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Abstract

Iron (Fe) is an essential micronutrient for diazotrophs, which are abundant in the Western Tropical
South Pacific Ocean (WTSP). Their success depends on the numerous trace metals, particularly Fe,
released from shallow hydrothermal vents along the Tonga Arc. This study aimed to explore the spatio-
temporal impact of hydrothermal fluids on particulate trace metal concentrations and biological
activity. To identify the composition of sinking particles across a wide area of the WTSP, we deployed
sediment traps at various depths, both close and further west of the Tonga Arc. Seafloor sediments
were cored at these deployment sites, including at a remote location in the South Pacific Gyre. The

sinking particles were composed of a large amount of biological material (up to 88 mg d*), indicative
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of the high productivity of the region. A significant portion of this material (~21 + 12 wt.%) was
lithogenic of hydrothermal origin, as revealed through Al-Fe-Mn tracing. The sinking material showed
similar patterns between lithogenic and biogenic fractions, indicating that hydrothermal input within
the photic layer triggered surface production. A hydrothermal fingerprint was suggested in the
sediments due to the high sedimentation rates (> 47 cm kyr) and the presence of large, heterogeneous,
metal-rich particles. The presence of nearby active deep hydrothermal sources was suspected near the
Lau Ridge due to the large particle size (1-976 um) and the significant excess of Fe and Mn (2-20
wt.%). Overall, this study revealed that hydrothermal sources have a significant influence on the

biogeochemical signature of particles in the region.

Plain Language Summary

Iron is an essential micronutrient for phytoplankton growth, especially diazotrophs. In a certain area of
the Pacific Ocean, they can obtain the iron they need from material released by hydrothermal vents
along the Tonga Arc. We demonstrated how hydrothermal sources affect the amount of iron and other
materials released into the water column and their influence on phytoplankton. We collected sinking
particles and seafloor sediments and examined their chemical composition. The sinking material
consisted of a large amount of biological material, indicative of the high productivity of the area. A
large part of the particles collected were minerals from hydrothermal vents. These biological and
metallic materials displayed similar export patterns, indicating the role of hydrothermal sources in
driving surface ocean productivity. Seafloor sediments were also influenced by hydrothermalism, as
suggested by their high metal contents, high sedimentation rates and large, heterogeneous particle size.
In addition, an undiscovered hydrothermal source was potentially identified near the Lau Ridge based
on these data. Overall, this study revealed the significant impact of hydrothermalism on the

biogeochemical signature of the particles in the Lau Basin at large spatial and temporal scales.
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1 Introduction

The Western Tropical South Pacific (WTSP) Ocean (160 °E to 160 °W) has been identified as a hotspot
for dinitrogen (N2) fixation by diazotroph organisms (Bonnet et al., 2017). The success of these species
relies on the high, non-limiting surface concentrations (> 0.3 nmol L; Johnson et al., 1997) of iron
(Fe) in the region, as Fe is a major component of the nitrogenase enzyme that catalyzes the N fixation
process (Raven, 1988). Recently, Tilliette et al. (2022) revealed that these high dissolved Fe (DFe)
concentrations (up to 48 nmol L1) originate from shallow hydrothermal sources (< 300 m) hosted along
the Tonga-Kermadec Arc that fertilize the photic zone of the entire Lau Basin with DFe, forming a
productivity patch as large as 360,000 kmz2 (analogous to the Caspian Sea area; Bonnet, Guieu et al.,

2023).

The Tonga-Kermadec Arc is the most linear, convergent and seismically active subduction zone on
Earth (Timm et al., 2013) and consequently exhibits the highest density of submarine volcanoes and
associated hydrothermal sources (Massoth et al., 2007; Pelletier et al., 1998; Stoffers et al., 2006). Such
systems release extensive plumes enriched in numerous chemical species relative to the overlying
water column (Dick et al., 2013; Gonzalez-Vega et al., 2020; Lilley et al., 2013) including gases (e.g.,
H>S — hydrogen sulfide, CO> — carbon dioxide, CH4 — methane), macronutrients and dissolved and
particulate trace metals (e.g., Fe, Mn — manganese, Cu — copper, Zn — zinc, Pb — lead, Ni — nickel). In
the Lau Basin, most of these plumes originate from sources located at depth (> 1000 m; Beaulieu and
Szafranski, 2020; Lupton et al., 2004; Massoth et al., 2007), but shallower active sources (< 500 m)
have also been identified (Beaulieu and Szafranski, 2020; Guieu et al., 2018; Massoth et al., 2007).
Two shallow hydrothermal sites were investigated as part of the TONGA cruise (Guieu and Bonnet,
2019), revealing an 80-fold enrichment of DFe concentrations (< 0.45 um) above the source relative
to unimpacted waters of the WTSP (Tilliette et al., 2022). Despite their decrease towards the surface,

elevated concentrations (0.6-10 nmol L) persisted in the photic layer (0-150 m) allowing to sustain
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high rates of primary production (90-145 mmol C m d). Although the effects of such hydrothermal
fertilization on biological activity are beginning to be elucidated on short temporal scales (Tilliette et
al., 2023), its effects on the biogeochemical signature of the exported and sedimented particles on

larger temporal and spatial scales remain unclear.

Sediment traps are classically used to explore biogeochemical cycles in the ocean and since pioneering
studies (e.g., Deuser, 1987; Deuser and Ross, 1980; Honjo et al., 1992), these devices have shown their
potential to highlight the variability of the composition and fluxes of biological material in relation to
surface productivity, depth or season. On their descent, in particular in the mesopelagic zone (200-
1000 m), biological particles are subjected to intense bacterial remineralization and grazing by
zooplankton (Boyd and Trull, 2007; Ducklow et al., 2001; Volk and Hoffert, 2013). Only a minor
proportion of this material will eventually reach the deep-sea (> 1000 m) and an even smaller

proportion will be buried in seafloor sediments (Berger et al., 1989; Hineke and Henrich, 2011).

In this study, we determined the composition (i.e., lithogenic, organic matter, calcium carbonate —
CaCOs and opal) of sinking and sedimented particles at different spatial and temporal scales over a
large area of the WTSP, including two sites located along the Tonga Arc. The aim was to better
understand how hydrothermal activity influences this region, both in terms of hydrothermally-derived
trace metal concentrations and their influence on biological activity, and how volcanic activity impacts
the footprint of metal particles. Ultimately, this study established whether hydrothermal sources have
a significant influence on the biogeochemical signature of particles in the Lau Basin at large spatial
(up to 200 km from the arc, over the entire water column) and temporal (from seasonal to centennial

scales in seafloor sediments) scales.

2 Material and methods
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This study was conducted as part of the TONGA cruise (GEOTRACES GPprl14; Guieu and Bonnet,
2019) onboard the R/V L’Atalante from October 31 to December 5, 2019, along a 6100 km-long
transect crossing the Lau Basin (Fig. 1). Two shallow hydrothermal sources were identified at depths
of 200 and 300 m, respectively (Tilliette et al., 2022). Mooring lines were deployed west of these
sources (~15 km; stations 5 and 10) along the main current direction once the seafloor reached ~2000

m.
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102

103  Figure 1. (a) Cruise transect superimposed on surface chlorophyll-a concentrations (mg m-; Bonnet, Guieu et al.,
104  2023). Different oceanic regions were occupied during the cruise: the South Pacific gyre (station 8; sediment coring
105  only) and the Lau Basin (stations 5 and 10), where a drifting mooring line was deployed for 5 and 4 days, respectively,
106  as well as station 12 where a fixed mooring line was deployed for one year. Sediments were cored at each of these
107  stations. Chlorophyll-a concentrations were derived from satellite images acquired during the respective period of
108  occupancy: 5 November 2019 for the western part of the transect, 15 November for the southeastern part, and 29
109  November for the northeastern part. (b) Bathymetry along the cruise transect and instrumentation deployed at each

110  station: sediment traps (cones) and sediment coring (cylinders).



