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We observed large water column anomalies in helium isotopes and trace metal concentrations above 
the Loihi Seamount. The 3He/4He of the added helium was 27.3 times the atmospheric ratio, clearly 
marking its origin to a primitive mantle plume. The dissolved iron to 3He ratio (dFe:3He) exported to 
surrounding waters was 9.3 ± 0.3 × 106. We observed the Loihi 3He and dFe “signal” at a depth of 
1100 m at several stations within ∼100 – 1000 km of Loihi, which exhibited a distal dFe:3He ratio of 
∼4 × 106, about half the proximal ratio. These ratios were remarkably similar to those observed over 
and near the Southern East Pacific Rise (SEPR) despite greatly contrasting geochemical and volcanic-
tectonic origins. In contrast, the proximal and distal dMn:3He ratios were both ∼ 1 × 106, less than 
half of that observed at the SEPR. Dissolved methane was minimally enriched in waters above Loihi 
Seamount and was distally absent. Using an idealized regional-scale model we replicated the historically 
observed regional 3He distribution, requiring a hydrothermal 3He source from Loihi of 10.4 ± 4.2 mol a−1, 
∼2% of the global abyssal hydrothermal 3He flux. From this we compute a corresponding dFe flux of 
∼40 Mmol a−1. Global circulation model simulations suggest that the Loihi-influenced waters eventually 
upwell along the west coast of North America, also extending into the shallow northwest Pacific, making 
it a possibly important determinant of marine primary production in the subpolar North Pacific.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

It has long been recognized that the availability of dissolved 
iron is a limiting factor for oceanic biological production (Mar-
tin and Gordon, 1988). Eolian sources of this micronutrient were 
regarded as determining factors for global marine production on 
glacial-interglacial timescales (Berger and Wefer, 1991). However, 
the importance of hydrothermal iron has only recently been rec-
ognized (Tagliabue et al., 2010, 2017), and it has only now been 
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quantified by the use of hydrothermal 3He as a “flux gauge” 
(Resing et al., 2015). As part of the International GEOTRACES pro-
gram, the U.S. Pacific Meridional Transect along ∼152◦W (GP15) 
was occupied during the autumn of 2018. We present here re-
sults from stations in the vicinity of the Loihi Seamount (∼18.9◦N, 
154.2◦W) showing the relationship between dissolved iron, man-
ganese, methane, and hydrothermal 3He over the seamount and 
distally for neighboring stations near the 1100 m injection depth. 
We use contemporaneous dissolved Fe, Mn, and 3He measure-
ments at nearby stations to unambiguously quantify the helium 
isotope-metal relationships and fluxes, and to determine their role 
in regional biogeochemical cycles. The location of the stations that 
inform this study are shown as red stars in Fig. 1, which is a chart 
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Fig. 1. a, Location map of the GEOTRACES GP15 stations (red stars, black labels) superimposed on a map of δ3He (in %) interpolated to 1100 m depth. This is similar to that 
originally presented by Lupton (1996). Gray dots indicate historical stations used for mapping (see Section 1). Other stations nearby but outside of the displayed area were 
also used in the mapping. The δ3He contour (white lines) interval is 2%, or about ten times sample measurement errors. b, Inset showing neighboring stations close to the 
Loihi Seamount, close to the Island of Hawaii with bottom topography in gray scale, contour interval is 1000 m, islands are black and c, meridional section of 1100 m depth
δ3He (in %) along ∼152◦W . Red stars are from the GP15 (2018) section and black dots are historical data dating from 1985 through 2015 (Jenkins et al., 2019a). Error bars 
represent 1 standard deviation uncertainty due to measurement and interpolation errors. (For interpretation of the colors in the figure(s), the reader is referred to the web 
version of this article.)
of the helium isotope ratio anomaly (δ3He, defined in Eq. (1) in 
Section 2) interpolated to 1100 m depth in the central to east-
ern North Pacific. Historical data (publicly available, Jenkins et al., 
2019a; Lupton, 1998), indicated by gray dots, extend back to the 
1980s and are used to enhance spatial coverage. The contoured 
δ3He field shows the largely eastward influence of the mid-depth 
volcanic 3He tongue first described and documented by Lupton 
(1996). The location of the nearest four stations, including the hy-
drocast directly over the Loihi Seamount are shown in the inset 
(Fig. 1b). The 1100 m δ3He signature for stations along ∼152◦W 
(Fig. 1c) shows that the feature has a well-defined meridional ex-
tent that it has persisted for many decades.

2. Methods

Water samples were taken for helium isotope and noble gas 
measurements using a 36 place, ∼10 liter Niskin bottle rosette. 
The samples were drawn within a few minutes after the bottle 
was vented via TYGON tubing to a 76 cm length of 1.6 cm outer 
diameter refrigeration grade copper tubing that was isolated with 
pinch clamps and immediately crimp-sealed (Young and Lupton, 
1983) for shore-based analysis. The samples were quantitatively 
gas-extracted and mass-spectrometrically analyzed for helium iso-
tope ratios and noble gas abundances referenced to a marine at-
mospheric standard (Jenkins et al., 2019b). We report isotope ratio 
anomalies relative to the atmosphere according to

δ3He = 100 ×
([

3He/4He
]

X[
3He/4He

]
A

− 1

)
% (1)

where the subscript X refers to the sample, and A to air. Uncer-
tainties depend on a combination of ion-counting statistics and 
instrument stability. They range from ∼0.15% for samples close to 
the atmospheric ratio, up to ∼0.4% for the highest ratios observed. 
Dissolved helium and neon concentrations were measured us-
ing quadrupole mass spectrometric peak-height manometric tech-
niques (Jenkins et al., 2019b; Stanley et al., 2009) and are reported 
as saturation anomalies, defined (e.g., for helium) as

�He = 100 ×
(

C (He)

C S (He)
− 1

)
% (2)

where C and C S are the measured and solubility concentrations of 
helium (or neon). The solubility concentrations are a function of 
temperature and salinity (Jenkins et al., 2019b). The other noble 
gases (Ar, Kr, and Xe) were also measured on these samples as a 
quality check; but are not reported here. Helium and neon concen-
trations were determined to an accuracy of approximately 0.15%. 
For both the Loihi Seamount and Puna Ridge stations, most helium 
isotope and noble gas samples were measured in replicate and 
average values are reported. In all cases, reproducibility between 
replicates was close to expected errors. Pooled standard deviations 
for δ3He, �He, and �Ne replicates were 0.22%, 0.29%, and 0.28% 
respectively, which represents the convolution of all sampling and 
analytical errors. It should be mentioned that the δ3He and �He 
statistics are impacted (increased) due to the anomalously large 
hydrothermal signals.

