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2013年US-­‐GEOTRACES航海の成果	
  
→EPRから南太平洋深層水に放出される鉄	
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remineralization of organic matter produced in the surface layer 
(Fig. 2a and Supplementary Table S1). Consequently, the elemen-
tal composition of organic matter production (Fig. 1a), alongside 
any variability in remineralization rates between elements33,41, can 
also influence subsurface nutrient stoichiometry4,41–44.

Stoichiometry thus exerts a fundamental control on nutrient 
limitation and the coupling between the biogeochemical cycles of 
the different nutrients2,4,44,49. Most present-day large-scale ocean bio-
geochemical models tend to assume fixed stoichiometries for many 
elements45,50,51 (see Supplementary Information). Although imple-
mentation of more realistic physiological parameterizations will be 
challenging50, it may be necessary for improved representation of 
current nutrient limitation patterns in these models45,46.

Patterns of phytoplankton nutrient limitation 
Over much of the surface ocean, non-nutrient constraints on net 
community growth, such as light levels, grazing and viral infection, 
seem insufficient to prevent the depletion of at least one nutrient 
to concentrations where experimental amendment can, at times, 
elicit a rapid biological response (Fig.  3). Large-scale spatial pat-
terns of limiting nutrients have been inferred from multiple lines 
of evidence. Absolute concentrations of surface nutrients, or their 
stoichiometric ratios, provide an indication of the potential for limi-
tation or deficiency (Box 1), respectively. Surface inorganic nitro-
gen and phosphorus concentrations are highly depleted throughout 
much of the low-latitude oceans (Figs 1b,c and 3). Phosphorus is 
typically in excess of nitrogen relative to cellular requirements34 
(Figs  1 and 3). But this is not the case everywhere; both of the 
Northern Hemisphere oligotrophic gyres have lower surface phos-
phate concentrations than the southern gyres (Figs 1b,c and 3b and 
Supplementary Fig. S2)31,41,52. Surface depletion of micronutrients, 
such as Fe, Co, Zn, Cu, Ni and Cd, is also observed in many regions6. 
Perhaps the classic example of how analytical advances can trans-
form our understanding of oceanic nutrient cycles5 concerns the so-
called high-nitrate low-chlorophyll regions. The long-hypothesized 
deficiency of iron in these environments was only confirmed follow-
ing improved sampling and measurement techniques5,53,54 (Fig. 1d).

Variable cellular stoichiometry (Fig.  1a), the rapid turnover 
of nutrients within the foodweb5,20, and the differing capacity of 

microbial groups to access different nutrient species (termed bio-
availability6; see Supplementary Information) complicate infer-
ences of limitation or deficiency based on observed concentrations 
(Fig.  1b–d). Consequently, experimental approaches to directly 
assess nutrient limitation of marine microbes have been used for at 
least 50 years55. Nutrient manipulation experiments have included 
additions of specific nutrients to natural microbial communities 
enclosed in bottles53 and in situ enrichments in the open ocean20,54. 
A compilation of such experimental data for phytoplankton reveals 
coherent large-scale patterns, and a clear relationship between 
proximal nutrient limitation and the concentrations of nutrients 
(Figs  1b–d and  3). These patterns seem robust to differences in 
methods, including variable timescales and space scales (Fig. 2b), 
and to the wide range of ecophysiological and molecular techniques 
used to monitor responses.

In the low-biomass (oligotrophic) waters that dominate the low-
latitude oceans, phytoplankton biomass and productivity typically 
only increase following experimental addition of nitrogen47,52,56. In 
contrast, in high-nitrate low-chlorophyll waters (Fig. 3), increases in 
phytoplankton biomass and productivity often result from the addi-
tion of iron alone, in both bottle and in situ experiments53,54. In cer-
tain oligotrophic regions, including the eastern Mediterranean20,48 
and the subtropical North Atlantic25,41,57,58, bioavailable forms of 
phosphorus can become severely depleted alongside nitrogen 
(Figs  1c and  3), and microbial populations frequently show evi-
dence of phosphorus stress (Box 1)20,25,57,58. Even in these systems, 
however, addition of phosphorus alone does not typically result 
in increased autotrophic activity or biomass20,47,48,59. Rather, once 
stratified oligotrophic conditions are well established, N limita-
tion or NP co-limitation seems to occur47,48,59. The higher bioavail-
ability of organic phosphorus compounds41,48 (see Supplementary 
Information), acclimatization mechanisms for coping with phos-
phorus stress25 and/or the selection for higher N:P stoichiometry 
under low nutrient conditions11 could explain the tendency towards 
nitrogen limitation.