111
112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

2.1 Fieldwork

At stations 5 and 10, drifting conical sediment traps with a collection area of 1 m2 (PPS-5, Technicap,
France) were deployed at 200 and 1000 m on a surface-tethered drifter. Settling particles were collected
at 24-h intervals for 5 days at station 5 (21°9.14” S, 175°44.42° W; November 10-14, 2019), and at 23-
h intervals for 4 days at station 10 (19°24.54” S, 175°7.34 W; November 24-27, 2019). Unfortunately,
due to a malfunction of the PPS-5 plate motor, no samples were collected at 200 m at station 5. At
station 12 (20°42.41° S, 177°52.13> W), two PPS-5 were deployed at 200 and 1000 m on a fixed
mooring line for one year (November 2019 to October 2020, sampling interval: 14 days). The fixed
mooring line was equipped with two inclinometers (NKE S2IP) and two current meters (Nortek
Aqguadopp) placed at 222 and 1030 m. The angles and velocities at both depths are shown in Fig. S1.
Each collection cup was filled with a 5% buffered formaldehyde solution prepared with filtered in-situ
seawater to prevent microbial degradation and swimmer grazing. After trap recovery during the
TONGA-RECUP cruise onboard the R/V Alis in December 2020 (Guieu, 2020), the cups were stored

in the dark at 4 °C.

Sediment cores were collected at around 10 p.m. using a MC-8/100 multi-corer (Oktopus GmbH, Kiel,
Germany) at the mooring positions and at the deep-sea reference site (station 8; 20°23.33” S, 166°25.4°
W; Fig. 1). The seafloor depth for each core is specified in Table 1. Immediately after collection, the
first 16 cm of collected cores were divided into 1 to 5 cm slices, depending on the stations (see Fig. 3)

and frozen at -20 °C.
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Table 1. Composition (wt.% — percentage by weight) and sedimentation rate of seafloor sediments at each station.

Station Depth CaCO; Opal Organic matter  Lithogenic  Sedimentation rates
- m wt.% cm kyr™
Station5 2140 2+1 9+1 0.1+0.03 90+1 58+ 10
Station 10 1930 4+1 7+1 0.1+0.03 88+3 47+7
Station 12 1940 64+1 13+1 04+0.1 23+3 61+6
Station8 5326 03+01 11+01 06+0.2 88+2 58*

Note. Due to Ra enrichment of probable hydrothermal origin at station 8, the estimated sedimentation rate has been
given as an indication only (see section 3.4).

2.2 Laboratory work

2.2.1 Elemental composition of sinking material and seafloor sediments
Sediment trap samples were processed by the “Cellule Piéges” (INSU-CNRS: https://www.imev-

mer.fr/web/?p=526). For each sediment trap cup, swimmers were carefully removed with Teflon

tweezers under a stereomicroscope (Leica Wild MZ8). Any visible material attached to the swimmers
was removed whenever possible, to avoid biasing particle flux. Samples were then rinsed three times
with 50 mL of MilliQ water to remove salts and lyophilized for seven days. The total weight (wt) of

each sample was measured on a Sartorius precision balance (x 0.01 mg).

Seafloor sediment samples were thawed at room temperature and lyophilized for seven days.

Both seafloor sediments and sediment trap samples were then split in different pre-weighted aliquots
(~10-20 mg) for various analyses. Total carbon was measured with a CHN elemental analyzer (2400
Series Il CHNS/O, Perkin Elmer®; precision = 0.3%). Particulate organic carbon (POC) was
determined similarly, after particulate inorganic carbon (PIC) removal by acidification with 2 N
hydrochloric acid. Biogenic (BSi) and lithogenic (LSi) silica measurements were performed after
sodium hydroxide (NaOH) and hydrofluoric acid (HF) digestion following the exact protocol described
by Mosseri et al. (2005) and adapted from Brzezinski and Nelson (1995). For each aliquot, BSi was
initially dissolved by NaOH digestion at 95 °C for 5 h. LSi was then extracted from the same aliquot

by HF digestion at room temperature for 48 h. For both digests, the dissolved silicic acid (DSi)
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concentrations of the resulting solutions were analyzed according to Nelson et al. (1989) with a UV-
Vis spectrophotometer (Analytikjena® Spector 250 plus). DSi concentrations were also measured in
the supernatant of each trap cup to account for BSi dissolution during trap deployment and were added
to the BSi value determined by digestion (Hurd, 1972; Nelson et al., 1995; Nelson and Brzezinski,
1997). Several aliquots of certified reference material (GBW: marine sediment, NRCC) were digested
and analyzed under the same conditions, allowing validation of Si data. GBW standard analyses
averaged 28.5 £ 0.5 wt.% total Si (BSi + LSi ; n = 12), which compares well with the community
consensus concentrations of 25.2 + 0.6 wt.%. Al, Ca, Cu, Fe, Mn, Ni, Pb, Si and Zn concentrations
were measured by ICP-OES (Inductively-Coupled Plasma Optical Emission Spectrometry; Perkin-
Elmer® Optima-8000) after acid digestion of ~20 mg particulate aliquots in Teflon vials by successive
addition of (1) 1 mL of 65% nitric acid (HNOz3") followed by (2) 500 pL of 65% HNO3™ and 500 pL
HF. At each step, aliquots were heated at 150 °C for 5 h. Several reagent blanks and certified reference
material (GBW) were digested and analyzed under the same conditions. Blanks were below or close
to the detection limits of the instrument and the percentage recovery obtained for the certified materials

indicated accurate digestion and quantitative analysis for all elements (Table S1).

Dry material collected in acrylic traps deployed at 1000 m on the drifting mooring line at Station 10
was filtered onto 0.2 um polycarbonate filters, rinsed with distilled water and dried at room
temperature. Filters were then coated with gold and observed using a Phenom scanning electron

microscope at 10 kV.

2.2.2 Grain size distribution of seafloor sediments
Grain size of sediments was determined at the Centre de Formation et de Recherche sur les

Environnements Méditerranéens (CEFREM; France) laboratory using a Malvern Mastersize 3000 laser
granulometer (precision = 3%). Prior to measurement, dry sediments were homogenized, diluted in

distilled water in order to achieve the concentration required by the software (i.e., 5-20% obscuration)
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and ultrasonicated for 5 minutes. Since the number distribution may underestimate the larger particles,
a particle size distribution based on a spherical equivalent volume model was used. The size of a

particle was then represented by the diameter of an equivalent sphere of equal volume.

2.2.3 Sedimentation rates of seafloor sediments
Sedimentation rates were determined using #'°Pb, a natural decay-product of ?°Ra with a half-life of

22.3 years. 21°Pb deposited at the seabed by sedimentation is referred to as 2!°Pb in excess (**°Phxs)
relative to that found within sediment. Considering constant flux and accumulation rate (Robbins and
Edgington, 1975), sedimentation rates were derived from the decrease of 2°Pbxs activities with depth

according to the following formula:

A
[Zlopbxs] z = [210Pbxs] o* e(_zs‘TR) (1)

with [#%Pbxs] o and [*°Phxs] 2; the excess 21°Pb activities at the water-sediment interface and at depth
z, respectively; A, the nuclide decay constant and SAR, the sediment accumulation rate. The activities
of 21%Pp and ?*Ra were determined at the Environnements et Paléoenvironnements Océaniques et
Continentaux (EPOC; France) laboratory on dry sediments using a low background, high efficiency

well-type gamma spectrometer (CANBERRA; Schmidt et al., 2014).

