CO; reacts with ethanolamine in the
cathode solution, which forms a strong acid and an electrically generate base automatically
titrates the acid (UIC Inc.). During this reaction, the analyte in the sample is completely
exhausted (Hauser, 2019), and from the total amount of analyte and mass of the sample, the
concentration is derived.
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Figure 3.3 CM5130 Acidification module flow diagram (Source: University of Victoria School of Earth and

Ocean Science teaching lab designed schematic, based on schematic from UIC Inc. operating manual)

3.3.1 Sample preparation for bulk sediment inorganic carbon analysis

All sediment core samples, and select samples from 2017-2018, 2019-2020 MEF on-axis

sediment traps, and 9 km off axis sediment trap samples were analysed at the University of

Victoria with a UIC Inc. CM5014 Coulometer for inorganic carbon. Samples were selected to be

spread out evenly over the entire sampling period, due to the large mass required for analysis
(at least 50 mg) this was decided as sample mass is limited. The coulometer acidification

module (Figure 3.3) is set up with a pre-scrubber solution of 45 g of potassium hydroxide (KOH)
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to remove CO; from the carrier gas and a post-acidification scrubber of 50 g of potassium iodide
and a small amount of sulfuric acid until a pH of 3 is reached to remove interfering compounds
that are released during sample digestion. At the beginning of each analysis run, 2-3 blanks of 4
mL H;S04 was analysed, and 2-3 CaCOs standards to determine daily analytical precision and
calibration correction. Powdered sediment samples were analysed with the addition of 4 mL
H,S04. The analysis of each sample takes 9 minutes, with 3 measurements taken at 3, 6, and 9
minutes, with the final value taken from the 9-minute measurement. The blank value for the
analysis is automatically subtracted from the coulometer reading by the instrument, and the
final reading is given in weight % carbon of the sample.

3.3.2 Coulometer data correction

Though calibration of the coulometer is not required, the analysis of calcium carbonate
standards was used to create a one-point calibration curve of the measured values versus the
known concentration of C in CaCOsz (12 wt%) to correct the concentrations measured on each
day of the analysis. At the beginning and end of each run 2-3 CaCOs3 standards were analysed,
the average was taken, and calibration factor was calculated. This allows data to be compared
between multiple days of analysis. Multiple duplicate samples were analyzed to determine the
precision, which is reported as the standard deviation of the mean.

3.4 Total Carbon, Nitrogen, and Sulfur Analysis

All sediment core samples, as well as the same samples from the on-axis and 9 km off
axis sediment traps analysed for inorganic carbon, were analysed at the University of British
Columbia with an Elementar Vario MICRO cube CHNS elemental analyzer for total carbon,
nitrogen, and sulfur. Sample masses used were between 1.5 to 5.5 mg. Initially, sample masses
of 1.5-2 mg were analysed, and then samples with low sulfur and carbon concentrations were
repeated with a higher mass ranging from 5-6 mg. The samples were analysed in 4 batches with
45-50 samples per batch.

Due to limited sample available for analysis, and the high amount of sample required to
perform reliable and reproducible CNS analysis, the concentration of nitrogen and sulfur were
below detection limit for many samples. An optimal sample mass for analysis would be
approximately 20 mg. Due to this, the raw data was analysed to isolate the most representative
data for the sample. Firstly, the detection limit was calculated as 3 standard deviations of the
mean of the concentrations, the detection limits are as followed and anything below detection
limit was automatically excluded from the dataset: N =1 pug, C=11 pug, S =11 pg. Secondly, the
limit of quantification is calculated as 10 standard deviations of the mean of the concentrations,
this the value at which there is some confidence in the data, the limit of quantification for the
analysis are as followed: N =3 pg, C=35 ug, S =21 pug. Concentrations above the limit of
guantification were included in the final dataset. When concentrations were between the limit
of detection and limit of quantification, each sample was individually assessed, and the
following criteria were used to choose the final dataset.
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Samples with a higher mass analysed are likely more representative of the sample, if
the concentrations of the analysis with the higher mass was larger than the limit of
guantification, the analysis of the smaller mass sample was excluded from the
dataset.

Duplicates of a similar mass with concentrations within 10% of each other were
averaged and the standard deviation is reported as an error bar on all plots
Duplicate samples with a low sample mass resulted in concentrations with >50%
difference, were excluded as this was likely due to sample inhomogeneity.
Duplicate samples with a low mass and high mass analysis with concentrations
within 10% of each other, the concentrations are averaged, and the standard
deviation is reported as an error bar on all plots.
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4 Results

The geochemistry of sediment trap samples at the Main Endeavour Field (MEF) will be
presented using an elemental classification based on their likely origin; terrigenous derived
elements (Ti and Al), largely hydrothermally derived elements (Fe, Cu, Zn, Mn, Ag, Mo),
elements largely scavenged from seawater by hydrothermally derived particles (Pb, As, Cd, P),
and biological material (C and N). This elemental classification will be used to present and
discuss the sediment data in terms of spatial and temporal variability. As there were sediment
traps placed at three distances from active venting, the spatial variation of these elements will
be presented from on-axis at the MEF, 3 km off-axis, the uppermost segments of the core
collected 2.8 km off axis, and 9 km off axis. Variability of element concentrations over the
course of the year of sampling will also be examined. Samples were collected over three
periods on-axis at the MEF (2014-2015, 2017-2018, and 2019-2020), as well as one sampling
period in 2019-2020 at the 3 km off-axis and 9 km off-axis locations. The sediment core H-1581
that was collected 2.8 km from active venting preserved ~6,000 years of sedimentation, the
elemental concentrations through the core will be examined. Pore fluid chemistry for the
sediment core is also presented to understand post-depositional changes.

4.1 Sediment mass accumulation rates

Sediment mass accumulation rates (MARs) are calculated for each sediment trap period
and reported in Table 4-1. Over the sampling period, there are small scale variations with the
assumption that the accumulation rate is constant per day over the sampling period, with a
range in daily mass accumulation rates from 3.6 — 13.1 mg m2 day! observed across the three
on-axis sediment trap sampling periods (Figure 4.1 D).

The 9 km off axis sediment trap has a mass accumulation rate of 15.76 g m2 year* (Table
4-1) averaging 43 mg m2 day . There are large variations in the mass accumulation rate in each
sample period, on a similar scale to those observed in the on-axis sediment trap samples, with a
range of daily mass accumulation rates from 9-178 mg m2 day* (Figure 4.1 E).
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Table 4-1 Sediment trap sampling dates and mass accumulation rates.

Total Mass accumulation
Sediment Trap Sampling Rate (g m2 year?)
Location Sampling Start Sampling End Days
2014-2015 MEF On- May 23, 2014 May 18, 2015 234 32.1
Axis
2017-2018 MEF On July 1, 2017 July 14, 2018 378 18.08
Axis?
2019-2020 MEF On May 16, 2019 September 10, 483 24.84
Axis 2020
3 km off axis? October 1, 2019 March 10, 2020 165 3.07
9 km off axis? October 1, 2019 May 30, 2020 240 15.76

1. The last sample collected from the 2017-2018 sediment trap had no evidence of the closing
mechanism malfunctioning, though the sample mass is 4 g, approximately 8x higher than the
rest of the samples. Included in the calculation of total mass.

2. 3 km off axis sediment trap malfunctioned and the final bottle was open from February 28,
2020-September 28, 2020 (213 days) and collected 2.09 g of sediment. This sample is excluded
from analysis as bottle was open as it returned to the surface and likely contaminated.

3. Sample 2 in the 9 km off axis sediment trap had contamination from brine precipitation and was
excluded from mass calculations and geochemical analysis.
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Figure 4.1 Average daily mass accumulation rates (mg m2 day!) for on-axis (A-C), 3 km (D) and
9 km (E) off axis sediment trap collection periods. Grey dashed line represents steady state
accumulation rate.
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4.2 Spatial variation in sediment geochemistry

The aim of this section is to describe how the hydrothermally derived component of the
sediments vary with distance from active venting. For the most part, the concentration of
metals is presented using the proportion of the total that is of hydrothermal origin. This is
calculated by removing the contribution from detrital material from the total concentration,
with the assumption that the concentration of background, terrigenous derived sediment has
the same composition as the Cascadia Basin sediments as reported by Carpentier et al. (2013).
The continental detrital component supplies excess metals to marine sediments surrounding
hydrothermal vent systems, thus is removed to isolate the hydrothermal signal (Costa et al.,
2016). This approach is detailed in Section 4.2.2. Most metals discussed will be compared to
hydrothermally derived Fe (Fenr), as it has high concentrations in hydrothermal fluids, and
particulate Fe-bearing minerals such as Fe-Mn oxyhydroxides in the plume adsorb many
elements from seawater by scavenging.

4.2.1 Terrigenous input

An understanding of how the proportion of terrigenous material changes moving off
axis helps us to constrain how the hydrothermal component changes with distance from the
vents. Tiand Al are used as tracers for terrigenous material as they are predominantly sourced
from the continent, and have low concentrations in seawater, hydrothermal vent fluids and
hydrothermal particles (German and Seyfried, 2013). Ti is almost entirely derived from the
lithogenic fraction (Murray and Leinen, 1993) whereas Al can be enriched in hydrothermal
fluids relative to seawater (Shimmield and Price, 1986; Von Damm and Bischoff, 1987);
therefore the concentration of Ti is used as a proxy for continental material in the sediments
near the hydrothermal vents. Sediment trap samples are found to lie on a mixing line between
a hydrothermal component, which has a near zero concentration of these elements and detrital
sediments from the Cascadia Basin (Carpentier et al., 2013).

One way of understanding how the hydrothermal component of elements change
moving off axis is by separating the hydrothermally derived elemental component from the
detrital Cascadia Basin component of that element as the total concentration of these elements
are from two sources. For calculation of the hydrothermal component of Fe, Cu, Zn, and Mn, it
is assumed that there is a negligible contribution from seawater scavenging and biological
debris. This approach may over- or under-estimate the hydrothermal component in the off axis
sediment trap (Costa et al., 2017) because the concentration ratio of Xcascadia Basin/ Ticascadia Basin
(where X is a major or trace element) in the sediment may vary. Costa et al. (2017) approached
this method of calculating the hydrothermal component of Juan de Fuca Ridge sediments by
detailing the various potential lithogenic endmembers (Table 4-1).

Within the Endeavour hydrothermal vent field, the most appropriate endmember is
Cascadia Basin sediments, taken from ODP 168 — Site 1027 sediments, which are likely the most
predominant source of terrigenous sediment (Carpentier et al., 2013). To identify the bulk
composition of the siliciclastic material in the central Cascadia Basin that is most representative
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of the area, the raw data was manipulated to remove samples that have very high CaO
concentrations (sample 1027C 2R2 49-97) and high MnO and low Fe;03 (sample 1027 B56 X2
133-34). The average value for each element was calculated and the uncertainty on this. For
elements not reported in Carpentier et al. (2013) for the Cascadia Basin, the average Upper
Continental Crust concentrations were used, as reported by Rudnick and Gao (2013). These
values, reported in (Table 4-3), were then used in a 1000 iteration Monte Carlo simulation on
Equation 4.1 to determine the hydrothermal element concentration and the error associated
with the removal of the Cascadia Basin terrigenous component. Each calculated concentration
has an associated error, noted with error bars on all further plots.

Table 4-2 Fe/Ti lithogenic endmembers as reported in Costa et al. (2017) and references therein, to
compare to the Cascadia Basin endmember used in this study

Potential Lithogenic Source Material Fe/Ti ratio
Average Upper Continental Crust 11.7
Asian dust ~11
Pelagic Pacific Sediments 10-11
Mid-Ocean Ridge Basalts 8
Columbia River Sediments 6.7
Regional turbidite layer 10.7-11.5

To calculate the hydrothermal component, Eq. 4.1 can be used to quantify the amount
of the element contributed from detrital material assuming all the TiO; is derived from the
background, terrigenous sediment. The detrital concentration is subtracted from the total
element concentration to determine the hydrothermally derived component. The following
equation is written for iron, though modified for each element.

XCascadia Basin ) (Eq 4 1)

thdrothermal = Xmeasured - Timeasured (T-
lcascadia Basin

Table 4-3 Concentration and uncertainty values used to calculate the hydrothermal component of each
element using a Monte Carlo simulation. Cascadia Basin data reported by Carpentier et al. (2013) and
Average Upper Continental Crust reported by Rudnick and Gao (2013). The uncertainty is 1 standard
deviation on the mean.

Cascadia Basin Concentrations

o/ o + .
Site 1027 (Carpentier et al., 2013) Average (wt% oxide) Uncertainty

TiO2 0.81 0.02
Al;03 16.41 0.2
Fe.03 7.36 0.22
MnO 0.15 0.03
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P,0Os 0.21 0.01
pg gt + Uncertainty
Vv 148.88 31.98
Cr 80.16 2.28
Co 20.04 1.17
Ni 52.50 2.40
Cu 49.83 3.08
Zn 115.90 6.44
La 19.49 0.60
Ce 39.79 1.11
Pr 4.96 0.13
Nd 20.17 0.49
Sm 4.29 0.10
Eu 1.10 0.02
Gd 4.10 0.10
Tb 0.64 0.02
Dy 3.85 0.10
Ho 0.79 0.02
Er 2.24 0.06
Yb 2.18 0.05
Lu 0.32 0.01
Hf 3.28 0.10
Pb 12.45 0.75
U 1.86 0.09
Aver(aRg: dﬁr:: iearn(;ogtalgf:;igru“ Average (ugg?!)  # Uncertainty
Mo 1.1 0.3
As 4.8 0.5
Cd 0.09 0.01

The concentration (ug g) and mass accumulation rates (umol m2 day) of terrigenous
elements (Ti and Al) are lowest in the on-axis sediment trap samples. The samples collected in
the on-axis sediment trap have Ti concentrations between 380 and 900 pg g in the 2014-2015
sediment trap, 840 and 1,700 pg g* in the 2017-2018 sediment trap, and 370 to 1,600 pg g in
the 2019-2020 sediment trap. The sediment trap samples from 3 and 9 km off axis have Ti
concentrations ranging from 750 to 2,500 pug g%, and 1,100-3,300 pg g respectively. Similarly,
for Al, the on-axis sediment trap samples have concentrations between 6,619 and 15,956 ug g*
in the 2014-2015 sediment traps, 12,500 and 26,300 ug g in 2017-2018 sediment traps, and
5,454 and 24,034 pg g* in the 2019-2020 sediment traps. The sediment trap samples from 3
and 9 km off axis have an Al concentration ranging from 13,300 and 41,500 pg g}, and from
19,900 and 58,500 pg g1, respectively. The Ti/Al ratio is similar in all sediment traps at 0.067 in
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both the 2017-2018 and 2019-2020 on axis sediment traps, and slightly lower at 0.058 in the
2014-2015 on axis, 3 km off axis, and 9 km off axis sediment traps.

