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Hydrother mal venting along mid-ocean ridges exerts an important control on the chemical
composition of seawater by serving asa major source or sink for a number of trace
elementsin the ocean' . Among these, iron hasreceived considerable attention because of
itsrole as an essential and often limiting nutrient for primary production in regions of the
ocean that are of critical significance for the global carbon cycle’. It was thought that most
of the dissolved iron dischar ged by hydrothermal ventsislost from solution closeto ridge-
axis sour ces™ and of limited importance for ocean biogeochemistry®. Thislong-standing
view is challenged by recent studiesthat suggest that stabilization of hydrother mal
dissolved iron may facilitate its long-range oceanic transport’ '°. Such transport has been
subsequently inferred from spatially limited oceanographic observations'' . Here we
report data from the U.S. GEOTRACES Eastern Pacific Zonal Transect (EPZT) that
unequivocally demonstrate lateral transport of hydrothermal dissolved iron, manganese,
and aluminium from the southern East Pacific Rise (SEPR) mor e than 4000 km westward
across the South Pacific Ocean. Dissolved iron exhibits unexpected conservative behaviour
in this hydrothermal plume, implying a greater longevity in the deep ocean than previously
assumed®'*. Based on our observations, we estimate a global hydrothermal dissolved iron
input of 3-4 Gmol y™ to the ocean interior, which is more than four-fold higher than
previous estimates”'"'*. Complementary simulations with a global-scale ocean
biogeochemical model suggest that the observed transport of hydrother mal dissolved iron
requires some means of physicochemical stabilization and indicate that hydrothermally

derived iron sustains a significant fraction of Southern Ocean export production.
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Hydrothermal fluids are enriched in iron (Fe) and manganese (Mn) by more than 10° relative
to ambient deep ocean concentrations', and corresponding gross hydrothermal fluxes to the
oceans are likely greater than those from global riverine inputs’. However, it has been well-
documented that most of the hydrothermal Fe is lost from the dissolved phase in the vicinity of
ridge-axis vents, where hot (~350°C), acidic, anoxic hydrothermal fluids ascend and mix with
cold, alkaline, oxic seawater, resulting in the formation of Fe-sulphides and/or Fe-
oxyhydroxides™, which are subsequently lost from solution due to settling and scavenging. As a
result of these removal processes, it has been widely assumed that seafloor hydrothermal
emissions are not a major source of dissolved Fe (DFe) to the ocean®. In contrast, dissolved Mn
(DMn) is oxidized more slowly than DFe in seawater, and hydrothermal DMn anomalies have

been observed as far as 2000 km from ridge-axis sources'".

A number of recent studies have demonstrated that DFe can be stabilized against
precipitation, aggregation, and scavenging losses from seawater by several different physico-
chemical mechanisms’ '’. Such findings imply that hydrothermal activity could exert an
important influence on the oceanic DFe inventory; however, comprehensive observational data
on the persistence and fate of hydrothermal Fe are needed to evaluate this hypothesis. Although
several recent studies have inferred the transport of hydrothermal DFe over distances of

11-13

16.17 . . . . .
hundreds ™"’ to thousands of kilometers ~ °, those conclusions remain equivocal, owing to

limited sampling coverage' " and assumptions regarding corresponding distributions of the

hydrothermal tracer helium-3 (He)'1316,

Here we present data for samples collected from 35 hydrographic stations between Manta,
Ecuador, and Papeete, Tahiti, during the Eastern Pacific Zonal Transect (EPZT; U.S.

GEOTRACES cruise GP16; Fig. 1). This expedition focused attention on the Peru upwelling
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region and the superfast-spreading southern East Pacific Rise (SEPR), one of the most
volcanically active areas on Earth and the source of a well-documented plume of hydrothermal
He that extends west across the deep South Pacific Ocean'®. The data from this cruise reveal
pronounced gradients in DFe, DMn, dissolved aluminium (DAl), and excess-"He (*Heys)
concentrations along the ~8000 km cruise transect (Fig. 2). The most striking feature, and the
main focus of this communication, is a vast, mid-depth plume of elevated DFe and DMn that
extends over an unprecedented distance of more than 4000 km to the west of the SEPR. This