2.3 Composition of the exported particles and sediments

The elemental analyses described above were used to determine the four main fractions of the collected

sinking and sedimented material: organic matter (OM), calcium carbonates (CaCOs), opal and

lithogenic. The OM fraction was calculated from POC concentrations as 2.199 x POC (Klaas and

Archer, 2002). The CaCOs3 fraction was estimated from PIC as CaCOz = PIC x 8.33 (Verardo et al.,

1990). PIC was preferentially used, as the method from Ca tended to overestimate the CaCO3 fraction

on some samples (> 100 wt.% of total collection weight; Table S2), likely due to the presence of

10
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lithogenic Ca. The opal fraction was determined from BSi concentrations as Opal = BSi x 2.4

(Mortlock and Froelich, 1989). Finally, the lithogenic fraction was determined through the mass
balance method (Wefer and Fischer, 1993), by subtracting the sum of the above three fractions from
the total collection weight. This method was preferentially chosen in view of the potential bias of using
lithogenic tracers (LSi or Al) in this region, as these two elements can be significantly enriched or

depleted through volcanic or hydrothermal activity, as discussed in section 4.3.

2.4 Trace metal in sinking particles and seafloor sediments

Calcium carbonate-free basis. The bulk metal cconcentration was corrected for biogenic calcium
carbonate concentration, following the approach described by German et al. (1997). Indeed, as CaCO3
contains very low levels of trace elements, it can dilute the metal contribution of the collected material.
Prior to any interpretation, the concentration of an element (E) was corrected on a calcium carbonate-
free basis (cfb) following:

[E]
(100 — %CaC05)

[Elcsp = (2)

Metal content. [E]cm of sinking and sedimented material was compared to the concentrations of
reference pelagic clays sampled in the Pacific Ocean (“pc”; Table 2; Li and Schoonmaker, 2003; Sayles

and Bischoff, 1973) using two distinct methods: enrichments factors (EF) and metal excess (XS).

2.4.1 Enrichment factors in sinking particles
For the sinking material, EF were calculated by normalizing the concentration ratio of an element (E)cf»

to aluminum (Alc, lithogenic tracer) to the same elemental ratio measured in pelagic clays following

the formula:

[E]cfb sample/[Al]cfb sample
[Elpc/[Alpe

(3)

Epp =

11
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Table 2. Elemental enrichment factors (Eeg) of metals in sinking material relative to aluminum (Alc) and average
concentrations in reference pelagic clays.

Sample Fe Mn Cu Zn Ni LSi
Station 5- 1000 m 1.4 0.2 0.6 11 1.1 5.2
Station 10 - 200 m 11 5.0 18 37 7.3 0.4
Station 10 - 1000 m 1.0 0.01 0.03 0.7 0.1 14
Station 12 - 200 m 1.1 0.02 0.2 6.1 0.1 0.2
Station 12 - 1000 m 1.7 0.6 2.0 39 2.7 1.6

Reference pelagicclays 59+0.6 1.1+04 469+181 158+12 196+14 25%1

Note. Enrichments relative to Pacific Ocean pelagic clays (EF > 1) are shown in bold while depletions relative to the
reference (EF < 1) are shown in italics. Average concentrations and standard deviations (in wt.% for Fe, Mn and LSi
and ppm for Cu, Zn and Ni) within several reference pelagic clays (from Li and Schoonmaker, 2003; Sayles and
Bischoff, 1973; Taylor and McLennan, 1985) are shown at the bottom of the table. Note that the range of
concentrations measured for each element in these references provides only a rough estimate of metal non-detrital
enrichment in the material collected in this study. It may therefore over- or underestimate the magnitude of these
enrichments.

2.4.2 Elemental excess in seafloor sediments
For seafloor sediments, metal excess relative to reference pelagic clay composition was determined by

correcting [E]er for detrital inputs (German et al., 1997) assuming that this reference material was
representative of a deep-sea detrital end-member. Detrital concentrations of each element were

calculated according to:

[Elger = [Allsp * e 4)

It is important to note that this calculation assumes that all sedimentary Al originates from detrital
material. However, sedimentary Al concentrations could originate from both hydrothermal and detrital
sources (Massoth et al., 1998; Resing and Sansone, 1999; Von Damm, 1990). Consequently, Al
normalization may have underestimated the extent of hydrothermal enrichment in our seafloor
sediments (Chavagnac et al., 2008). That fraction of non-detrital origin, denoted [E]xs, was determined

by subtracting [E]det from [E]cm, as follows:

[Elxs = [E]cfb — [Elget (5)

12
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2.5 Statistical analysis

To determine if significant differences could be observed in the fractions of material collected at the
different stations, a non-parametric Mann-Whitney test was performed. This two-tailed distribution-
free test was selected due to the non-normally distributed data, previously determined through a

Kolmogorov-Smirnov test. Differences were considered significant at a p-value (p) < 0.05.

3 Results

3.1 Composition of the sinking particles and seafloor sediments

3.1.1 Biogenic particles
Three fractions of the collected material can be used as proxies for biological production: CaCOs, opal

and OM. It should be noted that due to the strong seasonal effect prevalent in the region (see Figs. 2e-
h), the quantities of biological material collected in the drifting traps (4-5 days during the austral
summer) will only be compared to the quantities of the same material collected in the fixed trap during

the austral summer period (i.e., from December 2019 to April 2020), and not over the whole year.

Exported particles. CaCO3 was the most abundant biogenic component of the exported material during
the austral summer (on average over stations and depths: 48-59 wt.%; Fig. S2) if station 10 at 1000 m
is excluded (average 17 wt.%). The amount of CaCOs collected during the austral summer averaged
18 + 10 mg d* at all stations and depths, with a significantly higher accumulation at 1000 m (=25 # 12
mg d%; p < 0.05; Fig. 2) than at 200 m (~9 + 3 mg d1). In comparison, quantities collected during the
austral winter at station 12 (fixed mooring) were much lower (=5 + 3 mg d*), particularly at 1000 m
(p <0.05). At this station, only two CaCOs peaks were observed at 1000 m (in December and February)
while they were more frequent at 200 m. Opal fraction was the smallest biogenic component of the
sinking material during the austral summer (1-5 wt.%; Fig. S2), regardless of station and collection
depth (~2.1 + 2.4 mg d*!; Fig. 2), with a significantly higher quantity collected at 1000 m than at 200

m (p < 0.05). In comparison, opal quantities collected during the austral winter were lower (~0.12 +

13
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0.05 mg d1) although similar at both collection depths (p > 0.4). Two opal peaks, matching the CaCO3
peaks in December and February, were observed at 1000 m at the fixed mooring station. OM fraction
was the second most abundant biogenic component at 200 m during the austral summer (40-41 wt.%;
Fig. S2), with similar amounts of material collected at all stations and depths (~6.4 + 2.2 mg d*, p >
0.09, Fig. 2). However, these quantities decreased significantly during the austral winter at both
deployment depths (p < 0.05). At station 12, OM peaks were observed from October to May and from
December to February in the traps deployed at 200 and 1000 m, respectively. At 1000 m on the same

site, those peaks matched those of opal and CaCOs (Fig. 29).