Other nutrients can be almost as deficient as nitrogen, iron and 
phosphorus (Fig. 1 b–d and Supplementary Fig. S2). But our under-
standing of the importance and geographic extent of multinutri-
ent interactions (beyond those of nitrogen and phosphorus)47,48,59 
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Figure 3 | Patterns of nutrient limitation. Backgrounds indicate annual average surface concentrations of nitrate (a) and phosphate (b) in μmol kg–1. To 
assist comparison, nitrate is scaled by the mean N:P ratio of organic matter (that is, divided by 16; Fig. 1)34. Symbols indicate the primary (central circles) 
and secondary (outer circles) limiting nutrients as inferred from chlorophyll and/or primary productivity increases following artificial amendment of: N 
(green), P (black), Fe (red), Si (orange), Co (yellow), Zn (cyan) and vitamin B12 (purple). Divided circles indicate potentially co-limiting elements. White 
outer circles indicate that no secondary limiting nutrient was identified, which in many cases will be because of the lack of a test. See Supplementary Table 
S2 for references.
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Patterns of nutrient limitation for primary production. 	
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sulfide minerals from the precipitated
vent chimneys indicate that H2S is de-
nved mainly from the basalts, but that
the seawater source also is important
(16).
The conservatively calculated H2S

concentration in Table 2 for a 12.6°C
mixture of hot vent water with seawater
is in the same range as those in the warm
vent waters at the same temperature.
H2S undoubtedly is not conservative
during subsurface mixing, however, as
Fe2+, 02, and N03- are all heavily de-
pleted in the warm vent waters, presum-
ably as a result of reaction with H2S.
Examination of the relation between
vent temperature and the concentrations
of species that react on mixing in the
shallow subsea-floor provides insight
into the structure of the shallow crustal
mixing region and the chemical process-
es that occur there. This mixing region,
with its large area of basalt surfaces,
which serve as substrate, and its dual
source of electron donors from the hot
water end-member and electron accep-
tors from seawater, is a major site of
microbial production.
The generalized relation is shown in

Fig. 2. For a given vent field, 02 and
NO3- decrease linearly from their values
in ocean bottom water to zero at charac-
teristic temperatures <20'C that vary
from one vent field to another (Table 3).
H2S decreases linearly with decreasing
temperature as 02 and N03- increase,
generally going to zero at the bottom-
water temperature of 2°C. An inflection
typically occurs in the H2S-temperature
relation where 02 goes to zero, with the
slope of the H2S temperature curve be-
coming steeper at higher temperatures.
Other species whose concentrations de-
crease from their seawater values and
extrapolate to zero at temperatures -<20
to 30°C in the warm vent waters are
chromium, uranium, nickel, copper, cad-
mium, and selenium (10).
Thus distinct zones exist in the shal-

low subsea-floor mixing region that are
characterized by particular redox condi-
tions; in some cases the boundaries be-
tween these zones are abrupt and iso-
thermal (Fig. 2). Edmond et al. (10) have
inferred that a shallow subsurface reser-
voir at 100 to 32°C is located beneath the
warm vent fields and is being tapped by
the vents. The temperature range of this
reservoir is defined by the lowest tem-
peratures at which specific chemical pro-
cesses occur. The inferred processes are
listed in Table 3. The minimum tempera-
tures at which sulfide deposition occurs
in the subsea-floor reservoir are those at
which nickel, copper, cadmium, and se-

23 AUGUST 1985

lenium go to zero; at lower tempera-
tures, these species are apparently un-
reactive and thus define mixing lines
with ambient seawater.
The NO3- concentration extrapolates

to zero at a temperature just slightly

lower than the sulfide-related elements
and slightly above the highest tempera-
ture sampled; thus the reservoir is free of
N03- and is anoxic because of the reac-
tion of these species from seawater with
H2S and other reduced species from the