The mass accumulation rate of Ti and Al is similar in the on-axis and 9 km off-axis
sediment trap locations (Table 4-4, Figure 4.3). The mass accumulation rate for the terrigenous
derived elements in on-axis sediment traps and 9 km off-axis sediment trap are comparable,
with all samples from all years, within one standard deviation of the mean. The mass
accumulation rate of Ti for 2014 - 2015, 2017 - 2018, and 2019-2020 on axis sediment traps are

1.15 + 0.54 pmol m2 day?, 0.9 + 0.4 pmol m2 day*and 1.45 + 0.98 umol m2 day* respectively.
The mass accumulation rates of Al for 2014 - 2015, 2017 - 2018, and 2019-2020 on axis
sediment traps are 36.1 + 17.1 umol m2 day?, 23.7 + 11.7 umol m2 day, and 37.0 + 24.4 umol
m2 day?, respectively. The mass accumulation rates of Ti and Al in the 9 km sediment trap are
2.04 +1.38 umol m? day*and 65.2 + 39.7 umol m2 day}, respectively. Material accumulation
rates in the 3 km off axis sediment trap were much lower due to the trap malfunction, than in
the on-axis and 9 km off axis sediment traps. The mass accumulation rate of Ti and Al are 0.30 +
0.11 umol m2 daytand 9.0 + 3.4 umol m2 day ! respectively.

Table 4-4 Concentration and MARs of terrigenous elements in the on-axis, off-axis sediment trap
samples and sediment core

Titanium Aluminium
Concentration MAR Concentration MAR
(g g?) (umol m~ day™) (g g?) (umol m day™)
Range Average Average SD Range Average | Average SD
2014-2015
. 384 - 906 631 1.16 0.54 6,619 — 15,956 11,073 36.1 171
MEF On Axis
2017-2018 839-1,696 1255 0.9 0.4 12,487 — 26,302 18,597 23.7 11.7
MEF On Axis ’ ' ' ’ ’ ’ ' '
2015-2020 374 -1,596 976 1.45 0.98 5,454 — 24,034 14,008 37 24.4
MEF On Axis ’ ' ' ’ ’ ’ '
3 km off axis 754 - 2,535 1719 0.3 0.11 13,296 - 41,466 29,151 9 3.4
9 km off axis | 1,118 — 3,284 2428 2.04 1.38 19,939 -58,474 42,431 65.2 39.7
H-1581 2,600 - 3,600 3,078
A 70000 | 163014-2015 MEF On Axis B oo
A
© 2017-2018 MEF On Axis
60000
A 2019-2020 MEF On Axis & '.'o
soooo | |B 3 km off axis ® ‘
@ 9 km off axis o 100
E 40000 ) % o = g O%o
= g
< 30000 P &
20000 M 0 X
10000 2«)6?%@
0 1
0 500 1000 1500 2000 2500 3000 3500 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Ti(uge™) Al/(Al+Fe+Mn)




Figure 4.2 (A) Concentrations of Ti and Al, thought to be derived entirely from the terrigenous
component, in sediment traps compared to endmember Cascadia Basin B. Comparison of Al/(Al+Fe+Mn)
versus Fe/Ti to compare the amount of ferromanganoan material with the ratio of hydrothermal
material to detrital material. Cascadia Basin background sediment composition (marked X)
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Figure 4.3 (A) Ti mass accumulation rate (umol m=2 day™?) for on axis, 3 km off axis and 9 km off
axis sediment traps, reported as average with error bars representing one standard deviation.
(B) average Al mass accumulation rate (umol m2 day™* + 1SD)

The ratio of Al/(Al+Fe+Mn) is used to identify Al-poor ferromanganoan sediments close
to the ridge axis (Bostrom and Peterson, 1968). As previously discussed, Fe and Mn are used as
tracers of hydrothermal activity, and Al and Ti are immobile in hydrothermal fluids (German
and Seyfried, 2013), and the main source for Al and Ti are terrigenous material. A plot of
Fe,03/TiO; versus Al/(Al+Fe+Mn) is used to identify variation in the amount of hydrothermal
and detrital components of sediments (Figure 4.4; Hrischeva and Scott, 2007). Sediments
collected by on axis sediment traps have the highest Fe;,03/TiO; and lowest Al/(Al+Fe+Mn),
indicative of a high ratio of hydrothermal to terrigenous material. As hydrothermal input
decreases at 3 km off axis and further at 9 km off axis, the Al/(Al+Fe+Mn) ratio increases,
approaching the Cascadia Basin sediment end-member (

Figure 4.2B).

4.2.2 Hydrothermal elements

Variations in the concentration of elements derived from hydrothermal fluids (Fe, Cu, Zn, Mn,
Ag and Mo) are dictated by the distance from the vent as these elements are enriched in
primary vent fluids, and the non-buoyant plume can exhibit concentrations 100-fold higher
than ambient seawater (German and Seyfried, 2013). Fe, Cu, Zn, and Mn are the primary
hydrothermal elements that will be considered in this section, though Ag and Mo have the
same behaviour and are largely hydrothermally derived, though also sourced through seawater
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scavenging.

Table 4-5 Concentrations and Mass Accumulation Rates of hydrothermally derived Fe, Cu, Zn, and Mn in
the on-axis and off-axis sediment trap samples, and sediment core

Iron Copper
Concentration MAR Concentration MAR
(e g™) (umol m~day™) (hgg™) (umol m day™)
Range Average | Average SD Range Average | Average SD
2014-2015
91,151 -135, 6,263 —
MEF_On 166 113,706 173.1 55.1 11,629 8,291 11.6 5.97
Axis
2017-2018
42,140 - 2,848 -
MEF.On 106,903 78,850 46.2 16.2 8172 5,698 291 0.98
Axis
2019-2020
101,490 - 7,578 -
MEF.On 462,228 156,325 184.2 96.8 11,900 9,997 9.48 4.64
Axis
skmoff — 8266° 5670 | 168 054 | 237-729 445 0061 0014
axis 14,495
9 km off
Axis 4,305-9,185 6,988 5.21 3.52 | 50.8-165 111 0.069 0.037
14,778 -
H-1581 29323 25,891 109 -280 184
Zinc Manganese
Concentration MAR Concentration MAR
(ngg?) (umol m? day™) (g g (umol m? day™)
Range Average | Average SD Range Average | Average SD
2014-2015
MEF On 614 — 1,865 1,059 1.61 0.61
Axis
2017-2018 3184 —
MEF On ’ 8,170 4.26 2.2 | 405-2,447 1,020 0.61 0.33
. 13,220
Axis
2019-2020 12 318 —
MEF On ! 18,138 18.8 9.16 | 660-2,572 1,680 2.11 1.27
. 26, 454
Axis
3 km off
Axis 297 -2,205 717 0.101 0.06 | 988-3,741 2,240 0.33 0.084
X Ifm off 50.5-392 124 0.072 0.04 2,191~ 4,089 3.01 1.77
axis 5,459
H-1581 125 -394 174 591 -4,057 9281
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1. Manganese concentrations in sediment core H-1581 reported as the total Mn concentration,
not the hydrothermally derived component as once detrital Mn/Ti content has been removed
the concentration of Mn below the redox transition zone in the sediment core is calculated to
be below zero due to redox remobilization.

The total Fe content of the on-axis sediment traps range from 42,000 to 460,000 pg g
where 80 to 99% of the total Fe in the on-axis sediment trap samples is hydrothermally derived.
The hydrothermal component of the on-axis sediment trap samples is highest due to the
proximity to the vents, with concentrations having a large range between and within sampling
periods: 91,100 — 135,500 pg g* (2014-2015), 42,100 — 106,900 pg g* (2017-2018), and
101,500 — 462,200 pg g (2019-2020). The concentration of hydrothermally derived Fe in the 3
km off axis sediment trap ranges from 8,300 — 14,500 pg g* and further decreases 9 km off-axis
ranging from 4,300 — 9,200 ug g* (Figure 4.4, Table 4-5). The percentage of the total Fe that is
derived from a hydrothermal source is lower in the off-axis sediment traps, with 16-28% of the
total Fe in the 9 km off-axis trap calculated to be hydrothermally derived.

In the hydrothermal plume, Cu and Zn precipitate quickly with the rapid formation of
sulfide minerals. The calculated concentrations of hydrothermally derived Cu and Zn in the on-
axis sediment traps range an order of magnitude from 2,800 — 12,300 ug g*and 3,200 — 27,500
ug g1, respectively. Almost 100% of the Cu and Zn in the on-axis sediment trap is derived from
hydrothermal material, with hydrothermally derived Cu ranging from 99.6-99.9% of the total
Cu, and hydrothermally derived Zn ranging from 99.2-99.9% of the total Zn. In the 3 km off axis
trap, the concentrations of hydrothermally derived Cu and Zn are lower than in the samples
from the on-axis traps by one to two orders of magnitude and range from 237 — 729 ug g%, and
297 — 2205 ug g}, respectively. In the 9 km off axis trap, there is a further decrease in Cu and Zn
concentrations, ranging from 50.8 — 165 ug g'* and 50.5 — 392 ug g}, respectively (Figure 4.4,
Table 4-5). The concentration of Cu, Zn and Fe in the 9 km off axis sediment trap remains
elevated above Cascadia Basin background sediment concentrations. 75-86% of the total Cu
and 59-91% of the total Zn in the 9 km off axis sediment trap is hydrothermally derived.

The mass accumulation rates of Fe, Cu, and Zn are highest in the on-axis sediment traps
and the average mass accumulation rate for both 2014-2015 and 2019-2020 on-axis sediment
trap samples are comparable within one standard deviation of the mean. The 2017-2018
sediment trap sample has a lower mass accumulation rate. The mass accumulation rates of Fe,
Cu, and Zn are presented in Table 4-5. Where the highest mass accumulation rates are
observed in the on-axis sediment trap samples, closest to the vents.
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Figure 4.4 Cross plots of the A. calculated concentration of hydrothermally derived Cu against

hydrothermally derived Fe for the sample suite. Inset zooms in on the low concentration samples
showing that the sediment core samples, H-1581, have lower Cu/Fe in the hydrothermally derived
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component. B. calculated hydrothermally derived Zn against hydrothermally derived Fe. Inset zooms in
on the low concentration samples, showing that the sediment core samples have lower Zn/Fe in the
hydrothermally derived component. C. calculated hydrothermally derived Mn against hydrothermally
derived Fe. Inset zooms in on the low Fe concentration samples. Sediment core Mn is plotted as total

Mn (ug g-1) as the removal of the background component results in concentrations less than zero.
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Figure 4.5 Average mass accumulation rate for hydrothermal elements (A) Fe, (B) Cu, (C) Zn, (D) Mn
reported as umol m-2 day-1

Manganese is hydrothermally derived, though its behaviour differs from that of Fe, Cu
and Zn, where when hydrothermal Fe is high on axis, Mn concentration is low, and
concentrations increase moving away from the ridge axis (Figure 4.4, Table 4-4). In each of the
on-axis sediment traps, the concentration of hydrothermal Mn is comparable, range from 600-
1,900 ug g* (2014-2015), 400-2,400 pg g (2017-2018), and 660-2,600 ug g (2019-2020). At 3
km off axis, the concentration of hydrothermal Mn increases to 990 — 3,700 ug g%, and further
increases at 9 km off axis to 2,200 — 5,500 pg g™ (Figure 4.4, Table 4-5)

Though the Mn concentration increases with distance from the vent, the average mass
accumulation rate in the 9 km off axis sediment trap samples is only slightly higher than in the
on-axis sediment trap samples. The on-axis sediment trap samples have average mass
accumulation rates of 1.6 + 0.6 pmol m?2 day? (2014-2015), 0.61 + 0.32 umol m2 day™* (2017-
2018), and 2.1 + 1.3 pmol m2 day* (2019-2020). The 9 km off-axis sediment trap samples had a
mass accumulation rate of 3.01 + 1.8 pmol m= day’?, slightly higher than the on-axis sediment
traps samples. The 3 km off axis sediment trap samples had a mass accumulation rate of 0.33 £
0.08 umol m2 day?, much lower than all of the others due to the small mass of sample
collected (Figure 4.5,Table 4-5).
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Hydrothermal Ag (Agur) concentrations in the on-axis sediment traps range from 11-22
ug glin 2014-2015t0 2.5-11 pg g* (2017-2018), and 4-22 pg g* (2019-2020). The
concentration of Ag in the sediment trap samples is lower in the 3 km off axis sediment trap
samples (0.7-1.5 pg g1), and lower still (0.3-0.75 pg g2) in the 9 km sediment trap samples.
Mowut concentrations in the on-axis sediment trap samples range from 46-66 in 2014-2015, 14-
63 (2017-2018), and 38-87 (2019-2020). The Monut concentration is lower in the 3 km off-axis
sediment trap samples (1.5 — 10 pg g1) in the 3 km off axis sediment trap samples and lower
still (0.8-2.5 pg g?) in the 9 km off-axis sediment trap samples.

4.2.3 Scavenged elements

The detritally corrected, hydrothermal concentrations of the elements Pbur, Asyr, Cdhr,
and Pyt show strong linear correlations with Fenr with higher concentrations in the on-axis
sediment trap samples and lower concentrations in the off-axis sediment trap samples (Figure
4.6). These elements have been associated with hydrothermal scavenging onto sulfides and Fe-
Mn-oxyhydroxides within the hydrothermal plume (e.g, Mottl and McConachy, 1990; Feely et
al., 1991; German et al., 1991, 1997; Kadko et al., 1994). These elements may also be in part
hydrothermally derived, due to their high concentrations in the on-axis sediment trap samples;
it is difficult to distinguish between these processes. Rapid scavenging of these elements by
hydrothermal particles occurs quickly near axis. Scavenging is suggested as a controlling process
by looking at the ratio of Pbur/Fenrand Asur/Fenrthat are higher off axis, which suggest a
scavenged component of these elements (Figure 4.5). For the above listed elements, the
element/Fenr ratio is lower in the sediment core samples than any of the sediment trap
samples which will be discussed in Section 5.1.