Seafloor sediments. The proportion of CaCOs in seafloor sediments was very low (< 5 wt.%) at most
stations, except at station 12 (64 + 1 wt.%, p < 0.05, Table 1). Although present in low proportions (10
+ 2 wt.%), opal was the most abundant biogenic component in seafloor sediments, with no difference
between stations (p > 0.05). OM proportion was less than 1 wt.% for all stations and did not differ

between stations (p > 0.05).

3.1.2 Lithogenic material
Exported particles. The smallest amount of lithogenic material was collected at 200 m at station 10

(~0.5+0.2 mg d*; 3+ 1 wt.%; Figs. 2 and S2). In contrast, at the same station at 1000 m, the lithogenic
material was up to four orders of magnitude higher (maximum of 344 mg d!; 75 + 3 wt.%). Large
amounts were also collected at 1000 m at station 5 (~16 + 4 mg d*!; 33 + 11 wt.%), albeit significantly
lower (by a factor of 20, p = 0.03). In comparison, at station 12 (fixed mooring), lithogenic amounts
were lower throughout the year (p < 0.02) and of the same order of magnitude in both traps (on average
for the two traps deployed at station 12: ~2.6 + 1.9 mg d*; ~16 + 7 wt.%; p = 0.2). At 200 m at station
12, the observed lithogenic peaks coincided with the majority of OM peaks, except between May and
September. Notably, two lithogenic peaks (up to 14 mg d1), matching those of all biogenic components

(CaCOs, opal, OM), were observed in December and February at 2000 m.

14
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Figure 2. Temporal dynamics of exported material (mg d!) in drifting (a-d) and fixed (e-h) sediment traps: organic
matter (red line), calcium carbonate (green line), opal (blue line) and lithogenic fraction (yellow line). Shown on the
different panels are: station 5 at 200 and 1000 m (a, ¢), station 10 at 200 and 1000 m (b, d) and station 12 at 200 and
1000 m (e, g). Note that the lithogenic fraction is represented on a different y-label for station 10 — 1000 m (c). Panels
(f) and (h): organic and lithogenic material (left y-label) versus temperature at 15 m (right y-label; grey dotted line)

for both traps at station 12. The diamond on panels (e-h) indicates that the peaks of at least two fractions (CaCQOs,
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lithogenic, OM, opal) overlapped on this sampling date. The purple line delineates a temperature of 25 °C.
Temperature data were extracted from the World Ocean Atlas database (Locarnini et al., 2018): average monthly
temperature over the period from 2005 to 2017 at 15 m, near station 12. Note that no significant annual variation in
temperature was observed (12-year monthly standard deviation ranging from 0.16 to 0.67°C). Cumulative histograms

of these fractions are shown in Fig. S2.

Seafloor sediments. The lithogenic fraction was the most abundant fraction in the seafloor sediments
at stations 5, 8 and 10 (88-90 wt.%, Table 1). In contrast, at station 12, the lithogenic fraction was only

23 £ 3 wt.% (p < 0.001), due to the dilution effect by the high CaCOs fraction.

3.2 Trace metal content and enrichment factors

Metals in sinking particles and in seafloor sediments are presented in Figs. S3 and S4.

EF in exported material. Enrichment of Zn (Zner) was detected in the material collected from all
sediment traps compared to reference pelagic clays (x6-39; Table 2), except at 1000 m at station 10.
Slightly elevated Feer was estimated at 1000 m at stations 5 and 12 (x1.5-1.8). No Mngr was detected
in traps, except at 200 m at station 10 (x7). Significant Nier (x3-7) were observed at 1000 m at station
12 and at 200 m at station 10. Cuer was measured only in the material collected at station 10 at 200 m
and station 12 at 1000 m (x18 and x2, respectively). LSier was estimated at 1000 m at all stations, up

to a factor of 14 (station 10).

Elemental excess in seafloor sediments. Several metals were in excess in the sampled sediments
relative to the composition of reference pelagic clays of the Pacific (Fig. 3). At all depths, sediments
showed marked Fexs, although significantly lower at station 8 (on average ~3 wt.% Fexs, p < 0.05)
than at stations located in the Lau Basin (up to ~5 wt.% Fexs). Significant Mnxs (~2-20 wt.%) and
Cuxs (~100-230 ppm) were detected in all sediments, with the highest excess measured at station 12
(p < 0.05). This station also had the unique characteristic of displaying Nixs (~100 ppm), Znxs (~10

ppm) and Pbxs (~20 ppm) while no excess was detected at the other stations (excluding small
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319  occasional Pbxs within the station 8 profile; up to 10 ppm). High LSixs were measured at stations 5

320  (~5wt.%) and 10 (up to ~7 wt.%).
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324 (c) lithogenic silica (LSixs), (d) zinc (Znxs), () nickel (Nixs), (f) copper (Cuxs) and (g) lead (Pbxs). Excess in major elements are represented in wt.% (Fe, Mn,
325  Si, Ca) and minor elements (Zn, Ni, Cu, Pb) in ppm.
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3.3 Grain size distribution of seafloor sediments

The smallest particle sizes, mainly between 2 and 16 um, were measured at station 8 (Fig. 4). Larger
particles were identified at stations 5 and 10, primarily between 30 and 110 pum. A wide range of

particle sizes was measured at station 12, mainly ranging from 1 to 310 um and up to 976 pum.

Volume (%)
w

0.1 1 10 100 1000
Grain size (um)

—e— Station 5 Station 10 Station 12 Station 8

Figure 4. Grain size distribution averaged for all sediment slices at each station. The distribution for each sediment
slice is shown in Figure S5.

3.4 Sedimentation rate of seafloor sediments

210ph and 2°Phys activities ranged from 11 to 290 mBq g* and from 1 to 259 mBq g%, respectively
(Fig. S6). Values of 21°Phys decreased exponentially with depth in the sediments cored at stations 5,
10 and 12, reaching negligible levels at about 6 to 10 cm, depending on the core considered. This was
not the case for the core from station 8, which still exhibited high ?°Pbxs in the 10-15 cm sediment
layer, associated with the highest ??Ra values measured in the studied cores (100-200 mBg™). Such
high ??°Ra activities may be related to hydrothermal enrichment. Indeed, it could be suspected that
below 3-5 cm, total 2°Pb activities correspond to a combination of ?:°Phxs and ?°Pb ingrowth from

Ra enrichment: the deepest ?°Pbxs activities are then not reliable to estimate the sedimentation
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accumulation rate. Other explanations for these patterns, such as bioturbation, were considered but
excluded as they differ from the ?°Pb and ?°Ra bioturbation profiles observed in previous studies
(Sakaguchi et al., 2011). For stations 5, 10 and 12, sediment accumulation rates ranged from 47 to 61
cm kyr! (Table 1). For station 8, considering only the first two levels of the profile, it was possible to

calculate a sedimentation rate of 58 cm kyr, close to those obtained at the other stations.

4 Discussion

Sediment traps have been a standard tool for measuring sinking particle fluxes for decades, but
uncertainties remain as to their collection efficiency (e.g., Baker et al., 2020; Buesseler et al., 2007; Butman,
1986; Gardner, 1980; Hargrave and Burns, 1979). In the present study, efforts were made to accurately

collect sinking particles as detailed in Text S1.