To determine the isotopic nature of the non-atmospheric he-
lium, we account for the two primary atmospheric components of 
helium: that portion dissolved during air-sea gas exchange, and 
that fraction introduced by hydrostatic compression of bubbles in-
troduced by wave action at the sea surface. The former can be ac-
counted for using helium isotope solubility fractionation measure-
ments (Benson and Krause, 1980) and noble gas solubility func-
tions (Jenkins et al., 2019b). The latter is estimated using an em-
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pirical relationship with near-surface neon saturation anomalies, 
since neon is similarly affected by air injection processes. The 
amounts of excess helium isotopes are calculated (Jenkins et al., 
2018) using

C X S

(
4He

)
= CM

(
4He

)
− C S

(
4He

)
− 0.22 (CM (Ne) − C S (Ne))

(3)

and

C X S

(
3He

)
= R A

[(
1 + δ3He/100

)
CM

(
4He

)
− αE C S

(
4He

)
− 0.22 (CM (Ne) − C S (Ne))

]
(4)

where the subscripts S and M signify solubility equilibrium 
and measured values respectively, R A is the atmospheric helium 
(3He/4He) isotope ratio (Clarke et al., 1976), and αE is the solu-
bility helium isotope effect (Benson and Krause, 1980). They are 
further corrected for a slight (∼0.2 and ∼0.3% for He and Ne re-
spectively) enhancement in saturation anomaly at these depths 
resulting from diapycnal mixing effects (Jenkins et al., 2018).

For the Loihi Seamount station, trace metals were determined 
shipboard on water from the same Niskin bottles using FIA (Flow 
Injection Analysis) in order to avoid questions of colocation due 
to short term time and space scale variability between hydrocasts. 
The samples were filtered through 0.8/0.45 μm Pall ACROPAK 500 
capsules that had been pre-cleaned by soaking three days with 10% 
hydrochloric acid (1.2 M HCl) and flushed with 3-5 L of Milli-Q wa-
ter, and stored refrigerated between casts. The capsule filter was
pre-flushed with 0.5-1 L of unacidified seawater. The filtered sea-
water samples were acidified to pH 2 using sub-boiling distilled 
hydrochloric acid. Although the samples were drawn from a non 
trace-metal clean Niskin rosette, the Fe and Mn values are much 
larger than measured contamination levels for this system, as de-
duced from contemporaneous comparison with the trace-metal-
clean system elsewhere.

Due to much lower metal concentrations elsewhere, the U.S. 
GEOTRACES trace-metal clean CTD carousel (GTC) was used for 
trace metal sampling for the other stations. This sampler has a 
plastic-coated aluminum frame, titanium pressure housings for 
electronics and sensors, no sacrificial zinc anodes, and 24 ×12 
liter General Oceanics GO-FLO bottles modified for trace metal 
sampling (Cutter and Bruland, 2012). Before deployment and im-
mediately upon recovery, the tops and bottoms of the GO-FLO 
bottles were covered with polyethylene shower-caps, and the bot-
tles were removed from the frame and carried into the U.S. GEO-
TRACES clean container laboratory for sub-sampling. The GO-FLO 
bottles were pressurized to 6 psi using 0.2 μm HEPA-filtered 
compressed air, and samples were passed through 0.2 μm Pall 
ACROPAK SUPOR filter capsules that had been pre-cleaned by 
soaking overnight and flushed with 5 L of unacidified seawater. 
Samples of the 0.2 μm-filtered seawater were collected follow-
ing three bottle rinses for shipboard analyses and for shore-based 
inductively-coupled plasma mass spectrometry (ICP-MS) analyses. 
The shipboard samples were drawn into acid pre-washed 125 mL 
polymethylpentene bottles and immediately acidified to 0.006 M 
hydrochloric acid (HCl) using sub-boiling distilled HCl. The ICP-MS 
samples were drawn into 250 mL low density polyethylene bottles 
and acidified to 0.024 M HCl (Optima, Fisher).

For shipboard dissolved metal analysis, the sample bottles were 
stored in polyethylene bags in the dark at room temperature be-
fore analyses, usually within 24 h of collection. Prior to analysis, 
samples for dissolved iron (dFe) and manganese (dMn) were mi-
crowaved in groups of 4 for three minutes at 900 W to 60 ± 10 ◦C 
in an effort to release dFe from complexation in the samples. Sam-
ples were allowed to cool for at least 1 h prior to FIA. Dissolved 
Fe and Mn were determined subsamples using methods of Mea-
sures et al. (1995) for dFe and Resing and Mottl (1992) for dMn. 
Samples were analyzed in groups of 8, and the samples collected 
at each station were generally analyzed together during the same 
day. Detection limits and precisions were 0.071 nM and 1.9% rel-
ative standard deviation at 1.4 nM for Fe, and 0.15 nM and 9.7% 
relative standard deviation at 0.51 nM for Mn. We converted FIA 
results, normally reported in nM units, to nmol kg−1 in this paper 
by dividing by the density of the seawater at 20 ◦C and its mea-
sured salinity.

Iron and manganese were extracted from the seawater samples 
for ICPMS analysis and pre-concentrated 25x using a SeaFAST pico-
automated system (Elemental Scientific), following isotope spiking 
with 57Fe and buffering to pH ∼6.2, using an offline-modified ver-
sion of Lagerstrom et al. (2013), as reported by Jensen et al. (2020). 
Extracts were analyzed at medium resolution on a Thermo Element 
XR ICP-MS. Iron was quantified using isotope dilution, and Mn us-
ing matrix-matched standard curves that were set to match the 
concentration range of the samples. All samples exceed the detec-
tion limits of 0.036 nmol kg−1 and 0.002 nmol kg−1 for Fe and Mn 
respectively. External accuracy was confirmed by replicate analyses 
of the GSC-2 seawater solution, which were found to have con-
centrations of 1.631 ± 0.072 nmol kg−1 for Fe and 2.140 ± 0.129 
nmol kg−1 for Mn (n = 6 each), statistically indistinguishable from 
consensus concentrations (1.535 ± 0.115 nmol kg−1 and 2.180 ±
0.075 nmol kg−1, respectively).