The concentration of phosphorus (Pur) in the on-axis sediment trap samples range from
2,900 - 4,700 pg gt in 2014-2015, 1,600 — 3,000 pg g* in 2017-2018, and 2,100 — 4,800 pg g in
2019-2020. By subtracting P associated with the Cascadia Basin sediments, we see that
between 86 — 98% of the phosphorus is associated with hydrothermal particles. Samples in the
3 km off-axis sediment trap have a lower hydrothermally derived P concentration, ranging from
82017 to 1,600 pg g*. There are two samples collected at 3 km off-axis with a comparatively
high hydrothermally associated phosphorus concentration, with concentrations of 5,900 pg g*
and 7,800 pg g*. The proportion of hydrothermal versus detrital content in these samples is
much higher than the rest of the samples in the 3 km off-axis sediment trap. The
hydrothermally associated P in the 3 km off axis sediment trap samples ranges from 64- 90%,
whereas in these two samples the hydrothermal proportion is 96% and 97% respectively. These
two samples are not high in other hydrothermal elements. This high concentration of P could
be of biological origin; however, due to sample size restrictions the 3 km off axis sediment trap
samples were not analyzed for carbon and nitrogen, therefore the biological origin cannot be
tested, and does not appear to correlate in timing with increased biological input to the other
sediment traps at this period of the year. In the 9 km off axis sediment trap samples the Pur
ranges from 430 — 740 ug g*.
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Phosphorous is also in part biological in origin. As seen in Figure 4.6, a high
concentration of organic C corresponds with a high concentration of Pyr, and a low Pur/Fenr
ratio due to the high hydrothermal component. The 9 km off-axis sediment trap samples have a
similar organic C content; however, the P/Fe ratio is higher due to the decreased amount of Fe
at this distance from active venting. The low organic C, P, and P/Fe ratio in the sediment core
can be explained by the breakdown of organic material due to post-depositional processes
which will be discussed further below.

In the on-axis sediment traps, 98.8 - 99.8% of the Pb is associated with the
hydrothermal component. The concentration of Pbur ranges between 350-530 pg gt in the
2014-2015 on-axis sediment trap samples, 220 — 570 pg g* (2017-2018), and 360-590 pg g*
(2019-2020). Samples from the 3 km off axis sediment trap have a lower Pbur concentration
than the on-axis samples ranging from 37 — 135 pg g%, and 18-50 pg g* in the 9 km off-axis
sediment trap samples. There is a strong linear correlation between Pbur and FeHT in the
sediment trap samples with increasing distance from active venting.

Along with Pbur, Asut and Cdur correlate linearly with Fent in the sediment trap samples.
Asyt concentrations in the on-axis sediment traps range from 90-180 pg g* in the 2014-2015
sediment trap samples, 46-115 pg g (2017-2018), and 100-177 (2019-2020). In the 3 km off
axis sediment trap samples, the concentration of Asur ranges from 9-65 pg g%, and in 9 km off
axis ranges from 6 — 24 ug g'*.

Cdur concentrations in the on-axis sediment trap samples have a strong linear
correlation with Fenr, though this is not as strong in the off-axis sediment trap samples
compared to the other hydrothermally associated elements. The concentration of Cd in the
2014-2015 on-axis sediment trap samples range from 40-60 pg g, 10-50 ug g* (2017-2018),
and 45-110 pg g (2019-2020). In the 3 km off axis sediment traps, the Cdur ranges from 1.5-3.5
ug gt and in the 9 km off axis sediment trap samples are low and relatively constant, ranging
between 0.2-0.4 pg g™.

For Pbur, Asut, and Cdnur, there are two separate trends (Figure 4.6) with the on-axis
samples having low Pbyr/Fenr and Asyr/Fenr, and these ratios being higher off axis. The low
Pbur/Fenr and Asur/Fenr ratio is interpreted as a hydrothermal component, and the higher
ratios off axis suggest a scavenged component. The scavenging processes likely occur early as
the Fenr normalized metal concentrations the 3 km and 9 km off-axis sediment traps are
approximately the same.
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As, (D) Ag, (E) Cd, (F) Mo. Insets zoom in on low elemental concentration in sample.
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Rare earth elements are taken up from seawater onto hydrothermally derived Fe-Mn-
oxyhydroxides through co-precipitation and scavenging (Rudnicki and Elderfield, 1993; Bao et
al., 2008). In the buoyant plume, co-precipitation is the main mechanism for removal, and in
the neutrally buoyant plume scavenging is dominant (Mitra et al., 1994). With normalization of
total REE concentrations to Cascadia Basin background sediments, the spatial variation of the
REE pattern changes moving away from active venting to 3 km and 9 km off axis due to
changing proportions of scavenged, hydrothermal and detrital components (Figure 4.8). To
describe the composition of the samples, the Ce anomaly (Ce/Ce*; Eqn. 4.2) and Eu anomaly
(Eu/Eu*; Egn 4.3) are calculated using Cascadia Basin normalized concentrations (CBN). A
positive Eu anomaly is a typical signature of hydrothermal vents fluids, and a negative Ce
anomaly is characteristic of seawater (German et al., 1990).

Cecpn
Ce/Ce* = 4.2
e/te (LaCBN * NdCBN)O'5 (4.2)
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Eucgy
(Gdcpy * Smepy)°®

Eu/Eu* = (4.3)

On-axis sediment traps samples from 2014-2015, 2017-2018 and 2019-2020 exhibit
negative Ce anomalies, positive Eu anomalies and a slight HREE enrichment (Figure 4.8A B C).
Eu data for the 2014-2015 sediment trap samples is not reported (Coogan et al., 2017). The
range of colours, from light to dark, in the plots are used to differentiate between samples
collected at different times of year showing that there is no temporal change in REE
concentration. The Eu/Eu* in the 2017-2018 sediment trap samples ranges from 1.5-2.3 and in
the 2019-2020 sediment trap samples ranges from 1.6-2.5. The Ce/Ce* in the 2014-2015
sediment trap samples ranges from 0.66-0.76, 2017-2018 samples range from 0.73-0.88, and
the 2019-2020 samples range from 0.69-0.83. In the 2019-2020 sediment trap, sample 21, the
darkest green line in Figure 4.8C, deviates from the pattern observed in the rest of the on-axis
sediment trap samples. This sample has a very high Fe-concentration in comparison to the rest
of the on-axis sediment traps, with a concentration of approximately 3.6 x 10° ug g, nearly
double the Fe content of the other samples from this trap. Visually, due to its colour being very
red compared to the other samples that are more grey-brown, this sample appeared to have a
high concentration of Fe-oxyhydroxides (as described in Section 2.2).

The REE pattern changes moving 3 km off axis. The pattern for all samples are similar
except for sample 15, the darkest orange line in Figure 4.8D. This is the sample that clogged the
sediment trap during collection and thus collected a large amount of material compared to the
rest of the trap samples as it did not close, and likely collected water column material as it was
brought up to the ship. This sample has a Ce/Ce* and Eu/Eu* that differs from the rest, at 0.78
and 1.12, respectively. There remains a slight negative Ce anomaly, ranging from 0.85-0.99,
excluding sample 15. The Eu anomaly is negative for all but one sample, sample 15, ranging
from 0.87-0.94. At 9 km off axis, the REE pattern is comparable to the 3 km off axis sediment
trap. There remains a slight negative Ce anomaly ranging from 0.86-1.0, and a negative Eu
anomaly ranging from 0.86-0.93. The relationships between Ce/Ce* and Eu/Eu* show distinct
groupings based on distance from active venting (Figure 4.9), off-axis samples have higher
Ce/Ce* (i.e. a larger fraction of REE scavenged from seawater) and lower Eu/Eu* compared to
on-axis sediment trap samples

The sediment core, H-1581, has a HREE enrichment, a negative Ce anomaly ranging from 0.75-
0.86, and a positive Eu anomaly ranging from 1.04-1.1. The REE composition of these samples
lies in between on-axis and off axis sediment trap samples (Figure 4.9).
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Figure 4.8 Mean Cascadia Basin sediment (Table 4-2) normalized REE plot for (A) 2014-2015 MEF On-
Axis sediment trap samples, (B), 2017-2018 MEF On-Axis sediment trap samples, (C), 2019-2020 MEF On
axis sediment trap samples, (D) 3 km off axis sediment trap samples, (E) 9 km off axis sediment trap
samples, (F) sediment core H-1581; Plot does not include Tb as data calibration curve was not
satisfactory . Only a subset of the REE’s are plotted as this is all that Carpentier et al (2013) published
the composition of for background sediments in the Cascadia Basin.
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Figure 4.9 Eu/Eu* versus Ce/Ce* for on-axis sediment trap samples, 3 km off axis and 9 km off axis
sediment trap samples, and sediment core H-1581.

4.2.4 Biological component

Some proportion of the material captured in the sediment trap is of biological origin. To
compare each sampling period and distance from the vent, the yearly mass accumulation rate
of each component is calculated and compared. In the on-axis sediment trap samples, the MAR
of carbon and nitrogen are comparable between sampling periods (Table 4-6, Figure 4.10). The
total yearly MAR of carbon is 1.70 g m2 year? in 2014-2015, 1.16 g m2 year* in 2017-2018 and
1.58 g m2year'in 2019-2020. The flux of inorganic carbon in each sampling period is 0.36 g m™
year? (2014-2015), 0.22 g m? year™ (2017-2018), and 0.31 g m? year™ (2019-2020). The flux of
organic carbon in each sampling period is 1.36 g m2 year* (2014-2015), 0.94 g m™ year (2017-
2018), and 1.27 g m2 year* (2019-2020). The nitrogen flux in the on-axis sediment traps are
also comparable in magnitude, with a flux of 0.23 g m2 year? (2014-2015), 0.10 g m2 year?
(2017-2018), and 0.14 g m2 year? (2019-2020). In the 9 km off axis sediment trap samples, the
total flux of carbon Is 2.0 g m2 year?, inorganic carbon flux of 0.63 g m year, organic carbon
flux of 1.41 g m? year?, and nitrogen flux of 0.10 g m? year™. There is little difference between
the N concentration in the samples collected in the on-axis sediment trap samples and those
collected 9 km off-axis, suggesting there is little spatial variation in biologic flux.
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Table 4-6 Total yearly carbon, inorganic carbon, organic carbon, and nitrogen fluxes for on-axis and 9 km
off axis sediment traps

Total Daily TC Inorganic Daily IC Organic Daily OC Nitrogen | Daily N flux
carbon flux carbon flux flux carbon flux flux mg m
flux mg m-2 gm2yrt mg m~ flux mg m2day | gm2yr? day?
gmZyrt day?! day? gmZyrt !
Avg | SD Avg | SD Avg | SD Avg | SD
2014-
2015
on 1.719 471 1.92 0.360 0.99 0.54 1.359 3.72 1.46 0.233 0.64 0.23
Axis
2017-
2018
on 1.160 3.18 1.27 0.217 0.60 0.34 0.943 2.58 0.92 0.0987 0.27 0.09
Axis
2019-
2020
on 1.576 432 254 0.311 0.85 0.81 1.266 3.47 193 0.142 0.39 0.21
Axis
9 km
off 2.033 432 1.27 0.625 1.71 1.58 1.41 3.86 2.05 0.108 0.30 0.18
axis
A Daily Average Total Carbon Flux B Daily Average Inorganic Carbon Flux
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Figure 4.10 Average (* 1SD) daily mass accumulation of (A) total carbon, (B), inorganic carbon, (C)

organic carbon, (D) nitrogen
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4.3 Temporal variation in sediment geochemistry

A high-resolution time series of the composition of the sediments on-axis at the Main
Endeavour Field, 3 km off axis, and 9 km off axis is useful for investigating changes that occur
on a monthly to yearly timescale. The data presented in this section will be used to understand
the stability of the chemistry and location of the hydrothermal plume in both space and time,
and processes that occur in the water column that affect the sedimentation of hydrothermally
derived and scavenged elements. These variations may include changes in the hydrothermal
activity, or physical changes in the water column, such as changes in sediment mass
accumulation rate, the amount of detrital input from the Cascadia basin, variation in the
biological flux, changes in bottom currents, etc.

4.3.1 Terrigenous elements

An understanding of how terrigenous material changes over the course of the year is
important, as the measured TiO; concentration is used to constrain the detrital component
used to calculate the hydrothermal metal concentration (Section 4.1.1). Samples from the on-
axis sediment traps collected between 2014 and 2020 show large variations in the
concentration of Ti (400 — 1,700 pg g!) (Figure 4.11). The mass accumulation rate of Ti in the
on-axis samples ranges from 0.15-3.5 umol m2 day . The highest concentrations and mass
accumulation rates of detrital elements in each sediment trap are observed between November
and April. This is most evident in the 2014-2015 and 2019-2020 sediment trap samples where
the changes are more systematic compared to the 2017-2018 sediment trap samples.

The terrigenous component in both the 3 km and 9 km off-axis sediment trap samples
behave similarly and increase with distance from active venting (Figure 4.11). In the 3 km off-
axis sediment trap samples, the Ti concentration ranges from 750-2,500 pug g'*and the mass
accumulation rate ranges from 0.1-0.6 umol m2 day™. In the 9 km off axis sediment trap
samples, the concentration of Ti ranges from 1,100 - 3,300 ug g* and the mass accumulation
rates 0.5-5 umol m2 day*. The lower mass accumulation rate in the 3 km off axis sediment trap
samples is due to limited mass collected by the sediment trap. The increase in mass
accumulation rate in the 2019-2020 on-axis sediment trap samples between November and
April are observed on a slightly short timescale, from December to March, in the 3 and 9 km
off-axis sediment trap samples.
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Figure 4.12 Daily mass accumulation rates for terrigenous derived elements. MAR for Ti reported on left-
hand Y-axis, and Al reported on right-hand Y-axis. (A) MEF on-axis sediment traps, (B) 3 km off-axis

sediment trap, (C) 9 km off axis sediment trap.

4.3.2 Hydrothermal elements

To examine the variation of the hydrothermal component in each sediment trap, the
calculated hydrothermal metal concentration (Table 4-5) is used for Fe, Cu, Zn, and Mn.

Within each sampling period in the on-axis sediment traps, there is variability across the
year on monthly scale in all hydrothermally derived elements (Figure 4.13). The concentration
of Zn in the 2017-2018 sediment trap varies at the same frequency as Fe and Cu, though this is
not observed in the 2019-2020 sediment trap samples where there is a lot more variability in
the concentration of Zn. Across all three on-axis sediment trap sampling periods, there is a large
amount of short time scale variability in hydrothermally derived Mn, that does not correlate

with either Fe, Cu, or Zn.
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Figure 4.13 Concentration of hydrothermally derived Fe, Cu, Zn, and Mn in sediment trap samples. (A) Fe, Cu, Zn in




The concentrations and mass accumulation rates of Agut and Mowr appear to support a
hydrothermal origin for these elements. The mass accumulation rates of Ag and Mo are
comparable to the timing of changes in the mass accumulation rates of Feur, Cunr, and Znurin
the on-axis, 3 km off-axis, and 9-km off axis sediment trap samples (Figure 4.15).