Summary. During the cycling of seawater through the earth's crust along the mid-
ocean ridge system, geothermal energy is transferred into chemical energy in the
form of reduced inorganic compounds. These compounds are derived from the
reaction of seawater with crustal rocks at high temperatures and are emitted from
warm (<25°C) and hot (-350°C) submarine vents at depths of 2000 to 3000 meters.
Chemolithotrophic bacteria use these reduced chemical species as sources of energy
for the reduction of carbon dioxide (assimilation) to organic carbon. These bacteria
form the base of the food chain, which permits copious populations of certain
specifically adapted invertebrates to grow in the immediate vicinity of the vents. Such
highly prolific, although narrowly localized, deep-sea communities are thus main-
tained primarily by terrestrial rather than by solar energy. Reduced sulfur compounds
appear to represent the major electron donors for aerobic microbial metabolism, but
methane-, hydrogen-, iron-, and manganese-oxidizing bacteria have also been found.
Methanogenic, sulfur-respiring, and extremely thermophilic isolates carry out anaero-
bic chemosynthesis. Bacteria grow most abundantly in the shallow crust where
upwelling hot, reducing hydrothermal fluid mixes with downwelling cold, oxygenated
seawater. The predominant production of biomass, however, is the result of symbiotic
associations between chemolithotrophic bacteria and certain invertebrates, which
have also been found as fossils in Cretaceous sulfide ores of ophiolite deposits.

Fig. 1. Schematic diagram showing inorganic chemical processes occurring at warm- and hot-
water vent sites. Deeply circulating seawater is heated to 3500 to 400°C and reacts with crustal
basalts, leaching various species into solution. The hot water rises, reaching the sea floor
directly in some places and mixing first with cold, downwelling seawater in others. On mixing,
iron-copper-zinc sulfide minerals and anhydrite precipitate. Modified from Jannasch and Taylor
(54).
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[l-7]). In efforts to locate the very point of hy- 
drothermal discharge zone along plate spreading cen- 
ters, detailed mapping of hydrothermal plumes from 
research vessels provides indispensable information 
for planning subsequent direct observations by ROV 
and/or manned submersibles. 

Although geochemical mapping followed by di- 
rect submersible observations has been actively con- 
ducted in the Pacific and the Atlantic Oceans, as 
cited above, there have been few such efforts in the 
Indian Ocean. Herzig and Pliiger [81 and Pluger et al. 
[9] showed the existence of hydrothermal activity at 
21S”S, 23.0’S, and 24.0% (SONNE Hydrothermal 
Plume Site) areas along the Central Indian Ridge 
from anomalous CH, and Mn profiles. Jean-Baptiste 
et al. [lo] reported hydrothermal anomalies of s3He 
and Mn at 19”29’S on the Central Indian Ridge. 

No geochemical investigation of water column 
characteristics has yet been done just at and around 
the Rodriguez Triple Junction (RTJ) (- 25”32’S, 

- 70”02’E), one of the most remarkable R-R-R 
triple junctions in the world. As shown in Fig. 1, 
three ridges with different spreading rates meet at the 
junction: the Central Indian Ridge (CIR, half spread- 
ing rate: 2.7 cm a-‘), the Southeastern Indian Ridge 
(SEIR, 3.0 cm a-’ ), and the Southwestern Indian 
Ridge (SWIR, 0.65 cm a- ’ ) [ 11,121. 

The RI-I-93-3 cruise of R/V Hukuho Guru (Oc- 
ean Research Institute, University of Tokyo) was 
dedicated to interdisciplinary studies of the RTJ, 
from June 8th to September 17th, 1993 [13]. As part 
of this project, chemical characteristics of deep and 
bottom seawater were investigated in detail by map- 
ping water column distributions of light transmission 
and chemical tracers, in order to find hydrothermally 
active vent areas near the RTJ. In this paper, we 
present the area1 extent of hydrothermal plumes close 
to the RTJ for the first time, elucidating their tempo- 
ral as well as spatial variations. Then we speculate 
on the probable location of active hydrothermal fluid 

25” 50’S 
69” WE 69” 50’E 70’ OO’E 70’ IO’E 

Fig. 1. A bathymetric map around the Rodriguez Triple Junction, which was made by combining the data obtained by the French R/V Jean 
Charcor [12] with the observed Sea Beam data on board R/V Hakuho Maw. The locations of 10 hydrocast stations are shown by dots with 
station numbers, and the tracks of 4 ??w-yo observations arc shown by ~ITOWS. The location of the control station (station 1) is shown in the 
insert. 
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Fig. 3. Vertical profiles of (a) Mn. (b) Fe, (c) CH, and (d) Al at all hydrocast stations. Data below the detection limits are plotted as zero. 
Note that rhe abscissas for (a) Mn and (b) Fe have breaks between 4 and 10 n M and between 20 and 50 nM, respectively. 