At the Loihi station, comparison of FIA and ICP-MS results show 
good agreement when both were sampled from the same bottles 
in the GTC cast and fall on a 1:1 line (Fig. 2a) with the exception 
of one sample, which may have been contaminated. Comparison 
of FIA and ICPMS results for the neighboring stations (Fig. 2b) also 
show good agreement. However, at Loihi, only FIA metal analyses 
were done on the Niskin casts (black symbols/lines) where 3He 
was also collected. As discussed in Section 3.1, there was a pro-
nounced difference in light transmission between the two casts 
below 1200 m that indicates a significant difference in hydrother-
mal influence on the sampled waters between casts.

Dissolved methane was determined using a headspace equilib-
ration-cavity ring-down spectroscopy method (Roberts and Shiller, 
2015). Samples were collected immediately after the other dis-
solved gas samples, equilibrated with methane-free zero-air, and 
head-space methane determined using a Picarro G2301 Green-
house Gas Analyzer. Calibration was performed using both metha-
ne-free zero air and a 5 ppmv CH4 gas standard. Variability of 
dissolved methane in deep ocean samples from the GP15 section 
suggests a standard deviation of better than 0.06 nmol kg−1 on 
samples of ∼0.6 nmol kg−1, similar to the results of Roberts and 
Shiller (2015).

We also characterized hydrothermal input by determining total 
dissolved sulfides (TDS) and pH. TDS samples were collected using 
the GTC, filtered through the same 0.2 μm capsules as the metal 
samples, and stored in 4 liter cubitainers. Filtered water samples 
were transferred to glass stripping vessels, acidified to a pH of 1.6 
and analyzed at sea usually within 8 h of collection using cryo-
genic trapping and GC/flame photometric method (Radford-Knoery 
and Cutter, 1993) in duplicate. This method quantifies total dis-
solved sulfide as free ions and metal-sulfide complexes with a 0.2 
pM detection limit. To determine pH at each depth, 60 mL of fil-
tered water were subsampled from the GTC using a syringe and 
thee-way valve. This water was hermetically transferred into an 
automated Ocean Optics UV-VIS spectrophotometric system, pure 
m-cresol purple added, and absorbance measured at three wave-
lengths (Carter et al., 2013; Clayton and Byrne, 1993). These sam-
ples were usually analyzed within 2 h of collection.
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Fig. 2. Inter-calibration of dissolved Fe measurements drawn from the same (GTC) bottles made by shipboard FIA (y-axis) and ICPMS (x-axis) for the (a) the Loihi hydrocast
and for (b) neighboring (“distal”) stations (Stations 14, 16, 18, 19, 21, and Puna Ridge). The orange lines have an intercept of zero and unit slope.
3. Results and metal-3He ratios

3.1. The Loihi station

The station over the Loihi Seamount was located at 18◦54’23”N, 
155◦15’29”W, with a nominal depth of 1300 m, directly above the 
center of Pele’s Pit (Clague et al., 2019), a collapse feature resulting 
from a 1996 seismic/eruption sequence (Duennenbier et al., 1997). 
The target sampling location was within ∼100 m of three active 
hydrothermal vents (Tower, Hiolo, and Spillway) to its southeast, 
and ∼300 m of a shallower vent (Lohiau at about 1150 m depth) 
to the north-northwest (Bennett et al., 2011; German et al., 2018). 
Measured isotope and element profiles for samples drawn from 
the Niskin hydrocast are shown in Fig. 3 (a-f), along with prop-
erties measured on the GTC casts (g-j), as well as the calculated 
profiles of excess helium isotopes (Fig. 3k-l) and their isotopic rela-
tionship (Fig. 3m). Except for neon and methane, all elements and 
isotopes from the Niskin hydrocast show the same structure below 
1000 m, with maxima ∼100 m above the sea floor and elevated 
concentrations extending ∼200 m above. The GTC hydrocast mea-
surements exhibit the continued increase in signal to the seafloor 
(red lines/symbols in Fig. 3g-h). The trend is also seen in the total 
dissolved sulfide (Fig. 3i) and mirrored by the pH (Fig. 3j), further 
reflected in a decrease in light transmissivity below 1250 m (not 
shown). The differences between the two hydrocasts, despite pre-
cise ship positioning is expected because a modest 5◦ difference 
in wire angle can result in a ∼100 m lateral displacement package 
toward or away from the three nearby active hydrothermal vents 
in Pele’s Pit.

Helium isotope ratio anomalies (Fig. 3a) approaching 400% 
were observed, comparable to earlier observations at Loihi (Lup-
ton, 1996). Corresponding to this maximum was a ∼22% peak in 
helium saturation anomalies (Fig. 3b), in contrast to neon, which 
showed no difference from other stations. The small �Ne excess 
at 1100 m is likely a sampling artifact producing a miniscule bias 
in the helium, further corrected for by the isotope calculations. 
Thus, the helium supersaturations are non-atmospheric. Like Lup-
ton (1996), we find the isotopic ratio of the Loihi helium to be 
substantially elevated compared to typical Mid Ocean Ridge (MOR) 
sources (27.3 ± 0.3 Ra vs ∼8 Ra where Ra is atmospheric ratio 
1.384 × 10−6) (Clarke et al., 1976)). Our result is slightly higher 
than Lupton’s (1996) originally reported 23.5 Ra. (We contend that 
Lupton inappropriately included near-surface waters as endmem-
bers, which flattens the slope slightly). Our ratio is more consistent 
with observations of Loihi summit lavas (Kaneoka et al., 1983; Kurz 
et al., 1983; Rison and Craig, 1983), a signature of primitive man-
tle volatiles associated with the leading edge of the Hawaiian hot 
spot (Kurz et al., 1982, 1983).