4.1 Non-vertical sinking of particles collected in the fixed sediment trap

The peaks of the different fractions composing the material were not simultaneously observed in the
traps deployed at 200 and 1000 m at the same site (Fig. 2), as usually occurs in similar studies (e.g.,
Guieu et al., 2005; McCave, 1975; Wefer and Fischer, 1993). The temporal shift of these peaks would
indicate that particles would be collected at 1000 m, 30 to 56 days after being collected at 200 m (see
relevant peaks in Figure S7). This observation suggests that while sinking toward the seafloor, the
particles were subject to horizontal transport, in view of the westward main current (Tilliette et al.,
2022). Thus, the collected particles sank progressively from the photic layer near the arc (0-150 m)
while being horizontally advected toward the location of the fixed mooring. The time lag between the
collection of particles at 200 and 1000 m is due to depth-dependent physical dynamics (faster current
velocity at surface and influence of mesoscale structures predominant in the sub-region; Rousselet et
al., 2018) as well as the travel time of the water masses, much faster at 200 m than at 1000 m. Indeed,
Lagrangian simulations through Ariane software showed that sinking particles originating from the

Tonga Arc require 61 and 103 days to reach the fixed trap site at 200 and 1000 m, respectively (Grima,
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pers. comm., 2022). This is consistent with the time lag between the observed peaks at 200 and 1000
m. This reasoning suggests that an important portion of the sinking material collected in the sediment
traps at station 12 would originate from the photic layer near the Tonga Arc, influenced by shallow
hydrothermal fluids, as discussed in Section 4.3. Nevertheless, the finding of a non-vertical sinking of
suspended particles highlights the importance of employing numerous precautions when interpreting
sediment trap data, especially when estimating POC transfer efficiency, which would then be

completely spurious in such a case.

4.2 Biogenic components of sinking particles and seafloor sediments during the austral
summer

4.2.1 Summary of production at studied stations during austral summer conditions
During the TONGA cruise in the austral summer (Bonnet, pers. comm., 2022), high rates of primary

production (PP) were estimated in the Lau Basin (up to 145 mmol C m? yr* at station 10; Table S3).
This production was largely supported by cyanobacteria (~70% of total chlorophyll-a), primarily
diazotrophs such as Trichodesmium that led to high N fixation rates (up to 2727 umol N m2 d* at
station 5). A significant contribution of coccolithophores was also estimated (~25%) while diatoms
and dinoflagellates represented less than 10% of total chlorophyll-a in the Lau Basin. In comparison,
PP and N fixation were much lower at station 8 (< 35 mmol C m? d*and 225 umol N m? d?,
respectively) and supported predominantly by non-diazotrophic cyanobacteria (Bonnet, Guieu et al.,

2023).

4.2.2 Calcium carbonate
The dominant source of CaCOs3 (mainly calcite) comes from a wide variety of pelagic organisms such

as coccolithophores and foraminifera (Morse et al., 2007). The high CaCO3 contents measured at all
stations in sediment traps during the austral summer were consistent with the high productivity of the
Lau Basin estimated at the same period (see section 4.2.1). Interestingly, more CaCOs3 was collected at

1000 m than at 200 m, certainly due to the fast sinking rates of CaCOs skeletons (Turner, 2002; Zhang
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etal., 2018; Ziveri et al., 2000). The high levels of CaCO3 measured in the seafloor sediments at station
12 suggest good preservation of the sinking material on the seafloor in agreement with values reported
in the literature from the region (Table 1; Zhang et al., 2022). The lower CaCOz3 preservation in the
seafloor sediments at station 8 can easily be explained by the seafloor depth (5326 m), far below the
calcite compensation depth (CCD; Fig. S8). Conversely, the seafloor at stations 5 and 10 (~2000 m),
located above the lysocline and therefore the CCD, cannot explain the observed patterns. As the Tonga
Arc harbors an intense hydrothermal activity (see section 1), its seafloor may be characterized by strong
physical and chemical gradients (temperature, oxygen levels, multiple forms of chemical energy) and
encompass a diverse range of habitats for microbial life (Karl, 1995). It would thus harbor enormous
biomasses and productivities relative to other regions of the deep ocean (Zierenberg et al., 2000), which

may explain the low CaCOz content of the sediments at stations 5 and 10.

4.2.3 Opal
Opal minerals originate from a wide variety of silica-skeleton organisms, primarily diatoms (Tréguer

et al., 1995). As expected from the low proportion of diatoms during the austral summer in the region
(see section 4.2.1), the opal fraction was the least abundant fraction in the sinking material during this
season. As for CaCOs, the larger quantity of opal collected at 1000 m than at 200 m can be explained
by the rapid fall rate of the opal skeletons (Bodungen et al., 2013; Turner, 2002). In comparison, the
greater proportion of opal found in the seafloor sediments may be explained by the higher preservation
efficiency of BSi relative to OM and CaCOs; degradation of these other fractions may therefore account
for the increasing opal proportion in sediments (Emerson and Hedges, 1988; Gersonde et al., 2005).
Furthermore, opal sinks at rates fast enough to contribute significantly to seafloor sediments, in contrast

to other biogenic fractions (Sarmiento and Gruber, 2006).
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4.2.4 Organic matter
The abundant proportion of OM collected in all traps during the austral summer can easily be linked

to the seasonal productivity of the Lau Basin, which hosts shallow hydrothermal sources driving a
~360,000 km? productivity hotspot, mainly supported by diazotrophs such as Trichodesmium (up to
84% of total export; Bonnet, Guieu et al., 2023). This large export matched well with the export of
lithogenic material, except during the austral winter period despite the high supply of lithogenic
material throughout the year. This may be linked to the thermal fitness of Trichodesmium, which only
grows at temperatures > 25 °C (Carpenter and Capone, 1992), reached in the Lau Basin between
September and April (Fig. 2f, h). Thus, the high amount of OM exported in the Lau Basin appears to
depend on lithogenic-derived nutrient inputs, suggesting that this material, most likely of hydrothermal
origin (Bonnet, Guieu et al., 2023; Tilliette et al., 2022), would drive the high diazotroph-mediated
production. As expected, only a minor proportion of OM was sequestered in the seafloor sediments,
this material being remineralized during its transport to the deep ocean (Boyd and Trull, 2007 and

reference therein).

Taken together, these data illustrate the high biological productivity previously reported in the Lau
Basin during the austral summer season and mainly supported by calcareous (i.e., CaCOs3) and
diazotrophic (i.e., OM) species (Bonnet, Guieu et al., 2023). These biological particles were intimately
linked to the influx of lithogenic material largely originating from the Tonga Arc, renowned for its
shallow hydrothermal activity (e.g., Massoth et al., 2007; Tilliette et al., 2022). This suggests that
surface production is closely linked to hydrothermal supply in the Lau Basin photic layer. To confirm
the implication of hydrothermalism in triggering the biological response, the origin of lithogenic

particles will be resolved in the subsequent section.

4.3 Characteristics of the metallic component in sinking particles and seafloor sediments
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4.3.1 Origin of trace metals in sinking particles and link with surface biology
Likely largely originating from the Tonga Arc area (see section 4.1), the lithogenic material collected

in sediment traps was highly enriched in several metals compared to reference pelagic clays. Given the
preponderance of shallow and deep hydrothermal sources in the Lau Basin (e.g., Anderson et al., 2021;
Baker et al., 2019; Beaulieu and Szafranski, 2020; Lupton et al., 2004; Massoth et al., 2007; Tilliette
et al., 2022) and the similar patterns of biological and lithogenic fractions during the austral summer

period, the question of the origin of this metal excess is of utmost interest.

Table 3. Average Bostrom indexes measured in sinking particles and seafloor sediments for each station.