In the 3 km off axis sediment trap samples, the concentration and mass accumulation of
Fenr is less variable than in the on-axis sediment trap samples. The timing of the variability in
both concentration and mass accumulation rate of Feur correlates strongly with that of Cunur,
Znur, and Mnwyr (Figure 4.13).

In the 9 km off-axis sediment trap samples, considering the uncertainties associated
with the concentration of hydrothermal Fe after removing the detrital component, there is little
observed variation. The concentrations of Fenr, Cunt, Znut and Mnur are lowest from April-May
2020 compared to the rest of the sampling period. The timing of the variability observed in all
hydrothermal elements are similar in the 9 km off axis sediment trap samples.
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Figure 4.14 Daily average mass accumulation rate for Feur, Cunr, Znut, and Mnyr in (A) On-axis sediment
trap samples, (B) 3 km off axis sediment trap samples, (C) 9 km off axis sediment trap samples. Note that
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in the 9 km off axis sediment trap, the MAR of Mn is reported on the left Y-axis, versus on the right for
on-axis and 3 km off-axis sediment traps.

In the on-axis sediment trap samples, hydrothermal Fe, Cu, and Zn show similar
temporal variations (Figure 4.14 A). In the 2014-2015 and 2019-2020 sediment trap samples,
there is an increase in mass accumulation rates in the early Summer (June 2014 and May-June
2019) as well as the Winter (November 2014-January 2015, and November 2019-March 2020),
this increase in mass accumulation rate of hydrothermal elements is associated with an
increase in sample mass collected (Figure 4.1) as well as an increase in terrigenous mass
accumulation rate (Figure 4.3). This is not seen in the 2017-2018 sediment trap samples, the
sample masses are smaller with comparison to 2014-2015 and 2019-2020 on axis sediment trap
samples, thus resulting in a smaller hydrothermal element mass accumulation rate.

The relationship between the hydrothermally derived elements differ from what is
observed in the on-axis sediment trap samples, where in the 3 km off axis sediment trap
samples there is a clear correlation between the mass accumulation rate of Fe and Mn (Figure
4.14), with highest mass accumulations in October 2019 and January — February 2020. The rate
of change in these two hydrothermal components is comparable over the sampling period.
There is little temporal change in the mass accumulation rate of Cu and Zn over the 2019-2020
3 km off axis sampling period, aside from a high unexplained Zn concentration in the first
sample from October 2019. A slight increase in Cu and Zn mass accumulation rates is observed
in January — February 2020, though not comparable to the magnitude of change over time to Fe
and Mn.

In the 9 km off axis sediment trap samples (Figure 4.14) the mass accumulation rates of
Fe, Cu, Zn, and Mn, show the same temporal variations. The change in Fe and Mn mass
accumulation is approximately one order of magnitude higher than the changes in Cu and Zn,
though the temporal variations are similar. There is an increase in the mass accumulation rates
from January — February 2020, a lower mass accumulation rate from February — March 2020,
and a large peak in hydrothermal Fe, Cu, Zn, and Mn in May 2020 that is not observed in any
other sediment trap.
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Figure 4.15 Temporal variation of the mass accumulation rate of Asyr and Moyr in the on-axis sediment

trap samples, 3 km off axis and 9 km off axis samples.



4.3.3 Scavenged elements

The detritally corrected P mass accumulation rate in the on-axis sediments varies
throughout the year, ranging from 1 — 20 umol m day™?, with the variation correlating with the
variation in the on-axis hydrothermally derived elements Fe and Cu (Figure 4.14,Figure 4.16). The
detritally corrected P in the 3 km off axis sediment trap samples has two peaks in MAR. The first
peak, in October 2019, correlates with a high detrital mass accumulation rate (Figure 4.16) and
is not seen in the other scavenged elements. This may be a biological signal as P is not only
hydrothermal or detrital in origin. The second peak, in December 2019, correlates with a high
mass accumulation rate of hydrothermally derived elements Fe and Cu, and is also present in
other elements (Pb, Cd, and As) that are in part hydrothermally derived, as well as scavenged.
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Figure 4.16 Mass accumulation rate for scavenged elements with largest concentrations (P and Pb) in

the sediment trap samples from On-Axis, 3 km off-axis, and 9 km off-axis.
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Table 4-7 (A) Concentration (ug g-1) (B) Mass Accumulation Rates (umol m-2 day-1) of scavenged
elements P and Pb, and partially hydrothermally derived As and Mo

Purpug gt Pburpg g? Asurug gt Mownr pg g™
2014_2015. MEF 2880 -4670 345-525 90 - 180 46 — 66
On-Axis
2017_2018. MEF 1600 — 2960 220-570 46 - 115 14 - 63
On-Axis
2019_2020. MEF 2077 — 4808 360-590 100-177 38-87
On-Axis
3 km Off-Axis 817 - 1561 37-135 9-65 1.5-10
9 km Off-Axis 430 - 742 18-51 6-24 0.8-2.5
Pur MAR PbHT MAR ASHT MAR Mowut MAR
umol m2 day?! umol m2 day? umol m2 day?! umol m2 day?
2014-2015
+ + + +
MEE On-Axis 10.8+4.0 3.45+0.33 0.17 £0.045 0.016 £ 0.048
2017-2018
+ + + +
MEE On-Axis 3.34+4.9 3.15+0.7 0.056 + 0.09 0.02 +0.047
2019-2020
+ + + +
MEE On-Axis 6.05 +2.86 3.7+0.46 0.12 +0.06 0.04 +0.016
3 km Off-Axis 0.48 £0.42 0.57 +0.16 0.0034 + 0.006 3.5x10%+4.2 x10*
9 km Off-Axis 0.83 +0.66 0.29 +0.07 0.0079 + 0.005 7.8x10%+4.9x10*

4.3.4 Biological elements

The biologic component (total carbon, organic carbon, inorganic carbon, and total
nitrogen and P) in the sediment shows little difference in the total yearly biologic mass
accumulation rates between sampling locations (on-axis and 9 km off axis) and the average
daily mass accumulation rates, though there are variations on a monthly scale.

There appears to be seasonal variations in total carbon, organic carbon (OC), inorganic carbon
(IC), and nitrogen (N) mass accumulation rates. On-axis mass accumulation rates of C and N are
high in the samples collected during the summer (June-August), and in 2014-2015 and 2019-
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2020 sediment trap samples the mass accumulation rate is high in the winter (December-
February; Figure 4.17 A, C). High mass accumulation rates of organic material in the on-axis
sediment trap samples correlate with high mass accumulation rate of hydrothermal material.
The carbon (total, inorganic and organic) and nitrogen data for the sediment trap samples
collected 9 km off axis are not at as high a temporal resolution as for the on-axis sediment trap
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Figure 4.17 Mass accumulation rate of biological material collected in the sediment traps. (A) Total carbon,
inorganic carbon, and organic carbon mass accumulation rates in the MEF on-axis sediment trap samples, (B) Total
carbon, inorganic carbon, and organic carbon MARs in the 9 km off axis sediment trap samples, (C) Nitrogen MARs
in the MEF on-axis sediment trap samples, (D) Nitrogen MARs in the 9 km off axis sediment trap samples. Seasons
are indicated by grey bars, summer (May-August) is indicated by a light grey bar and winter (November-February) is
indicated by a dark grey bar. Sample mass accumulation data are connected by a solid line if they are consecutive
samples and a dotted line if there are samples that were not analyzed between them.

samples due to limited sample mass (Figure 4.17 B, D).

4.3.5 Sediment Core H-1581
4.3.5.1 ™Cdating of sediment core H-1581

The base of the core was dated at ~5,000 years. Due to the marine radiocarbon
reservoir effect, there is an offset in the 1*C age between organisms that derive carbon from the
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terrestrial environment and the marine environment. This is due to the fact that the ocean can
only acquire atmospheric carbon at the surface during the formation of deep water in specific
high-latitude regions during winter (Ascough et al., 2009). Due to the slow mixing of oceanic
water masses, age corrections are regionally specific, and for planktonic foraminifera in waters
in the northeast Pacific, a correction of approximately 600-800 years is normally applied (Alves
et al., 2018). With the assumption that the sediment core has preserved approximately 6,000
years of sedimentation and the sediment accumulation rate has been constant, this is
approximately 0.085 mm of sediment accumulation per year. Sediment accumulation rates on
lobate flows in the Endeavour area were determined to range from 0.09-1.25 mm year
(Clague et al., 2014a), this is a greater than or equal to the rate based on the sediment core.
The higher rates derived by Clague et al. (2014) are to be expected as these largely come from
near the ridge axis where the hydrothermal input, and therefore local sedimentation is likely to
be larger. This suggests that the sediment preserved in the sediment core is sourced from
settling water column particulate matter, and not from debris moving down the slope which
would result in a higher rate of sedimentation.

4.3.5.2 Terrigenous Component

How the terrigenous component changes over time within the core is used to assess
how the amount of detrital material changes over time using the sediment Ti concentration. As
shown in Figure 4.18 Concentrations of Ti, Fe, Cu, Zn, and Mn in sediment core H-1581. Fe, Cu
and Zn are reported as the calculated hydrothermally derived component. Ti and Mn are
reported as the total concentration. Light grey line is the raw concentrations, data presented as
thick black line is a calculated 5-point moving average to identify trends in concentrations.
Dashed lines at 5 and 10 cm depths represent the green-brown transition zone. The highest Ti
concentrations (3600 ug g*) are found at the top of the core. Concentrations of Ti range from
2,600-3,600 pg g* (average 3,080 pg g) nearly double that in the 3 km off axis sediment trap
samples (average Ti concentration 1720 pg g1), but more similar to sediment in the 9 km off
axis sediment traps (1,100 — 3,300 pg g, average 2,400 ug g?). The concentration of Ti in the
sediment core is lower than the average Cascadia basin sediment concentration (7,200 pg g?).
The concentration of terrigenous material varies with depth in a systematic pattern, the
concentration of Ti is highest at the surface, there is a segment of lower Ti from 5-15 cm, a layer
of higher concentration from 15-25 cm and another layer with lower Ti concentration from 25-
43 cm.

4.3.5.3  Hydrothermal elements

The variation in the concentration of elements derived directly from hydrothermal vents
(Fe, Cu, Zn, Mn, Ag, Mo and Cd) are shown as the hydrothermally derived component by
removing the Cascadia Basin detrital component (Section 4.2.1). This shows the variation of the
hydrothermal component preserved in the sediment core. There is no evidence from the core
that there have been any significant breaks in hydrothermal activity over the last ~6,000 years;
however, processes such as bioturbation and diagenesis can smooth out primary source
variability. As will be discussed in Section 5.3, Zn, Mn, Ag and Cd, while hydrothermal in origin
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cannot be used to discuss hydrothermal elements over time due to diagenetic remobilization
that can occur in the sediments (Figure 4.19).

The concentration of hydrothermally derived Fe ranges from 14,800 — 29,000 pg g™*
(average concentration 25,890 ug g!), which is 30-55% of the total Fe in the sediment. With
comparison to the concentration of hydrothermally-derived Fe in the sediment trap samples,
the Fe concentration is higher than that in the 3 km off axis sediment trap samples (8,000-
14,500 pg g1), but lower than in the on-axis sediment trap samples (42,000 — 462,000 pg g1).
The top 5 cm of the core has a constant concentration of Fe (25,000 pg g!), above the redox
transition zone from ~6-10 cm. Below this, the Fe concentration decreases to a minimum of
14,800 pg g1, and shows two further cycles of increasing and decreasing concentrations
progressively deeper in the core (Figure 4.18 B). The concentration of hydrothermal Fe in the
sediment is inversely proportional to the concentration of Ti.

The concentration of hydrothermally derived Cu in the sediment core ranges from 110-
280 ug g (average 184 pg g?) (Figure 4.18 C). The high end of the range of sediment core Cu
concentration is similar to the low end of the 3 km off axis sediment trap samples (237-730 ug
g1), and closer to the concentration of hydrothermally derived Cu in samples from the 9 km off
axis sediment trap which have an average Cu concentration of 111 pg g (range 51-165 pg g1).
Cu in the sediment core appears to behave similarly to Fe, with Cu/Fe being nearly constant
with depth. In the upper 6 cm of the core, the Cu concentration is ~ 150 pg g%, and then it
increases to a maximum concentration from 6-12 cm. Below this, Cu goes to a minimum at ~20
cm, and shows two further cycles of increasing and decreasing concentrations progressively
deeper in the core. In the sediment core, Zn behaves differently to Fe and Cu (Figure 4.18 D),
with a higher concentration in the surface and a decrease in concentration with depth. The
concentration of Znuyr in the sediment core, similarly to Cunris comparable to the 9 km off-axis
sediment trap sample concentrations.

In the sediment core, the removal of the terrigenous component for Mn results in a
negative value at depth, which suggests that the terrigenous component is over-estimated, or
the core has lost some detrital Mn. To avoid reporting negative concentrations, Mn is
presented as the raw concentration in Figure 4.18. The surface sediments have the highest Mn
concentrations, of up to 4,057 pg g, and this decreases to 860 pg g at 5 cm below the surface
(at the top of the brown-green transition). The deeper samples have much lower Mn
concentrations ranging between ~600-800 ug g, with no discernable cyclicity with depth.
Compared to Cascadia Basin sediments, with a Mn concentration of ~1,160 pg g%, the surface
sediments are enriched and sediments below the brown-green transition zone are depleted in
Mn. The utility of using Mn as a hydrothermal tracer will be discussed further, as it appears that
Mn is remobilized due to changing redox conditions within the sediments.
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Figure 4.18 Concentrations of Ti, Fe, Cu, Zn, and Mn in sediment core H-1581. Fe, Cu and Zn are

reported as the calculated hydrothermally derived component. Ti and Mn are reported as the total
concentration. Light grey line is the raw concentrations, data presented as thick black line is a calculated
5-point moving average to identify trends in concentrations. Dashed lines at 5 and 10 cm depths
represent the green-brown transition zone.