(4) At station 1, the average Mn and Fe concen- 
trations below 1,500 m depth are < 0.14 n M (below 
the detection limit) and - 0.3 nM, respectively. 
Compared to these background values, the Mn and 
Fe data at the other 10 stations (stations 2-14) along 
the ridges are significantly high all through the water 
columns below - 2,000 m depth (Fig. 3a,b). Al 
concentrations at the 10 stations are also higher than 
the background values below - 3,000 m depth (Fig. 
3d). These features demonstrate that the area searched 
close to the RTJ is commonly affected by ridge axis 
hydrothermal activity, which emits Mn, Fe, and Al. 

In summary, the extensive CTDT hydrocasts in 
the three segments allowed us to conclude that ex- 
tremely vigorous hydrothermal vent activity does 

exist somewhere in the northern CIR, probably near 
station 6. Therefore, we invested our residual ship 
time in a detailed survey of the northern CIR, con- 
ducting intensive tow-yo observations, as discussed 
below. 

3.2. Tow-yo observations in the Central Indian Ridge 

Four tow-yo transects were conducted (Table 2, 
Figs. 1 and 6). Fig. 4 shows the vertical sections of 
light transmission anomalies along these four tow-yo 
tracks, together with the zigzag patterns of the 
CTDT-RMS system and the rough bottom topogra- 
phy. 

When tow-yo No. 1, whose starting point was 

Table 2 
List of the tow-yo observations 

Tow-yo No. start End 

Latitude Longitude Depth Date Latitude Longitude Date 
(S) 

DePfi 
(E) (m) (yy.m.dd) (St (E) (ml (yy.m.dd) 

I 2Y20.12 69O57.97’ 4,272 93.8.06 25”17.53’ 70%0.41’ 3,006 93.8.07 
2 2Y20.53’ 69Y9.56’ 3,652 93.8.17 25a17.87’ 6Y57.49 3.922 93.8.17 
3 2550.89’ 7OOO1.96 2.926 93.8.23 25O17.52’ 69O59.62’ 3,101 93.8.23 
4 25O19.53’ 7owo.08~ 3,097 93.8.23 25018.64’ 70’01.56’ 2,590 93.8.24 
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Fig. 4. Cross-sections of light transmission anomaly observed by tow-yo operations, (a) No. 1, (b) No. 2, (c) No. 3, and (d) No. 4, together 
with the tow-yo patterns and rough bottom topography. Dots with numbers stand for water sampling points. 

almost the same as the location of station 6, was 
performed on August 6-7, a significant hydrother- 
mal plume was observed at depths of 2,250-2,350 
db (Fig. 4a). The maximum decrease in light trans- 
mission was -0.13% (Fig. 4a). About 10 days later, 
we conducted the second tow-yo observation along a 
line almost perpendicular to tow-yo No. 1 (Figs. 1 
and 6). This time we detected hydrothermal plumes 
at a similar depth interval (Fig. 4b), with much 
weaker anomalies (> - 0.06%) than the previous 

tow-yo. The difference in the plume intensity at the 
crossing point between the two tow-yo observations 
is thought to be attributable to short term variability 
in the deep tidal currents that advect the plume, 
although episodic behavior of the hydrothermal ac- 
tivity may have affected the plume intensity to some 
extent. 

We again found a significant plume, as shown in 
Fig. 4c, during the third tow-yo observation along an 
eastern topographic high (Figs. 1 and 6). The maxi- 
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been previously reported for hydrothermal plumes in the Pacific,
Arctic, Southern, or Indian oceans12,21,22,24,25 (see also the
GEOTRACES Intermediate Data Product, http://www.bodc.ac.uk/geo-
traces/data/idp2014/). Given the differences in geochemical behaviour
between Fe and Mn, it is surprising that the lateral extent of the hydro-
thermal Fed anomaly exceeds that of Mnd; inventories of hydrothermal
Fed and Mnd (Fed and Mnd minus background) at station 32 are ,11%
and ,4%, respectively, of those at station 20 (see Fig. 1). Our data set
clearly documents the long-range transport of hydrothermal Fed from
the SEPR, thus confirming the tentative conclusions drawn from lim-
ited previous observations11,13.