Station Depth Bostrom index
- (m) mean sd
. 1000 50.6 0.4
Station 5 Seafloor 39.7 1.7
200 23.8 6.1
Station 10 1000 66.6 0.5
Seafloor 45.2 1.3
200 55.6 9.7
Station 12 1000 42.7 6.0
Seafloor 15.9 0.9
Station 8 Seafloor 37.8 1.0

Note. Indexes were measured as follows: 100X[Alcso/ (Aleo+Mncs+Fecm)] (Bostrom et al., 1969). The index for detrital
pelagic sediments is 66 (Kyte et al., 1993; Plank et al., 2007). An index below 45 reflects fallout from a dispersed
hydrothermal plume, having a high contribution of Fe-Mn oxides mixed with decreasing proportions of detrital
material as distance from the source decreases (Chavagnac et al., 2008; Dymond, 1981). An index below 15 reflects
near-vent sulfide debris (Mills et al., 1993). The set of index values in each trap cup and sediment slice is available

in the supplementary material (Table S4).

Hydrothermal material has a particular signature characterized by low Al content but rich in Fe and
Mn, as well as many other metals such as Cu, Zn, Ni and Pb (Bostrém et al., 1969; Bostrom and
Peterson, 1969; Cronan, 1972). However, particularities exist for these elements, as some of them, such
as Cu and especially Ni and Zn, decrease dramatically with distance from the source relative to Fe, due
to their rapid removal by sulfide-bearing phases (Trocine and Trefry, 1988). A convenient way to

discriminate material of hydrothermal origin is based on the Bostrom index using Alcf, Fect and Mncsy
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concentrations (Bostrom et al., 1969). Its value provides a clear indication of the material provenance:
a value close to 66 would indicate a clastic detrital sediment (Kyte et al., 1993; Plank et al., 2007) while
values < 45 would indicate a significant hydrothermal component (Chavagnac et al., 2005; Humphris
etal., 1995; Mills and Elderfield, 1995). The closer the value is to 0, the more hydrothermal the material
is and thus the closer the hydrothermal source (Dymond, 1981; Mills et al., 1993). In this study, indexes
with particular and diverse signatures were determined, suggesting a hydrothermal origin, remote or

not, of the lithogenic material collected at some of the stations studied (Table 3).
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Figure 5. Fec, Mncs and Alcr ternary diagrams for sinking material collected at (a) 200 m and (b) 1000 m and for
(c) seafloor sediments. Also shown for comparison are some reference materials such as basalt (Japan Basalt, GSJ;

Imai et al., 1995), reference pelagic clays (see Table 2), a hydrothermal vent solution (Li and Schoonmaker, 2003), a

26



468
469

470
471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

reference sedimentary material from the East Pacific Rise (EPR; Barrett et al., 2021; Nohara and Yokoto, 1978) and

a hydrothermal particle field (Edmonds and German, 2004).

4.3.1.1 Along the Tonga Arc (small scale)
Stations 5 and 10 are located along the Tonga Arc, which hosts a multitude of active hydrothermal

vents (e.g., Beaulieu and Szafranski, 2020; Lupton et al., 2004; Massoth et al., 2007). About 15 km
from the location of each of the drifting mooring lines, a shallow hydrothermal source was identified

during the TONGA cruise at ~300 m at station 10 and at ~200 m at station 5 (Tilliette et al., 2022).

Station 10. Station 10 revealed materials with distinctive signatures depending on sampling depth. At
200 m, the Bostrom index revealed a clear signature of a fairly close hydrothermal source with Fe-Mn-
rich lithogenic particles (Table 3, Fig. 5a), similar to metalliferous sediments sampled downstream of
the Rain hydrothermal vent on the Mid-Atlantic ridge (Cave et al., 2002). Such index is in agreement
with the identification, ~15 km away from the drifting mooring initial position, of a shallow source
exhibiting multiple acoustic anomalies and high DFe concentrations (Tilliette et al., 2022).
Consistently, Cuer, Zner and Nier were detected in the trap (Table 2). However, biological
(intracellular) inputs through OM must partly contribute to these high enrichments, since some metals,
notably Zn, are highly abundant in phytoplankton ([C106N16P1]1000F€11.9Zn1.27CU0.15; Ho et al., 2003;
Redfield et al., 1963; Zhang et al., 2018). Based on these elemental ratios, the contribution of the
biological fraction to Zner can be considered negligible (~3%). Nevertheless, all these arguments point
out to a hydrothermal origin of a large part of the lithogenic material collected at 200 m, which likely

triggered surface biological production at this station during the austral summer.

At 1000 m, a Bostrém index typical of conventional detrital material was measured (Table 3), although
the Al-Fe-Mn signature of the collected material seems to differ from that of the reference pelagic clays
(Fig. 5b). Yet, station 10 is located close to the Late’iki submarine volcano, which erupted a month

prior to the cruise. This surtseyan eruption created a new island, baptized New Late'iki, which eroded

27



492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

in just two months. This erosion released a large amount of volcanic material into the water column,
which was detectable until December 2020 (Plank et al., 2020). Accordingly, a large abundance of
basaltic glass, likely from this eruption, was collected in the 1000 m-trap deployed at this station (Fig.
6). Indeed, the angular shape of this volcanic material indicates its recent origin and freshness, since
remobilized volcanic particles would display more rounded angles. The detrital-like Bostrom index
can therefore be attributed to the predominance of volcanic-derived particles, a material reported as
Mn-poor but Fe and Al-rich (Fig. 5b; e.g., Almirdn et al., 2021; Fiantis et al., 2010; Leonelli et al.,
2007; Naji and Asi, 2008; Oskarasson, 2010; Razzhigaeva et al., 2009; Tchakoute Kouamo et al.,
2012). LSierat 1000 m provides further evidence, as this element has been reported to be enriched in
volcanic material relative to pelagic ones (Li and Schoonmaker, 2003; Sayles and Bischoff, 1973;
Bailey, 1993; Fiantis et al., 2010). Thus, a mixture of volcanic, hydrothermal and detrital material
probably prevailed at 1000 m. Given the large amount of material ejected following the Late’iki
eruption and the biological response to lithogenic inputs in the austral summer, it is interesting to
consider a possible co-fertilization of biology by both hydrothermal and volcanic processes. However,
such volcanic fertilization is unlikely as no volcanic signature was detected in the 200 m-trap (i.e., no
LSier) and recent studies in the region have demonstrated that volcanic material, particularly basaltic
glass, is poorly bioavailable and does not generate a significant biological response (Whiteside et al.,

2023, 2021).

28



510

511
512

513

514

515

516

o17

518

519

520

521

522

523

524

525

Figure 6. Scanning electron microscopy views of dry material from samples collected in the 1000 m-trap at station

10 where basaltic glass was recovered (magnification (a, b): x2,100 and (c): x12,000).

Station 5. The shallow hydrothermal source identified at ~200 m at station 5 during the TONGA cruise
was a very active site showing typical acoustic and chemical anomalies such as low pH, low O>
concentrations and high levels of DFe, DMn, CHa, CO; and HS (Tilliette et al., 2022). At 1000 m, the
moderate Bostrom index of the collected lithogenic particles likely reflected a mixture of (1)
hydrothermal material from shallow hydrothermal plumes (Tilliette et al., 2022), notably supported by
strong Feer and Zner (Table 2, Fig. 5b), (2) volcanic material from New Late’iki erosion, according to
the westward main current, supported by LSi and Al enrichments as well as Mn depletion (Fig. 5b,
Table 2) and (3) detrital material. Thus, the lithogenic material collected at 1000 m appears to have
both volcanic and hydrothermal origins. As volcanic material is poorly bioavailable (Whiteside et al.,
2023, 2021), it can be concluded that the large quantities of biological material collected during the
austral summer, in particular OM and CaCOg, result from the presence of a shallow hydrothermal
source along the Tonga Arc (Tilliette et al., 2022). This source released high amounts of lithogenic

material rich in numerous metals essential for phytoplankton growth, such as Fe, thereby sustaining
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significant biological productivity. However, as the 200 m-trap did not work (see section 2.1), its
deployment needs to be renewed to confirm that the hydrothermal material identified at 1000 m
originates exclusively from the near-surface source identified, or whether additional deeper sources

exist.