plume is carried by the westward flowing mid-depth circulation'®

, and is clearly defined by
anomalous concentrations of the hydrothermal tracer *Heys (Fig. 2). The distance over which DFe
and DMn are transported from the SEPR is substantially greater than that observed in plumes
identified from basin-scale sections across the Atlantic, Indian, Arctic, and Southern

oceans' '®!7*1"2  Also notable are the elevated DAl concentrations that extend more than 3000
km west of the SEPR; DAI enrichments of this magnitude and extent have not been previously
reported for hydrothermal plumes in the Pacific, Arctic, Southern, or Indian oceans'>*'****%°
(see also: GEOTRACES Intermediate Data Product, 2014). Given the differences in
geochemical behaviour between Fe and Mn, it is surprising that the lateral extent of the
hydrothermal DFe anomaly exceeds that of DMn: inventories of hydrothermal DFe and DMn
(DFe and DMn minus background) at station 32 are ~11% and ~4%, respectively, of those at
station 20 (see Fig. 1). Our data set unequivocally documents the long-range transport of
hydrothermal DFe from the SEPR, thus confirming the tentative conclusions drawn from limited

. 1113
previous observations .

Directly over the SEPR at Station 18, DFe in the ‘near field’” hydrothermal plume is only ~20%

of total dissolvable Fe (an approximate measure of total hydrothermal Fe), and Fe(Il)



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

concentrations are near background. This suggests rapid oxidation and loss of hydrothermal Fe
from the dissolved phase close to the ridge axis, consistent with previous observations from the
SEPR’. In contrast, from the first off-axis station (Station 20) continuing west across the basin as
far as Station 36, DFe concentrations are linearly correlated with *Hey, within the plume (Fig. 3a,
b and Extended Data Fig. 1), indicating nearly conservative dilution of the hydrothermal DFe
over a distance of ~4300 km. Such behaviour is completely unexpected, given the known
propensity for the oxidation, aggregation, and scavenging of DFe from seawater™*”.
Accordingly, our observations imply that hydrothermal DFe in the plume is somehow stabilized
against loss from solution, perhaps as a result of complexation by dissolved organic ligands”*, or

by incorporation in inorganic or organic nanoparticles that reside within the dissolved (<0.2 um)

size fraction”'?.

The relationship between DMn and *Heys in the plume (Fig. 3¢, d) indicates that hydrothermal
Mn is removed from the dissolved phase until it reaches Station 21, beyond which the residual
hydrothermal DMn, like DFe, behaves conservatively with respect to *Heys. DAl over the ridge
crest is enriched by as much as 12 nM over mid-depth concentrations to the east of the SEPR.
This is comparable to enrichments in hydrothermal plumes over the Mid-Atlantic Ridge ****°,
where Al-rich plumes are spatially restricted to the deep axial valley and are thought to reflect
the entrainment of Al-rich waters by rising hydrothermal fluids during plume formation®. In
contrast, the SEPR has no significant axial valley, and the DAI plume extends far from the ridge
crest, suggesting a more significant source of DAl along the SEPR. DAI concentrations >100
nM have been reported in unusually acidic hydrothermal plumes that may be associated with

seafloor eruptive activity”’, and the SEPR between 14°S and 19°S is a particularly active locus

of seafloor volcanism, with hydrothermal and eruptive activity being more intense than along
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most other ridge sections worldwide™®. This suggests eruptive activity is one possible source of

the SEPR DAI plume.

We assess the importance of physicochemical stabilization to the long-range transport of
hydrothermal DFe using numerical simulations of DFe and *He,s within a global-scale ocean
biogeochemical model that includes explicit cycling of DFe-binding ligands (see Methods). The
model represents the input of *He as a function of ridge spreading rate and simulates
hydrothermal Fe efflux via a fixed Fe:*He ratio based on a global compilation of hydrothermal
fluids'. Although there is reasonable qualitative agreement with our *He, data (Extended Data
Fig. 2), the sluggish deep ocean circulation typical of relatively coarse-resolution global models
restricts the overall westward transport of the hydrothermal anomaly (a feature that has proven a