Directly over the SEPR at station 18, Fed in the ‘near field’ hydro-
thermal plume is only ,20% of the total dissolvable Fe (an approx-
imate measure of total hydrothermal Fe), and Fe(II) concentrations are
near background levels. This suggests rapid oxidation and loss of
hydrothermal Fe from the dissolved phase close to the ridge axis, con-
sistent with previous observations from the SEPR5. In contrast, from
the first off-axis station (station 20) continuing west across the basin as
far as station 36, Fed concentrations are linearly correlated with 3Hexs
within the plume (Fig. 3a, b and Extended Data Fig. 1), indicating that
hydrothermal Fed is behaving conservatively and therefore decreases in
its concentration (as for the inert 3Hexs) reflect only mixing and dilution
over a distance of ,4,300 km. Such behaviour is unexpected, given the

known propensity for the oxidation, aggregation, and scavenging of Fed
from sea water2,4,5. Accordingly, our observations imply that Fed in the
hydrothermal plume is somehow stabilized against loss from solution,
perhaps as a result of complexation by dissolved organic ligands7,8, or by
incorporation into inorganic or organic colloids that reside within the
dissolved (,0.2mm) size fraction9,10.

The relationship between Mnd and 3Hexs in the plume (Fig. 3c, d)
indicates that hydrothermal Mn is removed from the dissolved phase
until it reaches station 21, beyond which the residual hydrothermal
Mnd, like Fed, behaves conservatively with respect to 3Hexs. Dissolved
Al 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 enrich-
ments in hydrothermal plumes over the Mid-Atlantic Ridge23,26,
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 formation26. In contrast, the SEPR
typically lacks an axial valley, and the Ald plume extends far from the
ridge crest, suggesting a larger source of Ald along the SEPR. Dissolved
Al concentrations exceeding 100 nM have been reported in unusually
acidic hydrothermal plumes that may be associated with seafloor
eruptive activity27, and the SEPR between 14u S and 19u S is a particu-
larly active locus of seafloor volcanism, with hydrothermal and
eruptive activity being more intense than along most other ridge sec-
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Figure 2 | Interpolated zonal concentration for
GEOTRACES Eastern Pacific Zonal Transect.
a, Dissolved iron. b, Dissolved manganese.
c, Dissolved aluminium. d, Excess helium-3
(3Hexs). Station numbers and distance west of East
Pacific Rise are indicated on uppermost panel.
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Basin-scale transport of hydrothermal dissolved
metals across the South Pacific Ocean
Joseph A. Resing1, Peter N. Sedwick2, Christopher R. German3, William J. Jenkins3, James W. Moffett4,
Bettina M. Sohst2 & Alessandro Tagliabue5

Hydrothermal venting along mid-ocean ridges exerts an import-
ant control on the chemical composition of sea water by serving
as a major source or sink for a number of trace elements in the
ocean1–3. Of these, iron has received considerable attention
because of its role as an essential and often limiting nutrient
for primary production in regions of the ocean that are of critical
importance for the global carbon cycle4. It has been thought that
most of the dissolved iron discharged by hydrothermal vents is
lost from solution close to ridge-axis sources2,5 and is thus of
limited importance for ocean biogeochemistry6. This long-stand-
ing view is challenged by recent studies which suggest that sta-
bilization of hydrothermal dissolved iron may facilitate its long-
range oceanic transport7–10. Such transport has been subse-
quently inferred from spatially limited oceanographic observa-
tions11–13. Here we report data from the US GEOTRACES
Eastern Pacific Zonal Transect (EPZT) that demonstrate lateral
transport of hydrothermal dissolved iron, manganese, and alu-
minium from the southern East Pacific Rise (SEPR) several thou-
sand kilometres westward across the South Pacific Ocean.
Dissolved iron exhibits nearly conservative (that is, no loss from
solution during transport and mixing) behaviour in this hydro-
thermal plume, implying a greater longevity in the deep ocean
than previously assumed6,14. Based on our observations, we
estimate a global hydrothermal dissolved iron input of three to
four gigamoles per year to the ocean interior, which is more than
fourfold higher than previous estimates7,11,14. Complementary
simulations with a global-scale ocean biogeochemical model sug-
gest that the observed transport of hydrothermal dissolved iron
requires some means of physicochemical stabilization and indi-
cate that hydrothermally derived iron sustains a large fraction of
Southern Ocean export production.