4.3.5.4  Scavenged and hydrothermally derived elements on 1000-year time scales

In hydrothermally derived sediments, the behaviour of elements scavenged by Fe-
bearing particles in the plume should behave similarly to the hydrothermal Fe in the sediment
core — not necessarily — it depends how the scavenging occurs over time (and how they are
mobilised by diagenesis). Scavenged elements show much lower elementur/Fenr ratios in X
compared to the 3 km off-axis sediment trap samples (Section 4.2.4). As observed in Figure 4.19,
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there are gradients in the concentration of elements at approximately 5-10 cm of depth in the
sediment core, with either a concentration low or high. Due to the concentration gradients
occurring above, at, or below the brown-green transition zone, the concentration of these
elements (P, Cd, Co, Tl, U, and Mo; Figure 4.18) suggest that post-depositional diagenetic
changes that have occurred, in the sediments, which will be discussed further in Section 5.3.
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Figure 4.19 Concentrations of scavenged elements V, Cd, Co, Tl, U, and Mo. These elements are identified as
those likely being altered by post-depositional changes based on comparison with hydrothermal Fe and pore
fluid chemistry.
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4.3.5.5

Changes in the biological component on 1000-year time scales

In the sediment core, the concentration of total carbon changes very little with depth,
ranging between 21,500 — 27,200 pg g* with one sample with high total carbon at the base of

the core with a concentration of 35,000 pg g*. Due to the high uncertainty on duplicate

samples of measured total carbon (e.g. as seen in the sample at 12 cm depth; Figure 4.20) there
may be less true variation in total carbon contents. The concentration of organic carbon ranges

from 16,000 — 26,600 pg g, and the concentration of inorganic carbon ranges from 4160 —

9290 pg g* (Figure 4.20). Organic Carbon:Nitrogen (OC:N) ratios ranging from 9-14, higher than
the Redfield ratio (6.6), suggesting mobilization of some N during degradation of the organic
material within the sediment core.
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Figure 4.20 Sediment core biological components (A) total carbon, inorganic carbon, and organic carbon,

(B) nitrogen. Dashed line is an interpolation between samples analyzed and those not due to mass

limitations.
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Figure 4.21 Organic C:N ratio in the sediment core

4.3.5.6  Pore fluid geochemistry

The chemistry of the pore fluids was determined to assess for post depositional changes
in the sediment core (Table 4.8). An enrichment in the element in the pore fluid compared to
deep Pacific seawater could be indicative of leaching of elements into the pore fluids at the
time of collection.

Hydrothermally derived elements (Fe, Cu, Zn and Mn) have pore fluid concentrations
that are higher than deep Pacific seawater. The concentration of Fe in the pore fluids ranges
from 16-400 nmol kg, two orders of magnitude higher than the concentration of Pacific Ocean
Fe at 2000 — 3000 m depth (0.6-0.7 nmol kg!; Martin et al., 1989). This large variation could be
due to a contamination by particles smaller than the 0.2um filter. The concentration of pore
fluid Fe in the top 3 cm of the sediment core is constant and is the lowest concentration, with
increasing concentration with depth (Figure 4.22A). The concentration of Cu in the pore fluid
ranges from 131-1,246 nmol kg%, higher than seawater concentrations of ~4 nmol kg* (Bruland,
1980). The concentration of pore fluid Cu is highest in the surface sediments and decreases
linearly with depth to 10 cm, where the concentration is lowest and then remains relatively
constant to the base of the core (Figure 4.22B). The concentration of Zn in the pore fluids
ranges from 16-110 nmol kg, higher than seawater concentration of 8 nmol kg (Bruland,
1980; Figure 4.22C). The concentration of Mn in the pore fluids is very high compared to the
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other hydrothermally derived elements, ranging from 606-4,865 nmol kg2, and the
concentration of Mn in seawater is 0.1-0.2 nmol kg*(Landing and Bruland, 1980). The minimum
concentration of pore fluid Mn is at the surface of the sediment core, increasing to a maximum
at 5 cm, the top of the brown-green transition zone. Below this, the concentration of Mn is

relatively constant with depth (Figure 4.22D).
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Figure 4.22 Concentration of pore fluid Fe, Cu, Zn, and Mn in the sediment core. Black points are a

calculated 5 point moving average, light grey is the raw concentration data. Variability in raw
concentration data may be due to contamination by particles <0.2 um that passed through the filter.
Seawater concentrations obtained from MBARI, sources above: Fe 0.6-0.7 nmol kg, Cu ~4 nmol kg, Zn
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Other elements, including those that are scavenged by hydrothermally derived particles

(Section 4.2.3) can be grouped by pore fluid behaviour above and below the brown-green

transition zone, and with comparison to seawater concentration. The first group of elements is
Cd, V, Co, and Tl, which have pore fluid concentrations that peak above or within the brown-

green boundary and have low concentrations at the surface and at depth, similarly to Mn

(Figure 4.23). The average concentrations of these elements are higher than seawater. In the

pore fluid, the concentration of V ranges from 6-490 nmol kg! (average 97 nmol kg!), the

concentration of V in seawater is 36.6 nmol kg'l. On average the concentration is higher than
seawater, and there is a peak in concentration is at 7 cm depth in the core, within the brown-
green transition zone. The concentration of Cd is only enriched relative to seawater within the
brown-green transition zone, a concentration of 1.47 nmol kg*and at depth concentrations are
below the detection limit. Similar to Cd, Tl has a maximum concentration within the brown-
green transition zone and is near the detection limit at depth. Cobalt is highest in the surface
sediments above the brown-green transition zone, and decreases to a constant concentration
of around 1 nmol kg at depth.
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Figure 4.23 Concentration of pore fluid V, Cd, Co and Tl in the sediment core. Seawater concentrations

obtained from MBARI: V 36.6 nmol kg, Cd 810 pmol kg, Co 13 pmol kg%, Tl 64 pmol kg

Mo and U are depleted in the pore fluids in the surface sediments and are higher at

depth (
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Figure 4.24). The concentration of U ranges from 0.5 — 8 nmol kg%, the concentration is

low to 10 cm, the base of the brown-green transition zone, and then increases to a
concentration that is relatively consistent to the base of the sediment core. The concentration
of U in seawater is 13.6 nmol kg!, the sediments pore fluid is depleted in U with respect to
seawater. The concentration of Mo ranges from 3-50 nmol kg%, and it is low in the surface
sediments to ~10 cm and then increases continuously with depth. The concentration of Mo in
seawater is 106 nmol kg, the pore fluid is depleted in Mo with respect to seawater.
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Figure 4.24 Concentrations of pore fluid U and Mo in the sediment core. Seawater concentrations
obtained from MBARI: U 13.6 nmol kg, Mo 106 nmol kg™

Table 4-8 Comparison of the concentration of elements in the pore fluid with deep Pacific seawater

concentrations

Element Pore fluid concentration Deep Pacific Seawater
(nmol kgt) concentration (nmol kg!)

Fe 16-400 0.64

Cu 132-1245 4.26

Zn 16-110 8.38

Mn 606 — 4,865 0.15

\ 6—490 36.6

Co 0.7-2.4 0.013

Mo 3-50 106

u 0.52-83 13.4

4.4 Summary

The hydrothermally derived elements in the sediments collected by the sediment traps
are diluted by the input of Cascadia Basin terrigenous sediment. To interpret the hydrothermal
component of the sediment, the Cascadia Basin background sediment is subtracted from the
bulk concentration of these elements. Sediment trap samples from on-axis at the Main
Endeavour Field, 3 km off-axis and 9 km off axis, have concentration of hydrothermally derived
elements (Fe, Cu, Zn) that are highest on-axis, lower in the 3 km off-axis sediment traps, and
lowest in the 9 km off-axis sediment trap samples. and lowest in the 3 km off axis sediment trap
samples, and higher in the 9 km off axis sediment trap samples. The mass accumulation rates of
hydrothermally derived elements are highest on-axis sediment trap samples, lowest in the 3 km
off-axis sediment trap samples, and higher than the 3 km off-axis samples in the 9 km off-axis
sediment trap samples. This is believed to be due to placement of the 3 km off axis sediment
trap. We then see hydrothermally derived Mn increasing with distance from the vent. The
temporal variation of hydrothermally derived elements reveals large variations throughout the
yearly sampling periods in the on-axis sediment trap samples, and the concentrations and mass
accumulation rates of Fe, Cu, and Zn are closely correlated. Elements that are scavenged by the
hydrothermally derived particles are shown to have a close correlation with the concentration
of Fe.

Sediment core, H-1581, that was collected 2.8 km from the ridge axis has lower
concentrations of all investigated elements, except for Fe, than samples from the sediment trap
at a similar distance from the vents. The pore fluid chemistry in this core shows high
concentrations of hydrothermally associated elements relative to seawater concentrations, and
various behaviours above or within the brown-green transition zone. This reveals the potential
for post-depositional changes that have occurred over the past 6,000 years of sedimentation.
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5 Discussion

The geochemistry of sediment trap samples collected on-axis at the Main Endeavour
Field, 3 km off axis, and 9 km off axis, as well as a sediment core collected 2.8 km NNW of active
venting were presented in Section 4. The spatial variation of sediment trap geochemistry will be
discussed in Section 5.1, specifically to address what processes are controlling the chemistry
and mass accumulation rates of the hydrothermally derived components of the sediments. The
temporal variation of the hydrothermally derived component is discussed in Section 5.2. The
sediment traps were in place for less than a year, and the variation observed in the
hydrothermally derived component can be used to understand how the system is behaving on a
short timescale. The variation in the concentration and the flux of the hydrothermally derived
elements can be used alongside terrigenous and biological components to understand how the
proportions of each component are changing over sampling periods. The short-term temporal
variation is used as a comparison to the geochemistry of the longer time series of 6,000 years of
sedimentation on the west flank of the Endeavour Ridge and is discussed in Section 5.3. A
comparison to the geochemistry in the sediment trap samples and the sediment core can be
used to evaluate the utility of hydrothermal sediment cores as reliable records of hydrothermal
activity over longer time scales will be discussed in Section 5.4.

5.1 Spatial variation in sediment trap geochemistry

This section discusses the spatial variation in the geochemistry of the sediment trap
samples that were collected at the Main Endeavour Field, 3 km off axis, and 9 km off axis. The
spatial data (Section 4.2) provides a framework to answer the following question “what
processes control the chemistry and mass accumulation rates of the hydrothermally derived
component of the sediments?”. This is divided into the processes occurring near active venting
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in the buoyant plume, and processes that persist with distance from the vents in the neutrally
buoyant plume.

5.1.1 Rapidly precipitated hydrothermal elements - Fe, Cu, Zn

When hot hydrothermal fluids mix with cold oxygenated seawater, there is rapid
precipitation of Fe-sulfide minerals (e.g. pyrite, Findlay et al. 2019). Copper and zinc precipitate
almost instantaneously as chalcopyrite and sphalerite (Feely et al., 1992). Then the formation of
Fe-oxyhydroxides occurs rapidly in the buoyant plume after the formation of sulfides, which
aggregate and coagulate into larger particles and fall out of the hydrothermal plume (Field and
Sherrell, 2000; Klar et al., 2017). Cu and Zn are also associated with Fe-oxyhydroxide phases as
it is believed that co-precipitation and sorption reactions are occurring during Fe-oxyhydroxide
mineral formation in the buoyant plume (Dunk and Mills, 2006).

In the sediment trap samples, the main control on the chemistry and the mass
accumulation are the processes controlling particle formation and deposition. The early
formation of particles in the hydrothermal plume are controlled by factors including the
composition of the high-temperature fluid, the fluid flux, chemical and biological processes that
transfer elements into and out of the particulate phase, and physical oceanographic conditions
controlling the movement of the plume.

The overall sediment mass accumulation (

Table 4-1), and the mass accumulation rate of hydrothermal Fe, Cu, and Zn are highest in the on-
axis sediment trap samples due to the proximity to active venting (Table 4-5; Figure 4.5). The on-
axis sediment traps collect the sulfides and Fe-oxyhydroxides that are quickly deposited after
deposition from the buoyant plume, as well as biological, and detrital material from the
overlying water column. As presented in Chapter 4, the predominant composition of the on-axis
sediment traps is hydrothermal in origin. Very few other sediment trap studies have been done
at the Endeavour hydrothermal vent field, Dymond and Roth, (1988) placed a sediment trap
beneath the plume near the High Rise vent field and collected 25 + 6 g year m, which is
comparable to that collected at the Main Endeavour Field (
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Table 4-1).

With distance from active venting, the concentration and mass accumulation of
hydrothermally derived elements decreases rapidly. This is due to progressive dilution of the
hydrothermal plume with distance from the active vents, which occurs due to the fallout of
particulate matter in the area surrounding the vent as well as increasing dilution of the
hydrothermal plume with further mixing with ambient seawater. With hydrothermal plume
dilution, the mass accumulation of hydrothermal Fe, Cu, and Zn (Table 4-5) decreases from the
highest in the on-axis sediment trap samples, to lowest in the 9 km sediment trap samples
(Figure 4.4). However, unpredictably, hydrothermal Fe, Cu, and Zn in the 3 km off axis trap
samples is lower than that in the 9 km off axis sediment trap samples (Figure 4.4). This is
unexpected as the mass accumulation should decrease with distance; however, in terms of
overall sediment mass accumulation, the 3 km off axis sediment trap collected only a very small
amount of sediment (Table 4-5). The lower sediment mass accumulation in the 3 km off-axis
sediment trap could be the result of the sediment trap clogging as the mass accumulation rate
of both hydrothermal and detrital component are low. If it were solely a decrease in the
hydrothermal component, it could be explained by variability in the location of the trajectory of
the neutrally buoyant plume. However, this wouldn’t be accompanied by a decrease in the
detrital component as well.

The decrease of both the concentration and mass accumulation rates of hydrothermal
elements in the off-axis sediment trap samples compared to on-axis sediment trap samples is
consistent with rapid deposition of sulfides in the area proximal to the vents (Hrischeva and
Scott, 2007). Mineralogical and geological studies in the sediments (e.g. Hrischeva and Scott,
2007) have shown that the Cu and Zn in the sediments away from the vents are deposited in
both sulfide and Fe-oxyhydroxide hosted minerals. A linear correlation between Feyr and Znuyr,
and Fenrand Cunr in each of the sediment trap samples (on-axis, 3 km off-axis, and 9 km off-
axis) supports the presence of sulfide and Fe-oxyhydroxide minerals in each; though there is a
non-linear decrease between sediment trap samples with distance (Figure 4.4, Figure 4.5). The
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deposition of sulfide and Fe-oxyhydroxide minerals is the primary process controlling the fate
of these elements in the hydrothermal plume. as a primary process controlling the fate of these
elements in the hydrothermal plume. The faster decrease in Znur and Cunr concentration with
distance compared to Fenr is expected as the sulfide bearing minerals that are enriched in Cu
and Zn in the near-vent sediments are larger (1-70 um in diameter) and denser than the
colloidal Fe-oxyhydroxide particles that are predominant in the neutrally buoyant plume (Feely
et al., 1994). This size and density difference will lead to differential sedimentation rates leading
to changing particulate composition with distance from the vent (Feely et al., 1994; Hrischeva
and Scott, 2007). Other processes that have been suggested include mineral dissolution and
biological repackaging, that can impact the sedimentation of hydrothermal particulate matter
between the on-axis sediments with distance from active venting (Hrischeva and Scott, 2007).
In the on-axis sediment trap samples, there is a correlation between hydrothermal and detrital
input, which suggests that the controls on the hydrothermal component may not be solely
controlled by the formation and settling of particulate matter. Alternative models could include
the aggregation of hydrothermal particles with settling detrital material, as a scavenging
mechanism as described in Section 1.4.1. Another process could be resuspension of bottom
sediment, which would control both the hydrothermal and detrital input; however, the
placement of the on-axis sediment trap at 8 m above seafloor is to help decrease the likelihood
of collecting resuspended particles. A third, but unlikely explanation as there was no evidence
of this occurring in the sediment mass accumulation rates, would be changes in the efficiency of
the sediment trap, where the collection of material may be impacted due to clogging.