challenge to measure and model'**°

). Even allowing for this insufficient abyssal propagation,
DFe concentrations and their relation to *Hey decrease rapidly to the west of the ridge crest due
to scavenging when only hydrothermal Fe input is considered (Fig. 4a, b and Extended Data Fig.
3a); a tenfold increase in Fe input results in no improvement in the agreement with observations
(Fig. 4a, b and Extended Data Fig. 3b). In contrast, when DFe-stabilizing ‘ligands’ from vent
fluids or from processes occurring within the plume are added in an equimolar ratio with
hydrothermal DFe, significant westward propagation of the DFe plume is achieved and the
model is better able to reproduce both the plume extent and relationship between DFe and *Hey,
(Fig. 4a, b and Extended Data Fig. 3c-e). Adding tenfold more ligands, or tenfold more ligands
and tenfold more hydrothermal Fe increases the plume extent still farther (note logarithmic scale
in Fig. 4a,b). Importantly, including a hydrothermal supply of ligands also improves the degree

to which the model can reproduce the global distributions of DFe in the abyssal ocean (Extended

Data Table 1). A similar result would be expected for the formation of relatively unreactive Fe
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10 thus the DFe-stabilizing ‘ligands’ could involve

nanoparticles within the near-field plume
organic or inorganic moieties. These process-based model experiments indicate that the total
input of hydrothermal Fe regulates the magnitude of the DFe plume near the ridge crest, whereas

the stabilization of DFe against loss from solution governs its persistence and transport in the

deep ocean.

Although recent global-scale models of the ocean Fe cycle suggest significant hydrothermal
contributions to the deep-ocean DFe inventory'®, our data indicate that this previous work
substantially underestimated the far-field influence of hydrothermal DFe emissions. The linear
relationship between DFe and *He, concentrations in the plume west of the SEPR has a slope of
7.5+ 0.8 x 10° mol mol™ (s.d. of slope based on simple linear regression; Fig. 3b),, which falls
roughly midway between values estimated for hydrothermal plumes in the western South Pacific,

the Southern Ocean, and the South Atlantic'"'*!¢

. If this relationship is representative of steady-
state mid-ocean ridge hydrothermal inputs to the ocean, then the estimated global hydrothermal
*He efflux of 530 mol y' ®” yields an “effective’ hydrothermal DFe input of ~4 + 1 Gmol y”' to
the ocean interior, which is at least fourfold higher than previous estimates’'"*'*. This
hydrothermal DFe is ultimately supplied to the iron-deficient surface waters of the Southern
Ocean, where it supports ~15-30% of the modelled export production south of the Polar Front
(Fig. 4c). The impact of hydrothermal Fe on export production is driven by both its gross flux
and processes that govern its stabilization (Extended Data Fig. 4). Thus, the ultimate impacts of
hydrothermal activity on the biogeochemical cycle of Fe in the ocean may depend as much on

the processes that control the longevity of hydrothermal DFe plumes as on the magnitude of the

hydrothermal DFe emissions, on which prior studies have largely focused.
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Figurel. Cruisetrack and station locations. The U.S. GEOTRACES Eastern Pacific Zonal
Transect cruise (GEOTRACES GP16) was undertaken on R/V Thomas G. Thompson cruise 303
from 25 October to 20 December 2013. Station locations are shown as yellow circles with station

numbers in white. Station 18 is located over the crest of the East Pacific Rise.

Figure 2. Interpolated zonal concentration for GEOTRACES Eastern Pacific Zonal
Transect cruise. a, Dissolved iron (DFe). b, Dissolved manganese (DMn). ¢, Dissolved
aluminium (DALI). d, Excess helium-3 (‘He,). Station numbers and distance west of East Pacific

Rise are indicated on uppermost panel.

Figure 3. Relationship between dissolved trace metals and *He west of SEPR. a, Dissolved
iron (DFe) vs excess helium-3 (*Hey,) at 2500m depth. b, DFe vs *Hey, integrated over 2200-
2800 m depth except at Station 18, where the maximum depth was 2640 m. c, Dissolved
manganese (DMn) vs>Hey, at 2500 m depth. d, DMn vs *He,, integrated as in b. Error bars are 2
X the relative standard deviation of a given analysis as reported in the Methods. Error bars are
absent where the symbol size exceeds the error estimate. Lines represent the slope of a simple
linear regression analysis of the data. Discrete and integrated *He,s concentrations are lower at
Station 18 relative to stations west of the ridge; this difference is reduced for integrations
between 2200 and 2640 m depth (Extended Data Figure 1a). The relatively low *Heys
concentrations at Station 18 (~15°S) suggest that the off-axis plume (Stations 20-36) is primarily
derived from vent fields located farther south (~17°S-18.5°S) along the SEPR**® with
hydrothermal and eruptive effluent being homogenized and transported north and west*® by