Hydrothermal fluids are enriched in iron (Fe) and manganese (Mn)
by more than 106 relative to ambient deep ocean concentrations1, and
corresponding gross hydrothermal fluxes to the oceans are probably
greater than those from global riverine inputs3. 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 uC), acidic, anoxic hydrothermal fluids ascend and mix with
cold, alkaline, oxic sea water, resulting in the formation of Fe-sulphides
and/or Fe-oxyhydroxides2,5, which are subsequently lost from solution
owing 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 (Fed) to the ocean6.
In contrast, dissolved Mn (Mnd) is oxidized more slowly than Fed in
sea water, and hydrothermal Mnd anomalies have been observed as far
as 2,000 km from ridge-axis sources15.

A number of recent studies have demonstrated that Fed can be
stabilized against precipitation, aggregation, and scavenging losses

from sea water by several different physicochemical mechanisms7–10.
Such findings imply that hydrothermal activity could strongly affect
the oceanic Fed 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 Fed over distances of hundreds16,17 to thou-
sands of kilometres11–13, those conclusions remain equivocal at the
ocean basin-scale, owing to limited sampling coverage11–13 and
assumptions regarding synoptic distributions of the hydrothermal
tracer helium-3 (3He)11,13,16.

Here we present data for samples collected from 35 hydrographic
stations between Manta, Ecuador, and Papeete, Tahiti, during the US
GEOTRACES Eastern Pacific Zonal Transect (GEOTRACES cruise
GP16; Fig. 1). This expedition focused on the Peru upwelling 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 3He that extends west
across the deep South Pacific Ocean18. The data from this cruise reveal
pronounced gradients in Fed, Mnd, dissolved aluminium (Ald), and
excess 3He (3Hexs) concentrations along the ,8,000-km-long cruise
transect (Fig. 2).

The most striking and novel feature that we observed is a vast, mid-
depth plume of elevated Fed and Mnd that extends over a distance of
more than 4,000 km to the west of the SEPR. This plume is carried by
the westward-flowing mid-depth circulation18–20, and is clearly defined
by anomalous concentrations of 3Hexs (Fig. 2). The distance over which
Fed and Mnd 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 oceans12,16,17,21–23. Also notable
are the elevated Ald concentrations that extend more than 3,000 km
west of the SEPR; enrichments of this magnitude and extent have not
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Figure 1 | Cruise track and station locations. The US GEOTRACES Eastern
Pacific Zonal Transect (GEOTRACES cruise GP16) was undertaken on RV
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.
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ocean are manifold. Here, our focus will be on iron and copper. 
Both metals discharge at high concentrations from hydrothermal 
vents18. Both metals complex with organic ligands; copper–ligand 
complexes have been identified in vent fluids mixed with some sea 
water14, and iron–ligand complexes have been found in the sea-
water–fluid plume rising above the vent15. Furthermore, the spe-
ciation (that is, the chemical form) of these metals in sea water is 
dominated by the formation of very stable organic complexes19,20.

The very low solubility of Fe(III) is significantly increased by 
the presence of dissolved organic matter in natural sea water21. In 
surface sea water, 99.9% of all dissolved iron forms strong com-
plexes with organic compounds (stability constants of the iron 
(Fe3+)–ligand (L) complex, logKFeL,Fe3+ ~ 22–23). In water > 1,000 m 
deep, a weaker ligand class is found, with a logKFeL,Fe3+ ~ 21–22, at 
concentrations of up to 2.6 nmol kg−1 (ref. 22,23). As a result, more 
than 98% of iron in oxic deep-sea water forms complexes with 
organic molecules. Throughout the deep ocean there seems to be 
an excess of iron-binding compounds, ready to bind and stabilize 
iron that is being introduced into the system24.