The temperature data for this station revealed no detectable 
thermal signature at the depths of 3He anomalies, consistent with 
the very high 3He:heat ratios reported for the Loihi seamount by 
Lupton et al. (1.1 fmol J−1) (1989). This contrasts with ratios at 
least two orders of magnitude smaller for mid-ocean ridge (MOR) 
systems (see Elderfield and Schultz, 1996; Lupton et al., 1989). 
This difference results from the profound geo-tectonic differences 
between a mid-plate mantle-plume fueled volcano in the shield-
building stage and MOR spreading centers. While MOR have char-
acteristically shallow magma chambers (∼1 km below seafloor), 
Loihi’s magma chamber is ∼10 times deeper, providing greater op-
portunity for decoupling between primary volatiles like 3He and 
heat (cf. Hofmann et al., 2011).

High concentrations of dissolved methane are commonly ob-
served in hydrothermal vent waters and appear to be derived from 
reduction of CO2 to CH4 under conditions associated with plutonic 
rocks and temperatures of ∼300-400 ◦C (Wang et al., 2018). For 
the Loihi profile, the enrichment in CH4 is modest, less than 1 
nmol kg−1 relative at similar depths at other stations in the re-
gion (∼1 nmol kg−1, Fig. 3f. These values are significantly lower 
than the roughly 5-15 nmol kg−1 reported by Gamo et al. (1987)
prior to the 1996 seismic/volcanic events and the collapse of Pele’s 
Vents. In contrast, dissolved methane in other hydrothermal end-
member solutions are often in the micromolar to millimolar range. 
Because the processes of formation of hydrothermal methane are 
different from the generation of hydrothermal 3He or Fe, we don’t 
necessarily expect broad oceanic correlation of methane with these 
other hydrothermal parameters. Nonetheless, the comparison is 
potentially instructive. For our two most methane-enriched Loihi 
samples, we observe xsCH4/CXS(3He) molar ratios of ∼5 × 104, 
much smaller than the ∼5 × 105 ratio reported by Gamo et al. 
(1987). Here we define XSCH4 as the amount of methane above 
values observed at comparable depths away from Loihi. In far 
greater contrast, Keir (2010) reported xsCH4/3He ratios in mid-
ocean ridge hydrothermal samples that were 10-1000-fold higher 
than our value. Likewise, the xsCH4/Fe ratios of our two most 
methane-enriched samples are much lower than xsCH4/Fe ratios 
observed in most other vent fluids (e.g., Charlou et al., 2002). This 
suggests that either the Loihi methane had been rapidly consumed 
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Fig. 3. Loihi profiles of a), helium isotope ratio anomaly δ3He in %, b), dissolved helium saturation anomaly in %, c), dissolved neon saturation anomaly in %, d), dissolved 
Fe in nmol kg−1, e), dissolved Mn in nmol kg−1, f), dissolved CH4 in nmol kg−1, g) dissolved Fe (ICPMS for GTC hdyrocast only, and FIA for both), h), dissolved Mn (same as 
Fe), i), TDS (pM) from the GTC cast, j), pH from the GTC cast k), excess 3He in fmol kg−1, l), excess 4He in pmol kg−1, and m), correlation between excess 3He and 4He. The 
dashed line represents the bottom depth at the sampling location.
by methanotrophs during transport and dilution from the vents to 
our sampling location, or that the Loihi system is nearly devoid 
of methane. Indeed, basalt-hosted vent systems tend to have lower 
methane concentrations in their hydrothermal fluids than do ultra-
mafic hosted systems (Keir, 2010), though their xsCH4/3He ratios 
still tend to be 10-100-fold greater than what we observe.

The maximum dFe and dMn concentrations measured for both 
hydrocasts at Loihi station (Fig. 3d-e and g-h) were roughly half of 
those reported earlier by Bennett et al. (2011) for Pele’s Pit. This 
could be due to spatial variations (see previous discussion in meth-
ods), but German et al. (2018) have described a gradual, decade 
time-scale decrease in vent temperatures at Loihi. Nonetheless, the 
maximum dFe is about 7 times larger than observed directly over 
the southern East Pacific Rise (SEPR) (Fitzsimmons et al., 2017; 
Resing et al., 2015), while the dMn is roughly twofold smaller.

The overall slope of the “proximal” Fe:3He relationship within 
Pele’s Pit was 7.4 ± 0.5 × 106 (Fig. 4a), surprisingly similar to the 
SEPR. Since the published SEPR relationship (Resing et al., 2015) 
was based on preliminary shipboard dFe measurements, we use 
the average of shore-based ICP-MS measurements within 50 m 
of the core of the 3He maximum for the station over the SEPR 
(Schlitzer et al., 2018) to obtain a revised proximal SEPR Fe:3He 
ratio of 7.6 × 106, virtually identical to Loihi. This is remarkable 
since the overall dFe and 3He concentrations at the two sites are 
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Fig. 4. The observed correlations at the Loihi station between excess 3He in fmol kg−1 and a, dissolved Fe and b, Mn, both in nmol kg−1, and c-d, molar ratio profiles of 
dissolved Fe, Mn, and e methane to 3He. Note the shallowest plume values (red star) which likely represent ratios “exported” from the site.
so different, and the processes leading to their creation are com-
pletely decoupled. That is, the dFe enrichment at Loihi is derived 
from low-temperature leaching of basalt by hotspot-derived vol-
canic carbon dioxide, which drives down the pH of Loihi fluids 
(Sedwick et al., 1992). In contrast, the dFe enrichment at mid-
ocean ridge systems such as SEPR is dependent on hot (>300 ◦C) 
reactions of acidic fluids with Fe silicates in basalts (Von Damm, 
1985).