along- and off-axis transport processeszo’3 0,
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Figure 4. Results of biogeochemical model smulations. Model simulation results centred at
2530 m depth (average of two depth bins spanning 2060—-3010 m; coloured lines) are shown in
panels a and b. a, DFe from model results compared to measured DFe concentrations (crosses)
between 2200 and 2800 m to the west of the ridge axis. b, DFe versus excess helium-3 from
model simulations compared to measured values (diamonds) at 2500 m depth. For panels a and b
the individual model simulations were run for 75 years and are identified as follows: Orange
dashed line is model solution using base hydrothermal Fe flux (1 X Fe); Red dashed line is for

10 x base hydrothermal Fe flux (10 X Fe); Cyan line is base hydrothermal Fe flux with equimolar
flux of ligands (1 X Fe + 1 X ligands); Dark blue line is for base hydrothermal Fe flux with 10 x
greater ligand flux (1 X Fe + 10 Xxligands); Green line is for 10 X base Fe flux with equimolar
flux of ligands (10 X Fe + 10 X ligands). ¢, Percent of annual export production due to
hydrothermal Fe based on a 500-year model simulation employing base hydrothermal Fe flux
with equimolar ligand flux (1 X Fe + 1 X ligands) relative to a model solution with no
hydrothermal Fe or ligand flux. Lower export production in the subtropical oceans is caused by

decreased preformed macronutrients in the mode waters.
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METHODS

Sample collection and processing. Water column samples for trace metal analyses were
obtained using 24 modified 12 L GO-FLO bottles (General Oceanics) mounted on a trace-metal
clean conductivity-temperature-depth (CTD) carousel (SeaBird) that was deployed on a Kevlar
conducting cable *'. Upon recovery, the GO-FLO samplers were brought into a shipboard Class-
100 clean laboratory container for sub-sampling. For filtered samples, the samplers were
pressurized to 10 psi using filtered, compressed air, and the seawater samples were filtered
through pre-cleaned 0.2 um Acropak Supor capsule filters (Pall) using rigorous trace-metal clean
protocols’'. The Eastern Pacific Zonal Transect (EPZT) occupied 35 sampling stations along
more than 8000 km of cruise track. At 17 stations denoted as 'full' or 'super' stations, 37 samples
were collected between the surface and the seafloor; at one additional station (Station 34), 25
samples were collected over the upper 3000 m of the water column. At 13 stations denoted
'demi’ stations, 13 samples were collected in the upper 1000 m; and at 4 stations over the
continental shelf, 7-24 samples were collected between the surface and seafloor. For dissolved
manganese and aluminum (DMn and DAI), 876 samples were collected from all stations and
depths. The 0.2 pm filtered subsamples were stored in 100 mL low density polyethylene (LDPE)
bottles (Bel-Art) with LDPE caps and were acidified to pH ~1.7 with 12 N ultrapure
hydrochloric acid (Fisher Optima). For dissolved iron (DFe), 760 samples were collected at the
full and super stations, with 0.2 um filtered subsamples stored in 125 mL LDPE bottles with
polypropylene caps (Nalgene) and acidified to pH ~1.7 with a 6 N solution of ultrapure
hydrochloric acid (Fisher Optima). Unfiltered seawater samples for the analysis of total-
dissolvable iron and manganese (TDFe and TDMn) were collected at all full stations west of

109°W from the 24 deepest samples. These samples were collected in 125 mL LDPE bottles
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with polypropylene caps (Nalgene) and acidified to pH ~1.7 with 12 N ultrapure hydrochloric
acid (Fisher Optima), then stored for > 4 months prior to analysis. Sample collection for iron(II)
(Fe(Il)) analysis was identical to that for total dissolved metals, with the exception that the
seawater samples were drawn into acid-washed 50 mL AirTite™ All-Plastic Norm-Ject™
Syringes (Fisher Scientific) in the GEOTRACES sampling van to exclude oxygen
contamination. These samples were stored on ice and in darkness to slow oxidation prior to
analysis. Comparison with samples where Fe(II) was stabilized using 3-(N-
morpholino)propansulfonic acid buffer ** indicated that Fe(I) was effectively preserved using the
syringe protocol. Independent measurements of DFe indicated no detectable contamination from
the syringes. Seawater samples for dissolved helium analysis (~45 g each) were drawn from the
standard rosette (12-position, 30 L Niskin-type bottles) using Tygon tubing connected to lengths

of 5/8" soft copper refrigeration tubing. Sample tubes were then hydraulically crimp-sealed™.