Organic complexation of copper controls copper speciation 
throughout the entire oceanic water column20,25. Copper functions 
as a micronutrient in sea water. But when present at higher con-
centrations — for example at hydrothermal vent sites — copper 
may exhibit toxic properties. Copper-binding ligands reach con-
centrations of up to 4,000 nmol kg−1 in high- and low-temperature 
diffuse hydrothermal fluids. Ligand levels at these sites clearly 
exceed the total dissolved copper concentration in the fluid, and 
ligand concentrations in the open ocean14. Most data on ligand 
concentration derive from diffuse fluids with lower temperatures14 
(60–4460 nmol kg−1). However, significant concentrations of cop-
per-binding ligands can also be found in hot and less-diluted fluids 

(that is, 582 nmol kg−1 for a 294 °C hot fluid14 and 483 nmol kg−1 
for a 186 °C hot fluid, see Supplementary Information), suggesting 
that ligands are present over a wide temperature range. Sea water 
that mixes with hydrothermal fluids acts as an additional source of 
copper-binding ligands.

Dissolved copper concentrations increase in the anoxic–oxic 
transition zone of hydrothermal vents, owing to the oxidative dis-
solution of copper sulphide particles16. On release from these parti-
cles, the dissolved copper seems to bind immediately to the organic 
ligands. This stabilization diminishes the sorption of copper and 
other metals to iron and manganese oxide particles, which form in 
the oxic mixing zone.

Simulations in the mixing zone
Our geochemical model simulations of processes in the hydro-
thermal fluid–seawater mixing zone (Box 2) confirm the impact 
of organic ligands on dissolved copper fluxes. Using the geo-
chemical endmember data of two different hydrothermal fields, 
Turtle Pits2 and Rainbow26 on the Mid-Atlantic Ridge (MAR), 
we calculate that up to 4.2% of the hydrothermal endmem-
ber copper can contribute to the oceanic copper flux (Fig.  1). 
This means that the hydrothermal flux of dissolved copper into 
the deep ocean could make up to 14% of the dissolved copper 
found there. In the absence of hydrothermally derived ligands, 
the hydrothermal contribution would amount to just 0.2% (see 
Supplementary Information).

Similarly, iron contained in hydrothermal fluids is thought 
to account for 11–22% of the global deep-ocean iron budget15. 
And a new global ocean model27 confirms that observations of 
dissolved iron distributions in the ocean can be explained only 
when a significant hydrothermal iron flux is taken into account. 
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Figure 2 | Temperature of the vent versus the ratio CRS:1Fe–N. The
dashed line is the regression fit for data on unfiltered samples and the solid
line is the regression line for the data on filtered samples. The ratio for the
filtered samples had a higher correlation of R2 =0.934. The symbol ‘X’ is
the ratio of CRS to the sum of HNO3-leachable Fe and Zn for the filtered
ABE samples (Zn increased from the HCl to HNO3 fractions by a factor of
two or more in these samples.). Note how the ratio approaches 2 on the
consideration of the substitution of Zn for Fe into pyrite nanoparticles.

(Cu3FeS8; ref. 21). Copper and zinc have faster water exchange
rates than that of Fe, and can also form their own (chromium-
reducible) sulphides or coprecipitate with pyrite15,22. For instance,
our analysis on HNO3-treated filtered samples of ABE 423 and 425
(temperatures 280 and 294 ⇤C, respectively) revealed the presence
of Zn in the HNO3-leacheable fraction. The concentration of
this fraction made the ratio of CRS:(�Fe–N+�Zn–N) approach
2 (also shown in Fig. 2), indicating a possible substitution of
Zn in pyrite nanoparticles or FeS2 surrounding ZnS, as found
in type iii lower temperature chimney deposits23. Based on the
relation between CRS:�Fe–N ratio and temperature, the cooling
of the hydrothermal fluid in the upflow zone24 seems to be the
primary reason for the difference in formation of pyrite and other
chromium-reducible metal sulphide (nano)particles in the vent
fluid. In the high-temperature vent fluid, pyrite must be forming
through the Berzelius reaction25,26:

FeS+H2S⌅ FeS2 +H2 (1)

with the rate law25:

d[FeS2]/dt = k[FeS][cH2S(aq)] (2)

The reactant FeS can exist as nanoparticulate FeS or as an ion
pair. This reaction could occur in the time between the sampling
of the vent fluid and on-board processing (4–24 h). The sample
experiences the deep-sea temperature of 2 ⇤C most of this time.
Using the actual H2S and FeS concentrations expected at the
pH of the samples, equation (2) and k values in ref. 25, we
estimate that the rate of pyrite formation at 2 ⇤C remains less
than 1 nMh�1. This indicates that the additional pyrite formed
in titanium samplers could range from 0.01–0.3% of the pyrite
measured (see Supplementary Fig. S7 and Table 1).