4.3.1.2 Along the Lau ridge (large scale)
Station 12 was positioned sufficiently far from the identified shallow hydrothermal sources on the

Tonga Arc to incorporate their effect on a regional scale. At 200 m, the lithogenic material collected
exhibited a rather high Bostrom index, but still lower than detrital material, reflecting the likely remote
impact of the shallow sources identified along the Tonga Arc (~200 km from station 12). These sources
supply low but still significant concentrations of metals up to the photic layer of the Lau Ridge,
particularly Fe (Fig. 5a), in line with the main westward current reflecting their impact on a regional
scale. The Bostrom index variability over the year suggests an important role of subsurface dynamics
in delivering lithogenic material up to station 12 (Table S4). Consistent with this distal hydrothermal
contribution, no Cuer and Nigr were detected in this trap. Similar to station 10, a small proportion of
the Zngr estimated at station 12 can be partially attributed to OM supplies (up to 2% biologically-
derived Zn, depending on the collection period). Thus, the lithogenic material collected at 200 m at
station 12 appears to have a hydrothermal origin, similarly to the stations along the Tonga Arc. This
observation suggests that hydrothermal inputs from the Tonga Arc into the photic layer can fertilize
surface biology on the scale of an entire ocean basin (i.e., from the Tonga Arc to the Lau Ridge — 200
km), as long as the optimal conditions for diazotroph growth (i.e., temperature), reached during the

austral summer period in the region, are satisfied.

The lower Bostrom index measured at 1000 m than at 200 m at station 12 reflects a greater influx of
hydrothermal material, especially Fe, from distal shallow and/or deep source(s) likely located along

the Tonga Arc (Fig. 5b, Table 3). A part of the lithogenic particles collected were also of volcanic
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origin, in view of the Mn depletions as well as Al, Fe and LSi enrichments, thus impacting the measured
index (i.e., increasing it). These LSier likely originated from the Late’iki eruption (mid-October 2019;
Plank et al., 2020) and the subsequent fast erosion of the newly created island (within two months post-
eruption), consistent with the main western current potentially carrying basaltic glass to station 12
(Tilliette et al., 2022). This hypothesis is supported by the travel time of particles from station 10 (about
15 km away from New Late’iki) to the fixed trap site at station 12 estimated to be about a hundred days
at 1000 m by the Ariane Lagrangian dispersion tool (Grima, pers. comm., 2022; see Section 4.1).
Indeed, no LSier was detected at 1000 m at station 12 about 150 days after the submarine volcano
eruption (x0.4 = 0.3 between March and October 2020), and about 70 days after the island
disappearance due to erosion, in agreement with the estimated dispersal times at 1000 m from the
Tonga Arc to the fixed mooring site. Thus, as for station 5, the lithogenic material collected at 1000 m
is derived from volcanism as well as from shallow and/or deep hydrothermalism. However, only
material of hydrothermal origin may explain the substantial biological production measured remotely

of the Tonga Arc during the austral summer period.

4.3.2 Origin of trace metals in sediments
Mirroring the material collected in sediment traps, the lithogenic material collected in the sediments

was highly enriched in metals. Given the intense hydrothermal and volcanic activity prevalent in the
region (see section 4.3.1 and references therein), it is important to question the potential origins of
these metal excesses, in particular to determine whether or not the sources feeding the sediments differ

from those feeding the water column.

4.3.2.1 In the Lau Basin
Station 10. In the sediments at station 10, a lower Bostrom index than that of material collected at 1000

m indicated the presence of a deep (> 1000 m), rather distal, hydrothermal source feeding the sediments

with high Fe, Cu and, to a lesser extent, Mn contents (Table 3, Figs. 3, 5¢). Indeed, although volcanic
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material (i.e., increasing the index) was also present within the sediments according to LSixs estimates,
the decrease of the index value seems to indicate additional hydrothermal input at depths > 1000 m.
The source(s) of these inputs appear(s) to be at a reasonable distance from the station, given the particle
size typical of distal transport (1-100 um; Feely et al., 1990, 1987; Lou et al., 2020). Consistently,
estimated sedimentation rates were 94-470 times higher than those of pelagic sediments (average 0.1-
0.5 mm kyr?; Li and Schoonmaker, 2003; Piper, 2005) and in the range of those measured in
hydrothermally-influenced areas accumulating to several cm kyr! (Cave, 2002; Cave et al., 2002;
Dutkiewicz et al., 2016; Mahiques et al., 2011). Such rates indicate a significant material flux, likely
from hydrothermal and volcanic origin. It is important to note that the recovery within the sediments
of the volcanic signature identified at 1000 m is not surprising, as this volcano is known for its recurrent
eruptions since the 18" century (Ewart et al., 1977), in line with L Sixs estimates at depths > 3 cm below

the seafloor (corresponding to the 18th century; see Table 1).

Station 5. The sediments at station 5 showed a medium Bostrom index, but lower than that estimated
in the material collected at 1000 m, possibly due to the additional distal impact of deeper sources (>
1500 m; Tilliette et al., 2022), feeding the sediments with high Fexs, Mnxs and Cuxs (Figs. 3, 5¢, Table
3). This distal hydrothermal origin was also supported by (1) the heterogeneous and large size of
particles, much larger than clays (< 3 um; Horn et al., 1970; Leinen, 1989) and typical of distal transport
(Feely et al., 1990, 1987; Lou et al., 2020; Ng et al., 2019), (2) the accumulation rates much higher
than those of pelagic clays (x116-580; Li and Schoonmaker, 2003; Piper, 2005) and finally (3) the
absence of Nixs and Znxs throughout the core (Fig. 3), these elements being lost near sources. The
presence of volcanic material (i.e., increasing the index value) is also strongly suspected in the
sediments of this station, in view of the estimated continuous LSixs (sampled core dating from the 19th
century to the present day according to accumulation rates, see Table 1) and the frequent eruptions of

the Late’iki volcano since the 18th century (Ewart et al., 1977).
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The very low Bostrom index of the sediments at Station 12 reflects a strong hydrothermal signature of
a likely near-vent field with material exhibiting high Fexs and Mnxs (Table 3, Figs. 3, 5c). Although
this result was unexpected, the presence of a nearby source at the seafloor of station 12 is supported by
the high accumulation rates (x122-610 relative to pelagic clays; Li and Schoonmaker, 2003), the
particle size distribution, with grain up to 976 um, typical of near-vent debris (Feely et al., 1990, 1987;
Lou et al., 2020; Ng et al., 2019) as well as the high Znxs, Nixs and Cuxs. Additional arguments in
favor of the presence of strong hydrothermal activity in the vicinity of this station would be (1) the
numerous reports of discolored waters and volcanic activity according to nautical charts of this area
(SHOM C, 6817, INT605), (2) many potential active volcanic structures (> 1000 m; GEBCO
Bathymetric Compilation Group, 2022), and (3) a mega-plume hypothesized within few kilometers of
the station (20°28” S, 178°31” W), near the Lau Ridge (Guieu et al., 2018). It should be noted that no
LSier was estimated in these sediments, revealing that the large particle sizes estimated in this study

originate solely from hydrothermal processes, consistent with the high Mn and low Al content.

4.3.2.2 In the South Pacific gyre
Station 8 is located east of the Tonga Arc and was initially cored as a deep-sea detrital reference.