Analytical methods. DFe was determined at sea or at Old Dominion University by flow
injection analysis with in-line pre-concentration on resin-immobilized 8-hydroxyquinoline and

3435 using a method modified from Measures et al. *°. For the lowest

colorimetric detection
concentration samples from each analysis, and the SAFe S reference seawater, the method of
standard additions was used; all other samples were quantified using a standard curve obtained
by addition of Fe standard solution to low-iron seawater. For the cruise period, we determined
the following DFe concentrations for the SAFe seawater reference materials: 0.126 + 0.023 nM
(n =4) for SAFe seawater reference material S, and 1.26 + 0.20 nM (n = 10) for SAFe seawater
reference material D2. These values compare well with community consensus concentrations of

0.095 £ 0.008 nM and 0.955 + 0.024 nM, respectively. In an effort to correct for day-to-day

variations in analytical accuracy, all daily analyses included the GEOTRACES GSP seawater
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reference material, for which there is currently no consensus DFe concentration; all daily sample
determinations were corrected using the difference between each day's measured GSP
concentration and the overall cruise average DFe concentration for the GSP seawater (0.34 +
0.07,n =27). The analytical limit of detection is estimated as the DFe concentration equivalent
to a peak area that is 3 times the standard deviation on the ‘zero-loading blank’ (‘manifold
blank”), from which we estimate a detection limit of less than 0.04 nM***’. Blank contributions
from the ammonium acetate sample buffer solution (added on-line during analysis) and
hydrochloric acid (added after collection) are negligible (i.e., too low to quantify). Robust
estimates of analytical precision are derived from multiple separate determinations of the SAFe
seawater reference materials, which yield analytical uncertainties (expressed as one relative
sample standard deviation on the mean) of ~15% at the concentration level of SAFe S (~0.1 nM)
and ~10% at the concentration level of SAFe D2 (~1 nM). For high Fe (> 5 nM) samples, TDFe
and DFe were determined by modifying the flow injection method to include a sample loop,
rather than a pre-concentration column, and by using deionized water acidified to pH ~1.7 as a
carrier in place of the acid eluent. This modified flow injection method had an analytical
precision of + 4% or + 1.5 nM (whichever is greater). Suitable seawater reference materials

were not available for these analyses.

DMn was determined at sea by flow injection analysis with in-line pre-concentration on resin-
immobilized 8-hydroxyquinoline and colorimetric detection®®. Daily precision of analysis was +
0.01 nM (one standard deviation) or 3.8%, whichever is larger, based on the reproducibility of
analytical and internal standards. A conservative estimate of the limit of detection is 0.03 nM
based on 3 times the daily precision of analysis, which is consistent with previous work™®. Two

internal reference standards were run over the 57 days of the cruise, with DMn concentrations of
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0.42 +0.036 nM (+ 8.4%; n=102) and 0.31 £ 0.041 nM (+ 13%, n = 69), respectively. The
SAFe reference samples were analyzed simultaneously during sample analysis with the
following results: for SAFe S, 0.85 + 0.026 nM (n = 27; consensus value = 0.79 + 0.06 nM); for
SAFe D2, 0.40 + 0.028 nM (n = 22; consensus value = 0.35 &+ 0.05); and for SAFe D1, 0.36 &+
0.026 nM (n = 31; no consensus value). Analytical Uncertainty is expressed as + one standard

deviation.