The overall Mn:3He relationship (Fig. 4b) is 0.8 ± 0.1 × 106, 
more than twofold smaller than observed at the SEPR (Resing et 
al., 2015). The depth profiles of the Fe:3He ratio, shown in Fig. 4c, 
is highest ∼100 m above the plume’s core. In contrast, the Mn:3He 
ratio profile, shown in Fig. 4d, shows an increase below the core, 
resembling more the CH4:3He ratio profile shown in Fig. 4e. Al-
though divergence of the Fe:3He profile below the core of the 3He 
maximum could result from in situ scavenging, consideration of the 
detailed bathymetry and nearby vent locations in relation to the 
sampling site (e.g., see Fig. 1b of Bennett et al., and 4b of Clague et 
al. Bennett et al., 2011; Clague et al., 2019), suggests that the pro-
files are the composite signature of multiple hydrothermal sources 
at different locales and depths in and near Pele’s Pit. Moreover, 
since the sill depth of Pele’s Pit is ∼1100 m, the metal:3He ratios 
that are exported to influence surrounding open ocean waters are 
likely the values at or near the 1100 m depth. Thus, we adopt the 
somewhat higher values of 9.3 ± 0.3 × 106 and 0.93 ± 0.04 × 106

for the molar Fe:3He and Mn:3He ratios that escape to feed the 
regional-scale “hydrothermal tongue”.

3.2. The “distal” stations

The GEOTRACES GP15 δ3He and dFe profiles (Fig. 5) showed 
distinct maxima at 1100 m depth for the stations within 500 km 
of Loihi (18, Puna Ridge, and 19), while more remote “background” 
stations (14, 16, and 21), falling outside of the main Loihi plume 
(Fig. 1a and 1c) do not exhibit discernible features. Concentrations 
of excess 3He, dFe, and dMn at all six stations were interpolated 
to the 1100 m depth, and decrease monotonically with distance 
from Loihi (Fig. 6a-c), with the exception of station 14 where dFe 
and dMn appear elevated (and dissolved oxygen more depleted) 
due to the influence of the North Pacific oxygen minimum zone. 
There, a secondary subsurface maximum of reduced metals such 
as Mn(II) is present due to their redox stability under suboxic con-
ditions (Johnson et al., 1996).

The dissolved metal relationships to 3He are plotted in Fig. 6d 
and 6e. We invoked a linear dFe:3He relation because the data 
at the critical intermediate concentrations were insufficient in 
number to distinguish from a non-linear relationship. Included 
in the plot is an exponential regression (dashed line) that fits 
the data well, but has only one degree of freedom in the fit. 
The linear dFe:3He regression slope for the five distal stations is 
4.4 ± 0.9 × 106, about a factor of two lower than the proximal 
ratio of 9.3 ± 0.3 × 106. This decrease in slope is comparable to 
that observed over the SEPR (Fitzsimmons et al., 2017). At Loihi, 
the proximal relationship arises from non-conservative dFe losses 
during plume transport, which could include abiotic scavenging of 
Fe(II) but also may include microbial Fe utilization, given the rich 
Fe-oxidizing microbial communities known to exist in Loihi mi-
crobial mats (Emerson and Moyer, 2002; Emerson et al., 2007). 
The distal dMn:3He relationship (Fig. 6e) of 0.9 ± 0.1 × 106 (ex-
cluding Station 14, which is largely unaffected by Loihi) appears 
equal to the proximal ratio, which is consistent with SEPR (Fitzsim-
mons et al., 2017) and earlier studies (James and Elderfield, 1996) 
that dMn behaves conservatively in the non-buoyant hydrothermal 
plume.

The similarity of both proximal and distal dFe:3He ratios be-
tween the Loihi and SEPR is remarkable for two reasons. First, 3He 
is a primary volatile that is strongly partitioned out of the par-
ent magma while dFe is affected by water-rock exchange, chemical 
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Fig. 5. Composite depth profiles at the distal stations of a, δ3He in %, b, dissolved Fe in nmol kg−1, c, dissolved Mn in nmol kg−1, and d, dissolved oxygen in μmol kg−1 for 
the more distant stations shown in Fig. 1 (not including the Loihi station). From north to south they are station 14 (cyan), 16 (blue), 18 (magenta), Puna Ridge (red), 19 
(green), and 21 (yellow). Note the pronounced maxima in δ3He, dFe, and dMn at 1100 m depth identified in δ3He by Lupton (1996) as the Loihi plume for the “nearby” 
stations (Puna Ridge, 18, and 19). Also, note the aberrant behavior for the dMn (and to a lesser extent dFe) for station 14.

Fig. 6. The distal excess 3He, dissolved iron, and manganese concentration variation vs. distance from Loihi for a. excess 3He in fmol kg−1, b. dissolved Fe in nmol kg−1, and
c. dissolved Mn in nmol kg−1. Correlation with excess 3He for d. dissolved Fe and for e. dissolved Mn. Error bars, which combine analytical and interpolation uncertainties, 
are 1 σ for both variables. The solid lines are from type-II weighted linear regressions (excluding station 14, highlighted in pink for Fe and Mn). The dashed line in d is an 
exponential fit for comparison.
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Fig. 7. The mid-depth excess helium isotopes relationships for the background and three nearest stations. The filled circles correspond to samples close to 1100 m depth. 
a Stations 14,16, and 21 are considered “background” and the blue line, which falls through these points is for reference only. b-d are for the three closest stations (18, 19, 
and Puna Ridge, see Fig. 1a). The blue star is the estimated unperturbed 1100 m value and the red dashed line’s slope corresponds to the isotopic composition of Loihi plume 
helium (see Fig. 2i).
precipitation, microbial transformation, and the presence/absence 
of binding ligands. Thus, given these very different geochemical 
supply mechanisms to hydrothermal fluids, it is remarkable that 
Fe and 3He would produce similar ratios in different vents. Sec-
ond, Loihi and the SEPR have vastly different geochemical, geo-
logical, hydrothermal, and tectonic characteristics, making it even 
more unlikely that Fe and 3He would have similar ratios. The 
SEPR is a mid-ocean ridge spreading center with a shallow (∼1 
km depth) magma chamber, tholeiitic basalts, and high temper-
ature hydrothermal vent fluids, while Loihi is a mid-plate, man-
tle plume-driven shield-building volcano with a deeper (∼10 km 
depth) magma chamber, and lower temperature hydrothermal vent 
fluids (German et al., 2018; Rouxel et al., 2018). Furthermore, SEPR 
vents have millimolar concentrations of H2S (Von Damm et al., 
2003), which should minimize dFe concentrations due to precip-
itation of iron sulfides (Feely et al., 1996, 1987). We observed less 
than nanomolar TDS concentrations at Loihi and only modest acid-
ification, minimizing dFe removal.