5.1.2 Scavenged and partially hydrothermal origin elements

Elements that are scavenged by hydrothermal particles from seawater or co-
precipitated during formation of sulfides and Fe-oxyhydroxides can be used along with
hydrothermal elements (Fe, Cu, and Zn) to understand the processes controlling formation and
deposition of hydrothermal particles moving off-axis (Section 1.4.1; 4.2.3; Figure 4.6). Fe-
oxyhydroxides, sulfides, and Mn-oxides are efficient scavengers of dissolved seawater species,
suchas P, V,Cr, As, Y, Co, Cd, Mo, Pb, U, and the Rare Earth Elements (REEs) (German et al.,
1991; Rudnicki and Elderfield, 1993; Dunk and Mills, 2006; Poulton and Canfield, 2006). The
concentration of the calculated hydrothermal component of these elements in the on- and off-
axis sediment trap samples correlate linearly with the concentrations of Fenr (Figure 4.6) due to
plume dilution and fallout processes controlling the presence of hydrothermally derived
particles with distance from the vents, as described above.

The uptake of elements (e.g., P, V, Cr, As, Y, Co, Cd, Mo, Pb, U, and REEs) onto
hydrothermal particles is by scavenging and co-precipitation with Fe-oxyhydroxides, sulfides,
and poorly crystalline Mn-oxides. The co-precipitation mechanism encompasses the time
associated with the formation of a solid solution and the initial rapid trace metal sorption
during the period of iron particle formation in the buoyant plume (Rudnicki and Elderfield,
1993). Colloidal ferrihydrite (Fe(OH)s) derived from the hydrothermal plume is a highly efficient
sink for the above scavenged elements, as it has a high specific surface area (Feely et al., 1994;
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Dunk and Mills, 2006). Previous studies (e.g. Feely et al. (1994) and references therein), have
looked at the mechanisms of scavenging by hydrothermal particulate matter that show a
significant amount of scavenging from seawater occurs in the rising buoyant plume. The high
concentrations of the above elements in the hydrothermal component is controlled by the co-
precipitation of anions present in the ocean water. This co-precipitation mechanism occurs
during the formation of hydrothermal sulfides and Fe-oxyhydroxide particles in the rising plume
and the early neutrally buoyant plume (Metz and Trefry, 1989; Feely et al., 1991, 1994, 1998;
Rudnicki and Elderfield, 1993; German et al., 1997; Edmonds and German, 2004).

Similarly to the processes controlling the presence of P, V, Cr, As, Y, Co, Mo, Pb, and U,
are the co-precipitation and scavenging mechanisms of the rare earth elements from seawater
onto Fe-oxyhydroxides in the buoyant and early neutrally buoyant plume (Michard et al., 1983;
Michard and Albaréde, 1986; Rudnicki and Elderfield, 1993; Klinkhammer et al., 1994; Mitra et
al., 1994; Bao et al., 2008). In the on-axis sediment trap samples, normalization to Cascadia
Basin sediments reveals a positive Eu anomaly, negative Ce anomaly, and a slight heavy REE
enrichment (Figure 4.8). The Eu/Eu* in the on-axis sediment trap samples ranges from 1.5-2.5,
which is typical of hydrothermal vent fluids, and | interpret this as indicating that the REE in the
on-axis sediments accumulate REE directly from the vent fluids, not just by scavenging these
from seawater (Michard and Albarede, 1986; German et al., 1990; Klinkhammer et al., 1994;
Hrischeva and Scott, 2007). The Ce/Ce* ranges from 0.66-0.88, a negative Ce anomaly, which is
a signature obtained from seawater, that is interpreted as scavenging of REEs from seawater
(Hrischeva and Scott, 2007).

With increasing distance from active venting, there is less of a hydrothermal input of
REE’s to the sediments and an increased proportion of detrital material or scavenging from
seawater, this is reflected in the REE signature of the 3 km and 9 km off axis sediment trap
samples. The REE pattern in the 3 km and 9 km off-axis sediment trap samples, relative to
background Cascadia basin sediment, is LREE enriched (Figure 4.8) with a smaller negative Ce
anomaly (0.85-1.0), and a negative Eu anomaly (0.86-0.94). The small light REE enrichment may
be indicative of a small amount of continual scavenging occurring within the neutrally buoyant
plume (Barrett and Jarvis, 1988). Light REEs are preferentially scavenged onto Fe-oxyhydroxide
particles in the neutrally buoyant plume as the HREEs form more stable and soluble complexes
than LREE in seawater, rendering them less susceptible to removal from the aqueous phase
(Owen and Olivarez, 1988).

5.1.3 Hydrothermal Manganese

The presence of Mn in the hydrothermal plume is controlled by the initial concentration
of Mn in the vent fluid, and further the oxidation rate of Mn and subsequent particle formation
and settling rates (Section 1.4), which differ from those controlling the presence of Fe, Cu, Zn,
and scavenged elements. In the sediment trap samples the Mn concentration increases with
distance from the vents, in contrast with the other hydrothermal elements. This is interpreted
to be due to the sluggish oxidation kinetics of Mn(ll) to Mn(lll/IV) in the neutrally buoyant
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plume (Cowen et al., 1986) compared to that of Fe(ll) oxidation and formation of Fe(lll)-
oxyhydroxides. The MAR of Mn in the sediment trap samples (Figure 4.5) increases with
distance from active venting, though with the same low MAR being observed in the 3 km off
axis sediment trap samples as other hydrothermal elements, suggesting the trap was not
collecting a significant amount of hydrothermal material.

5.2 Short term temporal variation in sediment trap geochemistry

The main purpose of this section is to interpret the observed variations in the
compositions of hydrothermally derived sediments collected in on-axis sediment traps on a
monthly to yearly time scale. Off-axis (3 km and 9 km) sediment trap samples are examined on
a monthly scale. This data is used to interpret the stability of the hydrothermal plume. The on-
axis sediment trap samples are used to examine processes occurring in the water column near
active vents that affect the sedimentation of hydrothermally derived and scavenged elements.

Chemical analyses of hydrothermal vent fluids (e.g. Massoth, 1994) demonstrate that
hydrothermal systems are dynamic systems with variable chemical and physical properties. To
understand what controls this variability, frequent sampling and continual monitoring of the
hydrothermal plume and sediments is necessary. From geochemical analyses of hydrothermal
sediments over short term time scales collected in sediment traps, we see that the MARs of the
hydrothermally derived elements (Fe, Cu, and Zn) in the on-axis sediment trap samples vary
over a one-year sampling period (Figure 4.13, Figure 4.14). There are several possible
explanations for this variation. The first is that changes in hydrothermal activity can influence
the output and chemistry of hydrothermal vent fluids that can have an influence on particulate
matter formation. Secondly, a change in the proportions of the overall material (i.e. amount of
each component: hydrothermal, detrital, and biological) may suggest an increased influence
from the water column above, or a decrease in hydrothermal activity. Thirdly, variations in
hydrothermal sedimentation rate could be due to the influence of bottom currents within the
ridge at the Main Endeavour Field, this can be examined through ACDP data. A last but unlikely
mechanism would be the sediment trap clogging or malfunctioning, for which we do not have
any evidence during the study based on the mass accumulation rates of the sediment collected.

The mass of sediment accumulated in sediment traps (Figure 4.1,Table 4-1) was
relatively constant yearly sediment mass flux in the on-axis sediment traps when comparing
total yearly mass accumulation, in 2014-2015 31.1 g m? year?, 2017-2018 18.08 g m2 year™,
and 2019-2020 24.8 g m? year™ of sediment was collected. Periods of high mass accumulation
in the on-axis sediment trap samples occurred in the early Summer and Winter in the 2014-
2015 and 2019-2020 sediment trap samples. This seasonal variation is not observed in the
2017-2018 sediment trap samples; however, the overall rate of accumulation is much lower in
the 2017-2018 sediment trap samples, and the highest rate of accumulation coincides in time
with the lower level of accumulation in the 2014-2015 and 2019-2020 sediment trap samples.
This difference in mass accumulation may be due to differences in the placement of the
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sediment traps (Figure 2.7), it could also be due to slight variations in plume trajectory or a
decreased level of hydrothermal activity during this time.

The mass accumulation rate of the hydrothermal component (Fe, Cu, Zn) correlates
strongly with the total rate of sediment mass accumulation in the 2014-2015, and 2019-2020
sediment trap samples. When the rate of hydrothermal element accumulation is high during
periods of high sediment mass accumulation, there may have been an increase in hydrothermal
activity, or a dynamic change in the plume chemistry and/or particle formation. In the 2017-
2018 sediment trap samples, a correlation between the abundance of different hydrothermal
elements exists although there is a difference in the relationship between mass accumulation
and hydrothermal element accumulation. A comparison of the temporal trends in the 2017-
2018 samples shows increasing sediment mass accumulation from December 2017 onwards,
whereas this trend is not observed in the hydrothermal element mass accumulation. This
period of time aligns with an increase in both terrigenous and biological mass accumulation
rates (Figure 4.12, Figure 4.14, Figure 4.17). Therefore, | suggest that an increase in delivery of
material from the overlying water column, and perhaps a subsequent decrease in hydrothermal
activity and/or sedimentation may explain these observations. Besides this anomalous time
period in 2017-2018, the mass accumulation rates of hydrothermal Cu and Zn are strongly
correlated with hydrothermal Fe, sediment mass accumulation rate, and the mass
accumulation rate of terrigenous and biological material (Figure 5.2). The proportion of each
component is relatively constant within each sampling period, as observed in the ratio of Feur
MAR to Ti MAR. The consistency of the sediment composition, although there is a changing
amount of material being collected by the sediment traps, could indicate a tight correlation
between hydrothermal, terrigenous, and biological material in the near axis sediments. This
could be explained by aggregation of hydrothermal particulate matter with terrigenous and
biological material from the water column is occurring before deposition (Breier et al., 2012). It
could also be indicative of resuspension and redeposition of bottom material into the sediment
traps, and for this reason the sediment traps are emplaced at a height of 8 m to minimize the
amount of resuspended material that is able to be caught by the traps.

An Oceans Network Canada Acoustic Doppler Current Meter (ADCP) was deployed next
to the sediment trap provides insight into local currents above the sediment trap. This data can
be downloaded from the ONC online database and was processed, and plots were created by
Dr. Steve Mihaly. This data can be used to understand the currents close to the seafloor in the
near on-axis region, which appears to control the rates of sediment deposition in the on-axis
sediment traps. The 600 kHz ACDP data at 12 m above the bottom of the seafloor gives insight
into the currents above the height of the sediment traps. The ADCP is deployed to the south of
the cluster of vents in the MEF (Grotto, Dante, Lobo, etc.) where the plumes of these isolated
vents coalesce into a single plume at around 10 m above the bottom (Thomson et al. (2005),
Figure 1.8). The near bottom currents are focussed towards the rising coalescing plume from
the cluster of vents in the ridge valley, due to an inflow of bottom water toward the plume as
the buoyant plume is rising (Thomson et al. (2005); Figure 1.8). Current reversals had been
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observed by Thomson et al. (2005) ~10% of the time, which is consistent with the data collected
over the 2017-2018 sampling period with a 13% current reversal, and 11% in the 2019-2020
sampling period. It has been suggested that the reversals are linked to intermittent bursts of
strong southwesterly flow in the overlying water column that may be wind-driven (Thomson et
al 2005). The near-bottom currents may have an impact on the amount of hydrothermal
particulates from the buoyant plume, as well as the amount of background material
(terrigenous and biological) that is able to accumulate in the sediment traps as the currents
control the fallout of the material from the water column. In the following ADCP plots data is
presented for the 2017-2018 and 2019-2020 (Figure 5.1) sediment trap sampling periods.

In the 2017-2018 sampling period, the northward flow rate was slower from October
2017 to January 2018 (Figure 5.1) than during the rest of the year, depicted in Figure 5.1 as 2-
week time indicators plotting closer together. A slower northward flow correlates with an
increase in the mass accumulation during that period (Figure 5.2). During this period, the
increase in overall sediment mass accumulation is accompanied by an increase in terrigenous
and biological material mass accumulation rates, and a decrease in hydrothermal mass
accumulation rates. This could be explained by sediment resuspension due to the change in the
speed of bottom water currents, or a higher influx of terrigenous material due to bottom water
resuspension. This can be explained by a lower ratio of Feur:Ti mass accumulation rates during
this time period (Figure 5.2).
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Figure 5.1 Acoustic Current Doppler Meter data for two sampling periods July 2017 to July 2018 (top),
which encompasses the range of deployment dates of the 2017-2018 on-axis sediment trap, and May
2019 to September 2020 (bottom), which encompasses the range of deployment dates of the 2019-2020
on-axis sediment trap over the depth 2203-2221 mbsl. Each blue star is placed at two-week intervals on
the 12 meter above bottom (mab) tracer.
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Figure 5.2 Comparison of 2017-2018 and 2019-2020 on-axis sediment trap (A) sediment mass accumulation, (B)

Cunur, and Znyr mass accumulation rates. Grey

bars indicate time periods of slower northward flow as determined by an ONC ADCP meter as reference in

terrigenous (Ti and Al) mass accumulation rates, and (C) Feur,
Figure 5.1
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Other potential explanations for the decrease in the hydrothermal mass accumulation
rates during October — January 2017-2018, and December-February 2019-2020 could be due to
a decrease in hydrothermal venting. When there is less vigorous venting, there may be less
hydrothermal particulate matter forming, or a change in the composition of the hydrothermal
particulate matter. The concentration of Cu is useful, as its concentration relative to Fe and Zn
in vent fluids is temperature dependent (Seyfried et al., 2003). There is a 2x variation in the
ratio of Cunr/Fenr observed over the on-axis sediment trap sampling periods and an
approximately 3x variation in the ratio of Znyr/Fenr (Figure 5.3). There is little variation observed
in the Cunt/Fenrratio over the periods of December-February 2017-2018 and December-
February 2019-2020). Which | interpret as indicating that decreased hydrothermal venting does

not explain the decrease in hydrothermal mass accumulation during the periods of slow
northward flow.
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Figure 5.3 Ratio of CuHT/FeHT and ZnHT/FeHT over the 2014-2015, 2017-2018, and 2019-2020 on-axis
sediment trap sampling periods.