DAI was determined at sea by flow injection analysis with in-line pre-concentration and
fluorimetric detection®”. Method modifications included replacing resin-immobilized 8-
hydroxyquinoline with Toyopearl AF-Chelate 650M, and using acidified de-ionized water as the
carrier instead of acidified seawater. Daily precision for repeat analysis of internal and primary
standards was + 0.1 nM or 4.2%, whichever is larger. Two internal reference standards were run
during the cruise, with DAI concentrations of 1.76 + 0.25 nM (+ 14%; n=101) and 1.98 = 0.07
nM (£ 3.4%; n = 75), respectively. The SAFe reference samples were analyzed simultaneously
during sample analysis; for SAFe S, 2.38 + 0.14 nM (n = 26; consensus value = 1.74 £ 0.09 nM);
for SAFe D2, 1.63 £ 0.13 nM (n = 26; consensus value 1.04 + 0.1 nM); and for SAFe DI, 1.26 +
0.11 nM (n = 32; consensus value = 0.64 nM). The least squares best fit between our shipboard
determinations (DAI) and the SAFe consensus values is (DAL) is: DAL = 1.02 DAl + 0.59 nM
(r*=0.99). Analytical Uncertainty is expressed as + one standard deviation. In the past, our
laboratory has produced DAl determinations that were statistically indistinguishable from the
SAFe consensus concentrations, suggesting that our shipboard analytical method includes a
consistent, unidentified blank equivalent to ~0.6 nM DAI. Our estimated limit of detection of
0.3 nM based on daily precision estimates is low and might more conservatively be estimated to

be > 0.6 nM. The anomalously high DAI concentrations (3.7-29.5 nM) determined in samples
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collected from 20-150 m depth at stations near 109°W and 113°W are not readily explained by
ancillary chemical and physical data from the cruise, although there is no apparent reason to

suspect that these few samples were contaminated during collection, processing, or analysis.

Fe(II) was determined at sea using an automated flow injection analysis system (FeLume I,
Waterville Analytical) employing a luminol chemiluminescence detection system **“°. The
FeLume system was fitted with a standard quartz flow cell and a Hamamatsu HC135 photon
counter configured with the following settings: pump speed of 15 revolutions per minute; photon
counter integration time of 200 ms; load time of 20 s. The mean of the last 50 data points was
used to determine the signal. Detection limits were determined for surface samples where
ferrous iron was negligible based on a standard 3¢ evaluation of the baseline signal ***°. This

yielded an estimated detection limit of 14 pmol L™

Helium was determined ashore after gases from the samples were quantitatively extracted under
a vacuum into liquid-nitrogen chilled ~25 mL aluminosilicate glass flasks and sealed prior to
analysis. Sample processing on the mass spectrometer system included purification over SAES
getters to remove reactive gases and use of cryogenics to separate the noble gases*' *. Sample
integrity was evaluated using noble gas abundances (not reported here), and determined by
quadrupole mass spectrometer with an accuracy of 0.1-0.5%, depending on the gas. The helium
abundance and isotope ratio ("He/*He) were determined using a branch-tube magnetic sector
mass spectrometer to an accuracy of 0.15% or better as determined by reproducibility of
standards and duplicate samples. The isotope ratio was referenced to an atmospheric standard.
Excess *He (*Heys) is computed as an approximate measure of the non-atmospheric *He over

saturation:
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*Heys = (8°He - 8**He)/100 x C[He] x 1.384 x 10

Where 8°He = 100 x (Ry/Ry - 1) X 100%, Ry and R, are the SHe/*He ratios of the sample and air
(1.384 x 10°®), respectively. 8*'He is the helium isotope ratio anomaly in solubility equilibrium
with the atmosphere, which is a weak function of temperature** and is ~ -1.8% for the data used
here. The precision of 3Hexs is 0.5% measurements was 1 fM. The precision of 3HeXS is more than
tenfold better than that of either DFe or DMn allowing the use of a Type I linear regression when

comparing DFe and DMn to 3Hexs.
Details of the PISCES biogeochemical model.