However, the sediment index reveals a distal hydrothermal signature, as evidenced by high Fexs, Mnxs,
Cuxs and, to a lesser extent, Pbxs (Figs 3, 5), although the estimated elemental excess were lower than
in the Lau Basin. Consistent with these observations, the estimated sedimentation rates were 116-580
times higher than those of pelagic sediments (Li and Schoonmaker, 2003; Piper, 2005), indicating a
great material flux. It is possible that this material originated from the east, for example from the East
Pacific Rise and/or other nearby deep hydrothermal source(s) (Kipp et al., 2018; Resing et al., 2015),
although no DFe anomalies were detected in the deep waters at this station relative to DFe
concentrations in water masses feeding the gyre region, albeit possibly due to the high threshold

defined in that study (= 0.2 nmol L%; Tilliette et al., 2022). This hypothesis is supported by the particle
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size falling within the range of hydrothermal particles involved in long-distance transport (1-50 pm;
Feely et al., 1990, 1987; Lou et al., 2020). In addition, hydrothermal plumes have been reported to be
transported thousands of kilometers away from their source at the ridge axis (Resing et al., 2015) and
result in continuous fallout of metals over large distances (Lilley et al., 2013), possibly up to station 8.
Furthermore, Bostrom et al. (1969) also demonstrated the presence of sediments influenced by distal

hydrothermalism near this site.

4.3.2.3 Detrital component
As described in section 4.3.1, microscopic inspection of particles collected in sediment traps at 1000

m reveals the occurrence of a large abundance of basaltic glass, as evidenced by the sharp angle of
large-sized particles. Escrig et al. (2012) collected fresh volcanic glass along the latitudinal location of
the Fonualei Spreading Center (between -18° and -16°S) corresponding to an end-member of global
back-arc lavas in the Lau Basin. These volcanic glasses exhibit average (Fe/Mn) ratio and Si content
of 54 £ 5 and 25 * 1 wt.%, respectively. Here, we were able to determine the geochemical composition
of the detrital material based on geochemical features measured in the seafloor sediments. Following
the calculations presented in section 2.4.2, the average detrital fraction is characterized by (Fe/Mn)get
and Siget at 54 £ 3 and 22 + 5 wt.%, respectively. These chemical signatures are extremely similar to
those of the volcanic glasses analyzed by Escrig et al. (2012) as well as for trace metal such as Ni.
Nevertheless, the detrital fraction is 10 and 2 times more enriched in Pb and Zn, respectively. This
suggests that the hydrothermal contribution has been underestimated, as mentioned in section 2.4.2,
since hydrothermalism is the only explanation for such strong enrichments (Adams et al., 2006; Canion
and Landsberger, 2013; Taylor, 1964). Overall, the detrital fraction identified, observed and analyzed
here exhibits morphology and geochemical features that are consistent with a nearby volcanic origin

solely.

5 Conclusion
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In this study, deployment of sediment traps and coring of seafloor sediments allowed the identification
and characterization of biogenic and hydrothermally-derived particles along the Tonga Arc over large
spatio-temporal scales, from the Lau Ridge to the western border of the South Pacific gyre (along ~20
°S; Fig. 7). Consistent with the high biological productivity previously reported in the Lau Basin, large
quantities of biogenic material (organic matter, opal and calcium carbonate) were collected at 200 and
1000 m during the austral summer period. These particles were intimately related to the influx of
lithogenic material from the Tonga Arc, whose hydrothermal origin could be resolved through
numerous geochemical tracers (Al, Ca, Cu, Fe, Mn, Ni, Pb, Si, Zn). Such a result suggests that surface
production is tightly linked to hydrothermal supply within the Lau Basin photic layer. Seafloor
sediments from all stations also exhibited a metal-rich hydrothermal signature (Fe, Mn-rich, Al-
depleted), supported by their high accumulation rates as well as the coarse and heterogeneous size of
the sedimented particles, typical of hydrothermal oxide and/or sulfide debris. Thus, the sinking and
sedimented particles were primarily from shallow to deep hydrothermal sources identified along the
Tonga Arc. This set of evidence supports a major influence of hydrothermal sources and refutes the

island effect often considered in this region.

Shallow and/or deep hydrothermal sources impacted the composition of sinking and sedimented
particles at all stations sampled in the Lau Basin. The effect of the sources on the particle signature
depended on their distance from the sampled site. The signature of hydrothermal material was
pronounced in the sediment traps deployed at stations 5 and 10 (~15 km from the arc and identified
shallow sources). It was also revealed but to a lesser extent at station 12, located near the Lau Ridge
(~200 km from the arc), and was primarily reflected through Fe enrichments in the water column both
at the surface (200 m) and at depth (1000 m). At all stations, besides the impact of hydrothermalism, a
volcanic signature (Fe, LSi, Al-rich, Mn-depleted) was identified in the particles collected in the

deepest sediment trap. This abundant volcanic material probably originated from the recent eruption
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of the Late’iki submarine volcano and the subsequent fast erosion of the newly created island, as
confirmed through the observation of basaltic glass in the 1000 m-trap at station 10. Surprisingly, the
seafloor at station 12 reflects a deep hydrothermal activity, as evidenced by the typical signature of
sulfide debris found near hydrothermal vents and the large and heterogeneous particle size. At the
South Pacific gyre deep-sea reference site, the Al-Fe-Mn tracing in the seafloor sediments detected the
distal impact of a deep hydrothermal source, likely present along the East Pacific Rise.

New Late’iki

10

Drtfieing-tsap Shallow hydrothermal source

Phytoplankton bloom

19°8

Late’iki volcano

A

Probable hydrothermal source \

Large sulfide debris

Near-vent sediments

Distal hydrothermal sediments
179 °W 164 °W
Figure 7. Summary diagram of the main results of the present study. These include (1) the non-vertical sinking of
particles; (2) the impact of shallow hydrothermal plumes on all sediment traps in the Lau Basin; (3) the impact of
volcanic material from the Late’iki volcano eruption on the deep traps deployed at stations 5, 10 and 12; (4) the impact
of shallow and deep hydrothermalism, along with submarine volcanism, on seafloor sediments; (5) the impact of a
distal hydrothermal source on the sediments at the deep-sea reference site; and (6) the impact of the potential deep
hydrothermal source deduced near station 12. Note that no sample could be collected from the 200 m-trap deployed
at station 5 (shaded) due to a PPS-5 malfunction. The days shown on the 200 and 1000 m lines indicate the travel

time of particles from the Tonga Arc to the fixed trap site at these depths.
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All these data lead to the conclusion that a myriad of shallow and deep hydrothermal sources, located
along the Tonga Arc, fertilize the entire Lau Basin with numerous elements, including Fe, triggering
significant POC production during the austral summer period, when the temperature conditions
required for the diazotroph development are fulfilled. These hydrothermal sources, along with
submarine volcanism, have a significant impact on the biogeochemistry of the Lau Basin, at very large
spatial (from the Tonga Arc to the Lau Ridge) and temporal (from seasonal to centennial time scales
in seafloor sediments) scales. This study also illustrates the importance of employing considerable care
in interpreting sediment trap data, as these are certainly influenced by physical dynamics, thus greatly

affecting the vertical sinking of collected particles.

Future research is needed to probe the seafloor near station 12 for acoustic and chemical anomalies to
identify the hydrothermal source(s) responsible for the presence of large, metal-rich sedimented
particles. Finally, molecular analyses could be interesting to characterize the different bacteria and/or
archaea present in the water-sediment interface and to draw conclusions on the low CaCOs preservation

observed in the seafloor sediments along the Tonga Arc.
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