These findings demonstrate that high temperature hydrother-
mal vents can be significant sources of iron-bearing sulphide
(nano)particles to the ocean in addition to Fe(ii), which oxidizes
to form Fe(iii) solids or complexes (Fig. 3). Half-lives for dis-
solved Fe(ii) oxidation at ambient deep-ocean conditions range

[ FeS]s, [FeS2]s

1¬
5 

m

Fe2+, Fe3+L, [FeS2]np

Fe2+, FeS + O2

H2S, Fe2+           
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Fe(OH)3

Particle settling Particle settling

Figure 3 | Pyrite nanoparticles as a previously unrecognized source of iron
to the deep ocean. On mixing of the vent fluid with cold, oxic seawater, Fe
precipitates primarily as Fe(OH)3 and polymetallic sulphides (the grey
cloud represents these precipitates). Pyrite nanoparticles survive the mass
precipitation taking place 1–5m above a chimney and contribute to the iron
inventory of the deep ocean. After leaving the discharge zone, the
vent-derived iron can exist as Fe(II), organic Fe(III) complexes (‘L’ stands
for organic ligands) and nanoparticle Fe(II) in the form of pyrite
nanocrystals, denoted as [FeS2]np.

from minutes (TAG site) to 42 h (Juan de Fuca ridge), whereas
at EPR 9⇤ 45⇧ N, half-lives around 4 h were calculated13. The
different kinetic results are owing to a combination of differing
fluid compositions, deep-water pH and dissolved oxygen content.
Kinetic data do not exist for the oxidation of pyrite nanoparticles
by O2 at ambient seawater conditions; however, data exist for the
oxidation of other metal sulphide nanoparticles at 25 ⇤C: 30 days
for ZnS (ref. 27), 360 days for AgS (ref. 27) and 185 days for CdS
(ref. 28; the CdS were also stabilized with organic ligands). Data
for micrometre-size pyrite particles were reported in O2-saturated
solutions29 (pH 7.6–8.6), and <5% of these particles were found
to oxidize even after 365 days. Reference 12 also reports the time
for complete dissolution of ground and sieved pyrite ranging in
particle size from 2 to 100 µm at deep-sea conditions, where 2 µm
particles dissolve in 218 days. An extrapolation of the data in ref. 12
gives an estimated minimum 155 days for the complete dissolution
of 200 nm size pyrite nanoparticles. Based on these metal sulphide
nanoparticle and pyritemicroparticle studies, we estimate a half-life
range of 1–12 months for pyrite nanoparticles at 25 ⇤C, and 4–48
months at 2 ⇤C, depending on size. These values are much higher
than the half-life of dissolved Fe(ii) oxidation, indicating that pyrite
nanoparticles will survive the oxidation and precipitation that occur
when vent fluidsmeet cold seawater, and thus contribute to the iron
inventory in the plumes and away from plumes10. As an example,
in a non-bouyant plume above the Mid-Atlantic Ridge at 5⇤ S,
the concentration of dissolved (<0.4 µm) iron was 20 nM (water
depth = 2800m), whereas the organic ligand concentration was
about 4 nM (ref. 3). If we assume that vent fluid containing 50 µM
of nanoparticle pyrite-Fe is diluted 10,000 fold3, it would still have
5 nM of nanoparticulate pyrite-Fe. This amount can account for a
substantial fraction of dissolved iron that cannot be explained by
organic complexation, as well as much of the Fe anomaly found at
the 1–5 km depth range in the South Pacific10.

Using Stokes’ law, we calculated the settling velocity of a spheri-
cal pyrite nanoparticle of 200 nm diameter as 4.60⇥10�8 m s�1, or
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