An increase in terrigenous material in the on-axis sediment trap from October - January
2017-2018 and December — February 2019-2020 could also be due to storms along the North
American coast, resulting in a higher amount of detrital material being transported from the
continental margin to the ridge axis and deposited. This could be an explanation for the lower
ratio of Fenr:Ti during this time period, however cannot explain the decreased rate of
hydrothermal mass accumulation. The decreased rate of hydrothermal mass accumulation is
likely a result of the slower northward current influencing the deposition of hydrothermal
plume material during this time period.
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5.2.1 Temporal variation in off-axis sediment trap geochemistry

In this section, changes in the mass accumulation rate of hydrothermally derived
elements in the off-axis sediment traps are interpreted to provide insight into the stability of
the plume and the processes operating within the near-axis hydrothermal plume.

There is a higher detrital mass accumulation rate in the 9 km off axis sediment trap than
in the 3 km off axis sediment trap. In the off-axis sediment traps, the variation of mass flux may
be due to local effects impacting the sedimentation of hydrothermal, terrigenous particles, and
biological material. Hydrodynamic effects have been shown to affect the time series of mass
flux over short periods of time (Siegel and Deuser, 1997; German et al., 2002; Buesseler et al.,
2007; Adams et al., 2011; Rouxel et al., 2016). Previous work shows that bottom water currents
affected by rough seafloor topography can be important in the temporal and spatial variability
of hydrothermal mass fluxes (German et al., 2002; Adams et al., 2011), which is a potential
explanation for the temporal variation observed in the off-axis sediment trap samples. Varying
particle densities due to aggregation of hydrothermal particles with biological material (Figure
1.5) can also result in differential settling rates, which can result in short term variations in mass
accumulation rates (Breier et al., 2012).

The 3 km off axis sediment trap collected a very small amount of sample at an average
rate of 3.07 g m2 year™. This is much lower than the sediment trap mass accumulation rates in
the on-axis sediment trap samples that range from 18-31 g m2 year. As discussed in Section
4.2 the hydrothermal component significantly decreases with distance from the vent and the
predominant component is the terrigenous component by 3 km off-axis (Figure 4.3, Figure 4.5).

The higher concentration and mass accumulation rate of Mn in the off-axis sediment
trap samples compared to in the on-axis sediment trap samples is interpreted to be due to
oxidation kinetics of Mn in the neutrally buoyant plume (as discussed in Section 1.4). The
correlation between hydrothermally derived Fe and Mn in the 3 km off-axis sediment trap
samples (Figure 4.4) is interpreted to indicate that both Fe-Mn oxyhydroxides and Cu-sulfides
persist at this distance away from the vent, though a high amount of sulfide material has likely
already been deposited in the near-vent sediments.

5.3 Post-depositional changes in the sediment core

The geochemistry of hydrothermal sediment cores are useful in understanding
sedimentation processes and how the hydrothermal component may have changed over time.
The preserved chemical composition should be evaluated using both sediment geochemistry
and pore fluid chemistry to assess whether changes have occurred after deposition. If elements
have been impacted by diagenesis, they may not be a suitable proxy to track long term
hydrothermal sedimentation. Diagenetic processes in marine sediments include aerobic
respiration of organic matter in the surface sediments, in which particulate organic matter is
resolubilized. During this process, organic carbon, nitrogen (nitrate), and phosphorus
(phosphate) are broken down in ratios that follow Redfields-Richards stoichiometry, 106:16:1.
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Aerobic respiration increases the pore water concentrations of these components, and through
complete oxidation of organic matter will generate CO,. This process can further cause the
breakdown of any calcareous shells in the sediment. Organic matter oxidation is favoured in the
presence of Oy, as O3 is depleted and sediments become anoxic, the sequence of reduction is
denitrification, Mn(IV) oxide reduction to Mn(ll), Fe(lll) oxide reduction to Fe(ll) and SO4*
reduction, based on the relative energetics of redox reactions (Libes, 2009). In the sediment
core analyzed for this study, a strong brown-green oxidation-reduction (redox) boundary (Lyle,
1983) is present at 5-10 cm, and the geochemical signature of the elements preserved in the
sediment and the concentrations of elements in the pore fluids are useful to understanding
redox reactions in hydrothermal sediments.

There are multiple ways to identify elements that may be affected by diagenesis. The
first is by comparison to the concentration of hydrothermally derived or scavenged elements to
background sediments from the Cascadia Basin, where if the concentrations seen in the
sediment core are at background concentration with little to no enrichment, it has potentially
been lost from the sediments by diagenetic remobilization. A comparison with the 3 km off axis
sediment trap can then be made, since the sediment core was collected from a similar distance
from active venting, and if an enrichment is seen in the 3 km off axis sediment trap and not in
the sediment core, this could also be indicative of post-depositional loss. The brown-green
boundary in the core is indicative of changing redox conditions where Fe is reduced, and a
change in the concentration of the element across this colour-change boundary may be due to
their behaviour being different under Fe-oxidizing and Fe-reducing conditions, and elemental
associations with Feyr in these sediments. This is often accompanied by mobilization and
reprecipitation within the sediment core.

The ratio of OC:N (Figure 5.4) increases with depth, indicative of organic material
breakdown. The Redfield-Richards OC:N ratio for unaltered organic material is 6.6. The average
OC:N ratio is 7.4 in the on-axis sediment trap samples, 8.6 in the 9 km off-axis sediment trap
samples, and within the sediment core the ratio ranges from 9.5-14 (average 12.3), which is
consistent with organic matter breakdown with depth in the sediment core where the
mobilization of N is preferred. There is no significant systematic variation in the sulfur
concentration in the sediment core (Figure 5.4). The S concentration in the sediment core is
~5000 pg g?, this is much lower than in the on-axis sediment trap samples with high
concentrations of sulfides, but cannot be compared to the 3 km and 9 km off-axis sediment trap
samples as the data was unreliable as explained in Section 3.4, as well as not reported by
Carpentier et al. (2013) for Cascadia Basin sediments. This low, and relatively unchanging
concentration with depth, may be indicative of sulfur already have been lost from the sediment
throughout the entire core to the pore fluid. Pore fluid chemistry data has not been collected
for carbon, nitrogen, or sulfur; therefore, the above hypothesis cannot be tested with the data
currently available.
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Figure 5.4 (left) ratio of Organic Carbon to Nitrogen (OC:N) in sediment core H-1581. (right)
sulfur concentration in sediment core H-1581. Dotted line is representative of sample
depth that had not been analysed and is missing from the core reconstruction.

5.3.1 Post-depositional alteration of hydrothermally derived elements

The most notable redox related change in hydrothermally derived elements in the sediment
core is observed for manganese. The highest Mn concentration is in the surface sediments,
which have a Mn concentration of 4,000 pg g* above the brown-green transition zone and this
decreases to 580 pg g at 6 cm below the surface, at the top of the brown-green transition
zone (Figure 4.18). The deeper samples with a concentration of Mn of ~580 pg g* (~0.1 wt%
MnO) are comparable to background Cascadia Basin sediments, with an MnO content of 0.1-0.2
wt% (Carpentier et al., 2013). The concentrations of Mn in the pore fluids is higher than in deep
Pacific seawater throughout the core, ranging from ~600-5,000 nmol kg (Figure 4.22). In
previous studies of Mn in sediments and pore fluids, it has been observed that under reducing
conditions (e.g. below the brown-green boundary) Mn becomes depleted in the sediment when
Mn(IV) is reduced to the more soluble Mn(ll), which diffuses upward and reprecipitates in the
oxidized zone near the surface (Lyle, 1983) or escapes to the water column (Shimmield and
Price, 1986; Scholz et al., 2013). The high Mn concentration in the upper 5-6 cm of sediments is
highly suggestive of Mn re-precipitating in the oxidized surface layer. The concentration of Mn
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in the upper sediments of the sediment core is higher than the average concentration of Mn in
the 3 km off axis sediment trap sample, which supports the hypothesis that Mn is re-
precipitating in the oxidized surface layer (Shimmield and Price, 1986).

This behaviour of Mn has been observed in other core samples taken of hydrothermal
sediments at varying locations in the ocean. For example, in a hydrothermal sediment core
taken from 1°N of the East Pacific Rise near zero Mn concentrations were determined in the
uppermost sediments, aged >20 ky BP, which was attributed to MnO; reduction and upward
migration of dissolved Mn(ll) (Lund et al., 2016), as | believe is occurring in sediment core H-
1581.

The concentration of hydrothermal Fe and Cu in the sediment in the sediment core follow
similar downcore trends, with the highest concentrations observed within the brown-green
transition zone between 6-10 cm and decreasing below and are depleted compared to the
sinking particles collected in the 3 km off axis sediment trap (Figure 4.4, Figure 4.18). The
concentration of Fe and Cu in the pore fluid are elevated above seawater concentrations. The
pore fluid profile of Cu (Figure 4.18) reveals elevated concentrations in the oxidized surface
sediments, above the brown-green transition zone. Within the reducing sediments at depth,
the concentration of Cu in the pore fluid is lowest and relatively constant (Figure 4.22). The pore
fluid profile of Fe (Figure 4.18) overall has a small increase in concentration with depth. When
compared to the 3 km off axis sediment trap, the range of concentration of hydrothermal Fe in
the sediment core is higher than the 3 km off axis sediment trap, with an overlap on the lower
end of concentrations (Figure 4.4). This is suggestive of little Fe being lost from the sediment
core; as with higher pore fluid Fe concentrations there may be some Fe-sulfide dissolution,
which would be a source of Fe into the pore fluid. With respect to Cu, it is suggestive that
hydrothermal Cu is being lost from the sediment, likely due to dissolution of Cu-bearing
minerals that are delivered by hydrothermally derived particulate matter.

The concentration of hydrothermal Zn in the sediment core (Figure 4.18) and in the pore
fluids (Figure 4.22) are low, and relatively constant at all depths in the sediment and pore fluid.
When compared to the 3 km off axis sediment trap, the hydrothermal Zn in the sediment core
is lower (Figure 4.4). This suggests that Zn-bearing minerals are dissolving during diagenesis.

In summary, the concentration of Fenr appears to be minimally altered in the sediment
core, and therefore probably can be used as a paleo-proxy for the analysis of the hydrothermal
component of sediments over thousand-year time scales (~6,000 years), whereas Cu, Zn, and
Mn are partially to fully lost during diagenetic reactions at depth.

5.3.1.1 Post-depositional alteration of scavenged elements

The concentration of Mo, P, and As in the sediments in the sediment core are highest at
the surface, reach a minimum within the brown-green transition zone, and are then relatively
constant with depth (Figure 4.19) Pore fluid concentrations of Mo are low in the surface
sediments and increase with depth (
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Figure 4.24), similar to Mn in the pore fluid (Figure 4.22). The calculated concentration of
hydrothermal P is close to zero below the brown-green transition zone, suggesting that little to
no hydrothermal phosphorus remains — in all of the above the context of the concentrations in
the 3 km off-axis sed trap would help. There is no P or As data for the pore fluids due to
calibration issues. In the hydrothermal plume, Mo is predominantly associated with Mn-oxides
and hydrothermal sulfides (Morford et al., 2005; Mills et al., 2010), in the on-axis sediment trap
samples Mo is associated primarily with hydrothermal sulfides, as previously observed by Mills
et al. (2010). Oxidation of sulfides will release Mo to the pore water, and it may be that the Mo
content of the post-oxic sediments is controlled by redox cycling of Mn at depth (Schaller et al
2000; Mills et al 2010). In the sediment core Mo does not correlate well with either Mn or S
(Figure 5.5). This is likely due to loss of all Mn in the reducing sediments, and diagenetic loss of
sulfur at depth. Therefore, it is difficult to determine the importance of these elemental and
mineralogical associations. Similar to Mo and Mn, P and As appear to have been mobilized post
deposition. Earlier work suggested that elements scavenged by Mn and Fe colloidal phases in
hydrothermal particulates are likely to undergo dissolution in reducing sediments, which would
release these elements to the pore waters (Feely et al., 1994). Without pore fluid
concentrations, this cannot be tested directly, but the sediment compositions suggest that P
and As are being remobilized at depth. If hydrothermal Mo, P, and As are remobilized at depth
with changing redox conditions, as is suggested by the geochemical data, their utility as paleo-
hydrothermal tracers may be limited.
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Figure 5.5 (top) cross plot of hydrothermal Mn versus hydrothermal Mo for on-axis, 3 km off axis, 9 km off
axis sediment trap samples and sediment core H-1581. (bottom) cross plot of sulfur vs hydrothermal Mo
for sediment trap samples, zoomed in box is the concentrations in sediment core H-1581.

5.3.2 Sediment geochemistry changes in the context of glacial-interglacial hydrothermal

activity

From the geochemical data of the hydrothermal and scavenged elements, it appears the
primary signature is somewhat masked by post depositional changes. This raises the question
as to whether sediment cores provide reliable records that can be used in long term studies for
changes in hydrothermal activity. Based on the sediment and pore fluid data, it appears that
hydrothermal Fe preserves a reliable record of hydrothermal activity and is not significantly
modified by post-depositional changes. Based on the potential for changes to occur in various
redox conditions, it raises the question of: are hydrothermal sediment records useful to
reconstruct hydrothermal activity in the sedimentary record based on how they have been
changed over 6,000 years of deposition? While it is not realistic to draw conclusions based on
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the behaviour of one sediment core, as it may not be a reliable archive of hydrothermal activity
over time, the magnitude of changes that are being preserved in the sediment core can be
compared to previous studies over glacial periods as summarized below.