The model employed in this study is currently the only global-scale version that considers
hydrothermal input of iron and a dynamic representation of iron-binding ligands®. The PISCES

model***

is a relatively complex ocean general circulation and biogeochemistry model that
includes two phytoplankton groups, two zooplankton grazers, five limiting nutrients (nitrate,
phosphate, silicic acid, ammonium, and Fe) and two size classes of organic carbon particles,
calcium carbonate and biogenic silica, which sink and are remineralized differentially. DFe is
supplied to the ocean from dust, sediments, rivers, and hydrothermal vents*’ and is ultimately
lost to the sediments. The DFe is subjected to scavenging/coagulation losses, which produce two
size classes of particulate iron. The scavenging rate is computed in the model by calculating the
amount of ‘free’ uncomplexed DFe (assuming a dynamic ligand concentration and conditional
stability) and the resulting net rate of scavenging depends on the concentrations of each particle
species. We also account for the loss of organically-complexed colloidal iron via coagulation

processes and consider contributions from turbulent and Brownian components. The colloidal

fraction of DFe is calculated as a function of temperature, salinity, and pH***. Ligand dynamics
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are represented assuming sources from phytoplankton or zooplankton exudation and organic
matter degradation, and sinks associated with photochemical degradation, colloidal coagulation,
and variable bacterial consumption, all on a reactivity continuum®’. The ligand stability constants
vary according to: pKFe'L=17.27-1565.7/TK where TK is absolute temperature leading to
pKFe'L of 11.5at 0 °C and 11.9 at 20 oc®, Phytoplankton DFe uptake is computed using a quota
model, with overall growth limitation accounting for the iron demand associated with
photosynthesis, respiration, and nitrate uptake . PISCES is coupled to the three dimensional
ocean general circulation model NEMO, which has a spatial resolution of 2° of longitude, 2 X
cos(latitude) that is enhanced to 0.5° at the equator, and 31 vertical levels, with the first 10 levels
in the upper 100 m. Hydrothermal transport was mostly observed over vertical levels 25
(centered 2290 m, depth range 2050 to 2530 m) and 26 (centered at 2770 m, depth range 2530 to

3010 m), which were used in Figs. 4a and 4b.

For this study we conducted a range of different simulations with PISCES aimed at addressing
the processes responsible for the longevity of the observed hydrothermal DFe plume and their
potential impact on the carbon cycle. The standard input flux of iron from the mid ocean ridge
was calculated based on iron to helium-3 ratios in hydrothermal fluids and spreading rate'*; note
the flux is not based on the dissolved Fe flux calculated here. First, we conducted a set of
experimental simulations over 75 years outlined in Fig. 4 to examine the plume extent. To assess
the large-scale impact of hydrothermal Fe and ‘hydrothermal ligands’ on ocean biogeochemistry
and productivity, we extended the run with the standard addition of hydrothermal DFe with
ligands in a 1:1 molar ratio (1 X Fe + 1 X ligands) over a period of 500 years and compared that
to a 500-year model run in which no hydrothermal Fe or ligands were added. After 500 years, the

yearly change in biogeochemical tracers was negligible. In the model, ligands decay with time
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(microbial decay). As a result, the addition of hydrothermal ligands does not lead to their
unrealistic accumulation in the ocean, with the main anomaly decaying rapidly from the ridge
crest (Extended Data Fig. 5). Overall, the addition of hydrothermal ligands in the 'l X Fe + 1 X
ligands' and 'l X Fe + 10 X ligands' experiments increases the total ligand inventory from 1.18 X
10” to 1.35 x 10°mol. To isolate the effect of hydrothermal ligand supply, we conducted a
simulation that added only hydrothermal ligands without hydrothermal DFe and compared it to
an experiment in which no ligands were added (Extended Data Fig. 5). This experiment is likely
not representative of the real ocean, because ligands that might be produced at or near
hydrothermal vents would be saturated with the DFe supplied by hydrothermal vents. As a
consequence this experiment releases ligands into the ocean with an extremely high capacity to
complex DFe from other sources. In this extreme hypothetical case where unsaturated
hydrothermal ligands are able to bind DFe from other sources, only a small (~5%) increase in

export production in the Southern Ocean is observed.