In contrast to both Loihi and the SEPR, recent observations in 
the North Atlantic TAG hydrothermal plume show dFe concentra-
tions (Fitzsimmons et al., 2015) of ∼60 nmol kg−1 with a cor-
responding 3He excess (Jenkins et al., 2015) of ∼0.6 fmol kg−1, 
leading to a molar Fe:3He ratio close to 100 ×106. This is about ten 
to fifteen times higher than observed here and at the SEPR. Obser-
vations over the southern Mid-Atlantic Ridge at around 13◦S yield 
a similarly high value of ∼70 ± 30 × 106 according to Saito et al. 
(2013). Thus, there appears to be a greater Atlantic-Pacific dispar-
ity in dFe:3He ratios than between mid-ocean ridge and mid-plate 
mantle plumes within the Pacific. This verifies that there are nu-
merous factors fixing the persistent Fe:3He ratio supplied to the 
ocean by any single hydrothermal vent, including tectonic con-
text, depth of the magma chamber (and subsequent temperature 
at venting), host rock composition, microbial composition, and bot-
tom water conditions (especially oxygenation). The numerical pre-
diction of 3He and persistent dFe fluxes from hydrothermal vent 
fluids is a complex task. We attempt to quantify those fluxes here 
for Loihi Seamount.

4. Estimating the hydrothermal 3He flux

Loihi’s uniquely high 3He/4He signature provides an unambigu-
ous and quantitative measure of the amount of excess 3He at-
tributable to Loihi at each station, as distinct from the regional 
“background” of volcanic and radiogenic helium emitted by more 
distant vents and sediments. In Fig. 7 we show the relationships 
between excess 3He and 4He for the more distant “background” 
stations (14, 16, and 21 in Fig. 7a) and the three stations near 
Loihi (18, 19, and Puna Ridge in Fig. 7b-d). In the neighboring sta-
tions, there is a clear deviation from the background slope defined 
by the more distant stations that allows us to quantitatively sepa-
rate out the Loihi contribution. In all panels, the shallowest points 
are on the left and deepest points on the right of the graphs. The 
blue line references the background trend and the blue star rep-
resents a “best guess unperturbed” 3HeXS-4HeXS composition for 
the 1100 m depth. In the other panels, the red dashed line corre-
sponds to the unique 3He/4He trend line associated with the Loihi 
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Fig. 8. Profiles of a) excess 4He in nmol m−3 , b) excess 3He in pmol m−3 , and c) Loihi-linked excess 3He in pmol m−3 for six GP15 stations. The solid lines in c) are smoothing 
spline fits to all data in each profile. We only integrated over the depth range of integration (900 to 1300 m). d) Computed 3He inventories in pmol m−2 for stations along 
∼152◦W vs. distance from Loihi, including both GP15 and the recent 2015 occupation of P16N.
mantle plume signature (27.3 Ra), which demonstrates convincing 
evidence that the 1100 m features (filled circles) arise from the 
Loihi source. This gives us a quantitative method for defining and 
integrating the water column excess 3He attributable to the Loihi 
source.

Fig. 8a and 8b show the excess helium isotope profiles for the 
GP15 stations, calculated using equations (3) and (4), and Fig. 8c 
shows the Loihi-sourced 3He profile as estimated by subtracting 
the average of “background” station profiles between 5 and 10◦N 
(station 21) and between 30 and 35◦N (stations 14 and 16). The 
helium isotope profiles nearest Loihi exhibit a significant 3He sig-
nature between 900 and 1300 m depth with a maximum near 
1100 m. The large vertical spread may be due in part to the topo-
graphic distribution of the many hydrothermal vent sites (Bennett 
et al., 2011; Clague et al., 2019; Rouxel et al., 2018) at Loihi. In ad-
dition, although diapycnal mixing in the open ocean is weak (Led-
well et al., 1998, 1993), seamounts are known sites of enhanced 
vertical mixing (Lueck and Mudge, 1997; Toole et al., 1997). We 
thus argue that the vertical spread likely occurs as a result of both 
vertically distributed sources and enhanced vertical mixing in the 
vicinity of the injection sites.

We model the regional distribution of the vertically integrated 
3He anomaly (the inventory) between 900 and 1300 m depths us-
ing the observations reported here along with selected historical 
profiles. Uncertainties are assigned as a combination of analyti-
cal precisions and interpolation errors. The latter, estimated by 
assuming a profile shape intermediate between a box-car (a con-
stant value over the range) and a triangular distribution dominates. 
The inventories, which include results from a recent occupation 
along this meridian (P16N in 2015) show a smooth trend vs. dis-
tance (see Fig. 8d), supporting the idea that the feature described 
is persistent. Using historical data, we can further develop a pic-
ture of the distribution of the vertically integrated Loihi-sourced 
3He anomaly. For those profiles with contemporaneous neon con-
centration measurements, similar calculations can be done, but for 
those without neon data (notably the more distant WOCE P17N 
section at 135◦W) a much more approximate scheme (Jenkins et 
al., 2018) must be used, with significantly less accuracy.

This model rests on the assumption that the existence of a 
persistent regional 3He feature emanating from Loihi requires a 
sustained hydrothermal flux of this isotope. The magnitude of the 
required flux depends on the regional scale velocity and turbu-
lent diffusion responsible for its dispersion. We use an idealized 
advection-diffusion model to set approximate constraints on this 
flux. We constructed a two-dimensional rectangular slab-channel 
model for this depth range, spanning from the dateline to 120◦W 
and between 10◦ and 30◦N. We impose a uniform zonal veloc-
ity and a spatially variable but isotropic horizontal turbulent dif-
fusivity. Horizontal resolution is 25 km, and a standard, mass-
conserving, upwind-differencing algorithm (Glover et al., 2011) is 
used to integrate the model to steady-state. Choice of the zonal ve-
locity is critical in that the results will scale almost linearly with it. 
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We use a velocity of 0.0040 ± 0.0016 m s−1 obtained for this loca-
tion and depth from a global multi-tracer data assimilation model 
calibrated by radiocarbon and CFCs (Schlitzer, 2004, 2007) which 
has been used successfully to model regional/global distributions 
of radiocarbon and 3He (Schlitzer, 2007, 2016). This velocity is 
consistent with a recent analysis of circulation at 1000 m depth 
from float data by Ollitrault and De Verdiere (2014, their Fig. 12), 
and we conservatively estimate an uncertainty of 40% to this value. 
The presence of the Hawaiian Island chain in the path of this zonal 
current may lead to spatial enhancement of lateral diffusion (e.g., 
Chen et al., 2015). Thus, we impose a simple spatial structure on 
the lateral diffusivity as the sum of a constant background diffu-
sivity plus a half sine function centered on 20◦N, 150◦W whose 
value is zero at 10◦ and 30◦N, and at 180◦ and 120◦W. The mag-
nitudes of the background and amplitude diffusivities were treated 
as variables to be optimized against observations.