Lund and Asimow (2011) first suggested a relationship between sea level and
hydrothermal flux on mid-ocean ridges where the lowering of sea level during glacial maxima is
hypothesised to lead to increased melting and greater magma fluxes to the ridge crest. Such a
change in hydrothermal activity was observed in Icelandic subaerial volcanoes (Jull and
McKenzie, 1996) where it is suggested to be due to a decrease in the overburden load from the
ice sheet retreat, which reduced pressure in the mantle and subsequently enhanced melt
production and magma supply to the surface. On the global mid-ocean ridge system, the
change in pressure due to the variable glacioeustatic sea level is much smaller than that due to
ice sheet retreat in Iceland; however, a global deglaciation would affect all the mid-ocean ridges
and could have a significant effect on hydrothermal activity. Sediment cores have been
analysed from the East Pacific Rise (e.g., Lund et al., (2016)), Mid Atlantic Ridge (e.g. Costa et
al., (2016)), and the Juan de Fuca Ridge (e.g., Costa et al., (2017)) to test this hypothesis.

The variation in the concentration of Fe in sediments near hydrothermal vent fields over
glacial-interglacial time scales can be compared to those measured in the 6,000 year old
sediment core studied here. In the sediment core, the concentration of hydrothermal Fe show
an approximately two fold variation (Section 5.3). Across glacial-interglacial periods Lund et al.,
(2016) show an approximately 2-2.5x increase in the flux of Fe on the East Pacific Rise during
the termination of the last glacial period. Middleton et al., (2016) observed a 6-8x increase in
the hydrothermal Fe and Cu flux at the last glacial maxima preserved in sediment from the Mir
zone of the TAG hydrothermal field at 26N on the Mid-Atlantic Ridge. Costa et al., (2017)
observed a variation of 2-3x in the concentration of hydrothermal Fe and a 6-8x increase in
hydrothermal Fe flux over multiple glacial-interglacial periods on the Juan de Fuca Ridge. The
overall variation of hydrothermal Fe flux observed across glacial-interglacial periods (Middleton
et al., 2016; Costa et al., 2017) is higher than the variation in the hydrothermal accumulation
rates observed in the sediment core; however, the variation in concentration observed is
comparable. The variation in concentration observed is comparable to that observed across
glacial-interglacial time scales, which is has previously been suggested as large variations that
can be attributed to these large global changes; however, if the changes are observed on a
short time scale it may not be reliable to say the spike in hydrothermal component is
definitively related to G-IG changes.

5.3.3 Sediment core geochemistry compared to the tectonic evolution history of the MEF

As has been previously discussed, the concentration of Fe in the sediment core has likely
been relatively unchanged due to the effects of diagenesis, especially with comparison to the
depletion of Cu, Zn, and Mn in the sediment core to the sediment trap samples. The timing of
variability in the Fent concentration in the sediment core, with the assumption of a constant
rate of accumulation based on the ~5,000 year radiocarbon date from the basal section,
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correspond loosely to the timing of magmatic events on-axis at the Main Endeavour Field as
analyzed by (Clague et al., 2014b). This study denoted three key periods at the Main Endeavour
Field, where prior to ~4,300 yr BP there were frequent, large volume eruptions and is called the
magmatic phase, from ~4,300 - ~2,300 yr BP there were infrequent eruptions as the ridge
extended and the axial graben formed which was the tectonic phase, and since then the
Endeavour Segment has been undergoing intense hydrothermal activity.

The timing of magmatic phase and hydrothermal phase appear to be preserved in the
geochemistry of the sediment core, where if accumulation was constant over ~5,000 years,
each centimeter of deposition represents a time period of ~500 years. The above time phases
are depicted in Figure 5.6. Where the highest concentrations that correspond with the top 20
cm of the sediment core appear to correlate with the hydrothermal phase, where the lower
concentrations of the bottom 30 cm of the sediment core correlate with the tectonic and
magmatic phases of the history of the Main Endeavour Field. The timing of these events appear
to be preserved in the depositional history of the sediment on the western flank of the Main
Endeavour Field.
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Figure 5.6 Time periods of the eruptive and tectonic history as described by Clague et al. (2014)
compared to the variation in the concentration of FeHT in the sediment core with the assumption of
constant accumulation over time.
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6 Conclusions and Further Research

The division of this work into spatial and temporal variation in the composition of
hydrothermal sediments at the Endeavour hydrothermal vent field gives new insights into how
the composition of the sediment changes with distance from the vents and the variation of
sediment chemistry over short-time scales. Previous to this study, very few sediment trap
analyses have been conducted to study the change in composition over time at the Endeavour
Hydrothermal Vent Field; firstly, a sediment trap by Dymond and Roth (1988) was deployed
near the High Rise vent field to study hydrothermal particulate chemistry and mass
accumulation rates, and another sediment trap in 2014-2015 was emplaced near active venting
at the Main Endeavour Field by Coogan et al. (2017) to investigate the change in hydrothermal
composition with distance from the vent. The collection of the Main Endeavour Field on-axis
sediment traps from 2017-2018 and 2019-2020, and the 2019-2020 3 km and 9 km off-axis
sediment traps has increased the availability of sediment chemistry data to understand further
what processes are controlling the chemistry and mass accumulation of hydrothermal
sediments with distance from active venting and over time on short (weekly to yearly) time
scales.

The investigation of the spatial variation of the geochemistry of hydrothermal sediments
with distance from the vents predictably shows that near active venting, the early formation of
sulfides and Fe-oxyhydroxide particles, and their subsequent sedimentation, is the predominant
control on the high concentrations of hydrothermal Fe, Cu, and Zn in the near vent-field
sediment trap. Through isolation of the hydrothermal component, by removal of the detrital
component, the change in the composition of the hydrothermal component was examined with
distance from active venting. With distance from the vents, progressive dilution of the
hydrothermal plume and plume fallout of hydrothermal particulate matter, results in a
decrease in the concentration of hydrothermal Fe, Cu, Zn, Ag, and Cd in the 3 km and 9 km off-
axis sediment trap samples. The concentration of these elements in the 3 km off axis sediment
trap samples does not fully follow the predicted pattern, with lower concentrations and
sediment mass accumulation than expected. It is thought that this may be due to the trajectory
of the hydrothermal plume, and the sediment trap not being placed directly beneath the path
of the plume. The elements (P, Pb, Mo, REEs) that are scavenged and/or co-precipitated by
hydrothermal particles (sulfides and Fe-oxyhydroxides) exhibit comparable behaviour to
hydrothermal Fe concentration and mass accumulation rates. This may be expected if a
significant amount of the scavenging process occurs rapidly in the early stages of the formation
of the hydrothermal plume, and not progressively with distance from the vent. The
concentration and mass accumulation rate of Mn in the sediments is lowest in the on-axis
sediment trap samples and increases in the sediment trap samples with distance from the
vents. The concentration of hydrothermal Mn exhibits the opposite behaviour to Fe, Cu, and Zn
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in the sediments is due to its sluggish oxidation kinetics (Cowen et al., 1990; Lavelle et al., 1992)
in the hydrothermal plume.

The investigation of short-term temporal variability in the hydrothermal sediment
composition gives insight into how the composition changes on monthly to yearly timescales.
These changes are used as comparisons to changes observed over thousand-year time scales.
The magnitude of change in both the concentration and mass accumulation rate of
hydrothermal Fe, Cu, and Zn in the on-axis hydrothermal sediments show large variations in
both the concentrations and mass accumulation between 21-day sampling periods. During
periods of high sediment mass accumulation rate, the mass accumulation rate of hydrothermal
elements (Fe, Cu, and Zn) are high; this could suggest an increase in the amount of
hydrothermal fluid flux, a change in vent fluid chemistry, and/or particle formation. The
amount of hydrothermal fluid flux could change without a change in vent fluid chemistry due to
bottom water currents. Acoustic Doppler Current Meter data indicate a short term (2-3
months) decrease in the hydrothermal mass accumulation rate coincides with periods of flow
reversal. The ADCP is deployed close to the cluster of vents in the MEF where the plumes of
multiple isolated vents coalesce and move away from vents in a southwest direction, the near
bottom currents are focussed towards the rising plume and away from the current meter and
sediment traps. This period of flow reversal would move the hydrothermal particulate material
away from the sediment traps.

In the off-axis sediment trap samples, the variation in the mass accumulation of the
hydrothermal elements is lower than in the on-axis sediment trap samples. The 3 km off axis
sediment trap however has a lower mass accumulation rate than in the 9 km off axis sediment
trap samples, there is no evidence the trap had clogged during the collection period. This
continues to be observed in subsequent sediment traps, and no explanation has been
determined. There is an approximately 3x variation in the mass accumulation of the
hydrothermal elements observed in the 3 km and 9 km off axis sediment trap samples over a
year, and this range of variation is 3 orders of magnitude lower than the mass accumulation in
the on-axis sediment traps samples. This is consistent with progressive dilution of the
hydrothermal plume and a high degree of particulate fallout in the near-vent sediment trap
samples.

The collection of a sediment core and pore fluids, along with sediment trap samples can
be used together to understand post-depositional changes on hydrothermal sediments. The
sediment trap samples are fresh, minimally altered particulate material collected as fallout
from the hydrothermal plume, whereas the sediment core samples have been diagenetically
altered. The utility of the hydrothermal elements (Fe, Cu, Zn, and Mn) in the sediment core was
investigated to understand how post-depositional processes affect the preservation of this
component. Based on the comparison of the concentration of these elements, it appears that
Fe provides a reliable record of past hydrothermal activity and is not significantly modified by
post depositional changes. Other hydrothermal and hydrothermally associated elements (Cu,
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Zn and Mn, As, P, Cd, Mo) have been lost from the sediment core based on comparison to
fresh, unaltered sediment from the sediment trap samples. This raises the question as to
whether sediment cores are reliable records that can be used in long-term studies for changes
in hydrothermal activity.

6.1 Future work

Moving forward in the study of hydrothermal activity, specifically hydrothermal sediment
chemistry at the Endeavour Hydrothermal Vent Field, the continuation of deployment of
sediment traps on-axis, 3 km off axis, and 9 km off axis will be important to creating a long-
term, high resolution time series dataset on sedimentation along this transect below the
hydrothermal plume. Major and trace element analyses should be continued to add to the
already available dataset from the 2014-2015, 2017-2018, and 2019-2020 on-axis sediment trap
samples and 2019-2020 3 km and 9 km off-axis sediment trap samples. With increasing
experience in the preparation and analysis of these types of geological samples, these methods
will continue to be optimized to obtain high quality chemical data.

In addition to major and trace element analyses, mineralogical analyses, such as using
SEM and/or EDX methods on sediment trap samples would be valuable to understand how the
mineralogy of the sediment changes with distance from active venting. These methods have
been previously used on hydrothermal plume particles (e.g. Lough, 2016). High resolution
mineralogical data on the sediment particles can be used to determine the composition of
particles and their morphology. It is known that near vent deposits are dominated by rapidly
precipitating Fe-sulfide minerals and Fe-oxyhydroxides and can be identified by mineralogy
studies. With mineralogy data the speciation of the Fe-bearing minerals in the near vent
deposits can be separated. With distance from the vent, the larger, dense sulfide minerals
rapidly fall out of the plume, and the Fe-oxyhydroxide and nano-particulate sized sulfide
particles are transported away from the axis. Particle morphology and composition can be used
to further research metal bearing mineral size partitioning with distance from the vent. This
data can be used to understand scavenging and co-precipitation mechanisms through the
association of trace metals with specific minerals. In this study, scavenging and co-precipitation
is assumed through the association of trace metals such as Mo, As, P, Co, Cd, Pb with
hydrothermal Fe, Cu and Zn. If the mineralogy of the sulfide and oxyhydroxide particles was
known, the signal of elements through SEM/EDX analysis can be used to develop a deeper
understanding of how these elements are removed from the water column by hydrothermal
particles. This is important as removal by hydrothermal particles acts as a sink for these trace
elements in the deep ocean. The morphology and composition of particles can also be used to
determine the aggregation of hydrothermal particles with biological and/or terrigenous
material, which can then be used to understand sinking mechanisms and calculate particle flux
rates of the particles from the hydrothermal plume to the sediments.

Further collection of sediment cores surrounding the hydrothermal plume, especially in
the southwest direction from active venting, below the trajectory of the neutrally buoyant
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plume and between the on-axis, 3 km off axis, and 9 km off-axis sediment traps can be used to
increase the resolution of the spatial variation. Sediment samples should also be taken at
further distances from hydrothermal venting as it is known that hydrothermal plumes can
travel thousands of kilometers away from the source (Fitzsimmons et al., 2014) to determine if
the hydrothermal signal persists in the sediments and to add available data to the study of the
composition of marine sediments.

As more sediment cores are collected and analysed at a high resolution, like has been
done in this work with 1.5 cm segments of core, the effect of post-depositional changes on
hydrothermal elements over changing redox conditions with depth in the sediment core can be
further studied. From this work, it appears that Fe is a good tracer of hydrothermal
sedimentation over thousands of years, and Cu, Zn and Mn are diagenetically remobilized and
lost from the sediment. It is difficult to make conclusions based on one sediment core,
therefore further high-resolution analyses of sediment cores and pore fluids should be made.

The basal section of the sediment cores collected below the neutrally buoyant plume
should be dated using radiocarbon analysis on foraminifera to further understand how
hydrothermal sedimentation has changed over time. If multiple depths in the sediment core
can be dated, a higher resolution time series of sedimentation should be reconstructed. This
will aid in the creation of sedimentation models to understand how sedimentation has changed
over time. The separation of hydrothermal and terrigenous component, as was done in this
work, can be used to model the variation of hydrothermal activity. If sediment cores that span
across the glacial-interglacial boundary are collected, work that has been previously published
from the Juan de Fuca Ridge (Costa et al., 2017) can be continued to determine if the high
hydrothermal signal at the last glacial maximum persists across all sampling sites.

The continuation of ACDP deployments near the hydrothermal vents, close to the on-
axis sediment trap, can be used to further understand how bottom currents affect
sedimentation. In this study, the two time periods of flow reversal, which would move material
away from the sediment trap, were associated with decreased hydrothermal sedimentation in
the sediment trap samples. The relationship between hydrothermal sedimentation, biological
activity, and terrigenous input during these times of flow reversal can be used to understand
how currents and the overlying water column affects the accumulation of hydrothermal
sediments.

The relationship between the sediment chemistry and plume chemistry is increasingly
important to create models of particle movement in the neutrally buoyant plume and
subsequent sedimentation. The combination of both sediment and plume chemistry can be
used to understand metal cycling within the deep Pacific Ocean. This is important in terms of Fe
availability in the deep ocean due to its persistence in the neutrally buoyant plume
(Fitzsimmons et al., 2014).
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Through continuation and expansion of these types of collection methods (sediment
traps and sediment cores, plume samples), it is important that there is consistency in terms of
collection and analytical methods between research groups globally. This will make it easier to
compare how the chemical composition of the sediments changes with distance from active
venting at various hydrothermal vent fields.
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