We have conducted a statistical analysis of the model against the most recent compilation of DFe
averaged onto the World Ocean Atlas grid. We note that it is challenging to quantitatively
evaluate global-scale iron models as we are obliged to compare to localized point measurements
rather than having an objective climatology such as those available for macronutrients (e.g.,
World Ocean Atlas). Both the model and the observations were gridded onto 1° X 1° grid with 33
vertical levels. After log transforming over 2000-5500 m depth, there are 1025 unique data
comparisons. In the abyssal ocean (2000-5500 m depth) we find support for the conclusions
drawn from the visual model-data comparison in Fig. 4. The correlation (Extended Data Table
1) increases markedly when a source of hydrothermal ligands is applied, relative to the model

runs that do not add hydrothermal ligands (1 X Fe and 10 x Fe).
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Hydrothermal plumeinventory estimates. Depth-integrated metal inventories for depth
intervals of interest were estimated by summing the product of the average concentration of
samples from two sequential depths and the difference in depth between those samples. Where
duplicate samples were collected to provide overlap between hydrocast sampling, the average

concentration of the samples from overlapping depths was used.

Ocean Data View Parameters and Adjustments (Figure 2). Excess helium-3 concentration
data were contoured using Diva gridding with a signal-to-noise of 10. Dissolved iron
concentration data were contoured using Diva gridding with a signal-to-noise of 6.5 with
negative values suppressed. Dissolved manganese concentration data were contoured using Diva
gridding with a signal-to-noise of 4 with negative gridded values suppressed. Dissolved
aluminum concentration data were contoured using Diva gridding with a signal-to-noise of 11

with negative gridded values suppressed.

The extremely high concentrations of these species over the ridge crest (Station 18) resulted in
interpolated concentrations at Station 17 that vastly exceeded the actual measured
concentrations. To circumvent this contouring artefact, an artificial background station was
inserted at 111.5°W, which is halfway between the ridge-crest station (Station 18) and the first
station to the east (Station 17). This 'background station' duplicated the measured depth and
concentration data for each species from Station 17. The black sample location indicators for

this artificial station were removed from Fig. 2.

Cruisetrack selection. The latitude for the western portion of the EPZT cruise was selected to
follow the 'downstream' core of the hydrothermal helium-3 (*He) plume close to latitude 15°S, as

determined from observations of previous research expeditions in the eastern South Pacific
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Ocean (GEOSECS, HELIOS, and WOCE programs). Urabe et al.*® surveyed the SEPR axis
between 13.8°S and 18.6°S, finding the most intense hydrothermal plumes between 17°S and
18.5°S. These plumes were rich in particulate iron’ and total dissolvable manganese (TDMn)’",
The TDMn concentrations at both 2500 m depth and integrated over 2200-2800 m depth in the
most intense plumes over the SEPR axis in 1993 were greater than corresponding values
observed at any of our EPZT cruise stations. As the *He data are unpublished, we examine
*He:TDMn along the ridge crest >, which has the highest values between 17°S and 18.5°S,

suggesting that both discreet and integrated *He concentrations were much higher in those

plumes compared to the plume we sampled at 15°S.
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Figure Captionsfor Extended Data

Extended Data Figure 1. Depth integrated concentrations of a dissolved Fe (DFe), and b
3
dissolved Mn (DMn), versus depth integrated concentration of excess helium-3 (' He ), over a

depth range of 2200-2640 m. Sample station numbers are indicated for each data symbol.

Extended Data Figure 2. Comparison of modeled (rectangles) and measured (circular symbols)
3
concentrations of excess helium-3 (' He ), between EPZT cruise Station 36 (far left) and Station

17 (far right).

Extended Data Figure 3. Sections of modeled DFe transport and decay using a dynamic ligand
global-circulation model® (see Methods). The model scenarios listed here are the same as those
presented in Figure 4. @, 1 x Fe; b, 10 x Fe; ¢, 1 x Fe + 1 x ligands; d, 1 x Fe + 10 x ligands; €, 10

x Fe + 10 x ligands.

Extended Data Figure 4. Impacts on carbon export from model simulations. &, Percentage
contribution to carbon export production due to the input of hydrothermal DFe, not considering
the addition of hydrothermal ligands. b, Additional percentage contribution from the addition of
hydrothermal ligands to the simulation shown in panel a. This panel represents the difference
between the total impact from the addition of both hydrothermal DFe and ligands (manuscript
Figure 4c) compared to the input hydrothermal DFe without the addition of ligands shown in

panel a, above.

Figure5. Ligand Flux Model Experiments. Two experiments were run to assess the impact of

the flux of ligands associated with hydrothermal activity on the oceanic budget. a. Model



548  simulation with no hydrothermal ligand flux. b. Model simulation with ligand flux equal to the

549  flux of hydrothermal Fe.
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