To constrain the model, we compute integrated water column 
inventories between 800 and 1300 meters depth of the Loihi-
attributed 3He (based on the 3He/4He anomalies and calculations 
described above) using only the more recently occupied stations 
(2015 and 2018) that have noble gas measurements along the 152 
◦W section. For the 135◦W section, due to the lack of noble gas 
data, we use a less precise calculation (Jenkins et al., 2018) using 
the historical helium isotope measurements largely made by Lup-
ton (1996, 1998). For weighting purposes, we estimated uncertain-
ties in these inventories due to the combination of measurement 
and interpolation/integration errors.

We embedded the advection-diffusion model within a non-
linear optimization algorithm that varied the Loihi source strength 
(released at the cell nearest the seamount’s location) along with 
both the background and peak horizontal turbulent diffusivities to 
minimize the model mismatch to the observed distribution. We 
characterize the model-data misfit by computing the reduced chi-
squared

χ2
ν = 1

N − 3

∑
i

(Mi − O i)
2

σ 2
i

(5)

which is the sum of the squared differences between model (Mi ) 
and observation (O i ) points normalized by the uncertainty (σi) of 
the observations divided by the number of constraining observa-
tions minus the number of adjustable parameters (e.g. see (Glover 
et al., 2011)). Since it is difficult to present the distribution of 
this property in three-dimensional parameter space, we present in 
Fig. 9 various “slices” in 2D (Fig. 9a) and 1D (Fig. 9b-d) formats 
along with the optimal model Loihi 3He inventory spatial struc-
ture with the constraining data (Fig. 9e).

The χ2
ν distribution as a function of source strength and max-

imum (peak) diffusivity is shown in Fig. 9a for a globally opti-
mal background diffusivity of 405 m2 s−1 (see Fig. 9b). The χ2

ν
contours in Fig. 9a show a sloping elliptical minimum indicating 
a broad correlation between source flux and diffusivity: increas-
ing lateral diffusivity necessary to “spread” the eastward oriented 
tongue meridionally requires an increase in source flux required to 
support the overall inventory. The global minimum χ2

ν was 1.5, 
indicating good agreement with observations, especially consid-
ering the simplicity of the model. The optimal case peak diffu-
sivity was 645 m2 s−1 (see Fig. 9c) and the optimal source flux 
(Fig. 9d) was 10.43 mol a−1. The optimal source strength depends 
most on the aggregate horizontal diffusivity: inspection of Figs. 9b 
and 9d reveals that required source strength is relatively insen-
sitive to the value of background diffusivity, changing only about 
±6% for a ±50% change in background mixing rate. As one reduces 
the background mixing rate, the amplitude of the island wake en-
hancement (characterized by the sinusoid amplitude) increases to 
compensate, maintaining a roughly constant average diffusivity in 
the plume. In fact, choosing a spatially constant horizontal mixing 
rate has only a modest influence on the overall result.

Fig. 9e shows model 3He inventory distribution for the op-
timal case, along with the constraining observations. The model 
parameters, 3He source strength (10.4 mol a−1) along with back-
ground (405 m2 s−1) and peak (645 m2 s−1) horizontal diffusivities 
scale linearly with the horizontal velocity, so assuming an uncer-
tainty ±40% in the velocity translates to a corresponding ±40% in 
those parameters. Thus we estimate the 3He flux to be 10.4 ± 4.2 
mol a−1, a peak horizontal diffusivity of 645 ± 258 m2 s−1, and a 
background diffusivity of 405 ± 162 m2 s−1. The range of proba-
ble horizontal diffusivities agrees well with many other estimates 
of intermediate depth open-ocean values on regional scales (for 
example, Jenkins, 1991; Ledwell et al., 1998; Robbins et al., 2000; 
Sundermeyer and Price, 1998). Moreover, elevated isopycnal mix-
ing should result from the expected enhancement of deep eddy 
energetics around the Hawaiian Island and seamount wakes. We 
therefore regard the predicted fluxes and horizontal diffusivity as 
consistent with current understanding of those processes.

As a slab model, these calculations are relatively immune to 
the effects of vertical (diapycnal) mixing because the inventories 
used to constrain the model are vertically integrated over several 
hundred meters. In this way it compensates for the initial verti-
cal dispersion caused either by enhanced vertical mixing in the 
vicinity of rough topography (e.g., Ledwell et al., 2000; Polzin et 
al., 1997) or by multiple hydrothermal injection sites at different 
depths. We can, nonetheless, place an upper limit on the poten-
tial impact of diapycnal mixing by combining our knowledge of 
the vertical distribution of the Loihi 3He with a reasonable range 
of diffusivities. Estimates for open ocean deep waters are typically 
of the order of 1 × 10−4 m2 s−1 (Munk, 1966), while tracer-based 
estimates in the main pycnocline are of order 2 × 10−5 m2 s−1

(Ledwell et al., 1998, 1993; Rooth and Ostlund, 1972). We expect 
an actual diffusivity somewhere in between these two at interme-
diate depths. Using an average vertical 3He gradient of 2 × 10−16

mol m−4 in the “core” of the horizontal Loihi helium plume and 
an approximate areal extent of 1 × 1012 m2, we arrive at a flux of 
3 − 15 × 10−9 mol s−1 or 0.1 – 0.5 mol a−1. This corresponds to 
less than 5% of the estimated flux, small compared to other uncer-
tainties.

The most probable 3He source flux of 10.4 mol a−1 is remark-
able, being of order of 2% of the 548 ± 31 mol a−1 global deep 
hydrothermal 3He flux (Bianchi et al., 2010; DeVries and Holzer, 
2019; Schlitzer, 2016). While seemingly large, net plume buoyancy 
fluxes indicate that the Hawaiian hot spot contributes ∼15% of 
the global mantle plume buoyancy flux (Sleep, 1990) and since at 
some level in the mantle heat and 3He should be correlated, a sim-
ilarly large fraction of the mantle plume 3He flux. Because some 
portion of the Hawaiian plume volatile release will be subaerial 
(e.g., through Kilauea, which has a 3He/4He ratio intermediate be-
tween Loihi and asthenospheric values), our result suggests a lower 
bound global plume 3He flux of 70 mol a−1, about 13% of the mid-
ocean ridge flux (Bianchi et al., 2010; DeVries and Holzer, 2019; 
Schlitzer, 2016). Given an estimate of the current magma supply 
rate of 2.5 × 107 m3 a−1 for Loihi (Garcia et al., 2006) and assum-
ing virtually complete volatile loss, we estimate the un-degassed 
magmatic 3He concentration of 4 × 10−7 mol m−3 (which corre-
sponds to ∼3.5 × 10−9 cc-STP g−1). This is approximately 100-fold 
more than the largest reported concentrations observed in glassy 
rims of extruded flows on Loihi (e.g., Kurz et al., 1983), but it 
is consistent with the magmatic degassing concepts (e.g., Chavrit 
et al., 2012). Such a disparity can be expected, both due to ev-
idence at Loihi of extensive degassing prior to eruption (Byers et 
al., 1985), and due to the very large 3He:heat ratio observed for the 
Loihi hydrothermal systems (Elderfield and Schultz, 1996; Lupton 
et al., 1989). In the latter case, the roughly 100-fold enhancement 
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Fig. 9. (a) A contour plot χ2
ν (model-data misfit) as a function of 3He source strength (Loihi flux) and peak horizontal diffusivity of the case of an eastward velocity of 

0.004 m s−1 and optimized background diffusivity of 405 m2 s−1. (b) The variation of optimal χ2
ν as a function of background diffusivity, (c) peak diffusivity, and (d) source 

strength. (e) The model Loihi 3He plume inventory distribution for the globally optimal case of 10.43 mol a−1 source strength, background diffusivity of 405 m2 s−1 and 645 
m2 s−1 peak horizontal. Observed inventories used to constrain the optimization are posted in pmol m−2 (white numbers). (f) a comparison of measured inventories (open 
symbols with error bars) and optimum model prediction for the two sections (∼152◦W red, ∼135◦W blue) as a function of latitude.
of 3He:heat reflects the roughly 100-fold reduction in magmatic 
3He concentration during ascent to the seafloor.

5. Estimating the hydrothermal iron flux

Applying the distal dFe:3He ratio to this 3He flux we calculate 
a hydrothermal iron flux of 4.3 × 107 mol a−1, about 1% of the 
estimated ∼4 × 109 mol a−1 global dFe flux (Resing et al., 2015). 
Given the relatively shallow injection depth of Loihi, this flux may 
be proportionately more important than implied by this low per-
centage. For example, an inverse analysis of oxygen and nutrient 
fluxes across the mid-latitude North Pacific points to significant 
mid-depth upwelling that peaks around 1000 – 1200 m depth 
(Robbins and Bryden, 1994), suggesting that this iron may reach 
the surface in a few decades. To evaluate the potential impact of 
the Loihi iron source on productivity in the North Pacific basin, we 
performed a numerical experiment to determine where Loihi in-
fluenced intermediate waters might reach the surface biome using 
the multi-tracer-optimized, global, coarse-resolution model pre-
viously developed to estimate the global hydrothermal 3He flux 
(Schlitzer, 2016). A steady source of conservative numerical dye 
was released at the Loihi location on the two model depths that 
bracket 1100 m (983 and 1184 m) and run for 50 years. Maps 
of the relative amount of dye reaching the upper 100 m (as de-
picted by the 31 m level) are shown in Fig. 10. Both maps reveal 
a pronounced upwelling signature along the west coast of North 
America with a more subtle westward extension in the subarctic 
Pacific toward east coast of Kamchatka. The westward influence 
increases with greater release depth. This suggests that some por-
tion of the waters that originally receive the Loihi hydrothermal 
iron flux must surface within the North Pacific basin within a few 
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Fig. 10. Upwelling of the Loihi plume in the North Pacific in a tracer-optimized numerical model. 3He concentrations (in relative units) at the model’s shallowest depth (31 
m) after 50 years are mapped for a tracer release from two bracketing depths: (a) 983 m and (b) 1183 m. Note the westward extension of dye for the deeper release.
decades, pointing to a potentially important role in supporting pri-
mary production for this basin (Martin and Fitzwater, 1988).

Given a range of planktonic Fe:P stoichiometries of 1 −5 ×10−3

(Twining and Baines, 2013) and a “Redfield” C:P ratio of 106 (Bris-
tow et al., 2017), the Loihi Fe flux could fuel maximum basin-scale 
new production of 1 − 4 × 1012 mol a−1 carbon. Although loss of 
dFe due to water column scavenging processes would reduce the 
Loihi hydrothermal Fe reaching surface waters (Fitzsimmons et al., 
2017), we note that the deep water residence time of dFe has tra-
ditionally been thought to be longer than the 50 yr runtime of the 
model used in this study (70-270 years; Berquist and Boyle, 2006; 
Bruland et al., 1994). That is, much of the Loihi Fe may persist to 
be upwelled. However, shorter estimates of deep water Fe replace-
ment timescales of <20 years have also been recently proposed 
based on comparison to Th fluxes (Hayes et al., 2018, 2015) which 
would suggest that perhaps none of the Loihi Fe would reach sur-
face phytoplankton. The uncertainty in Fe scavenging rates means 
that the biogeochemical impact of Loihi Fe fluxes can only be as-
sessed with a biogeochemical model containing dynamic Fe trans-
formations. This is being pursued in a separate study. Nonetheless, 
it is clear that the intermediate-depth source of hydrothermal iron 
at Loihi has the potential to play an important role in support-
ing and controlling new primary production in the North Pacific 
Ocean.
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