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Submarine hydrothermal venting has recently been identified to have the potential to impact ocean
biogeochemistry at the global scale. This is the case because processes active in hydrothermal plumes are
so vigorous that the residence time of the ocean, with respect to cycling through hydrothermal plumes, is
comparable to that of deep ocean mixing caused by thermohaline circulation. Recently, it has been argued
that seafloor venting may provide a significant source of bio-essential Fe to the oceans as the result of
a close coupling between Fe and organic carbon in hydrothermal plumes. But a complementary question
remains to be addressed: does this same intimate Fe-Cg association in hydrothermal plumes cause any
hydrothermal venting related impact to the global C cycle? To address this, SCOR-InterRidge Working Group 135 developed a
ocean biogeochemistry modeling approach to synthesize site-specific field data from the East Pacific Rise 9°50' N hydrothermal
iron field, where the range of requisite data sets is most complete, and combine those inputs with global
f’fga“ic carbon estimates for dissolved Fe inputs from venting to the oceans to establish a coherent model with which
inverse model to investigate hydrothermal Corg cycling. The results place new constraints on submarine Fe vent fluxes
worldwide, including an indication that the majority of Fe supplied to hydrothermal plumes should come
from entrainment of diffuse flow. While this same entrainment is not predicted to enhance the supply of
dissolved organic carbon to hydrothermal plumes by more than ~10% over background values, what the
model does indicate is that scavenging of carbon in association with Fe-rich hydrothermal plume particles
should play a significant role in the delivery of particulate organic carbon to deep ocean sediments,
worldwide.
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1. Introduction With the discovery of the first high-temperature black smokers
(Spiess et al., 1980), a further appreciation arose that the gross

Submarine hydrothermal venting was first discovered in the fluxes emitted from high-temperature venting were modified sig-

late 1970s (Corliss et al., 1978) and was almost immediately rec-
ognized as a potentially important source and sink of key ele-
ments in global-ocean geochemical budgets (Edmond et al., 1979).
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nificantly in hydrothermal plumes. For the vast majority of chem-
ical tracers enriched in vent fluids, net fluxes to the oceans are
modified as these tracers are incorporated into Fe-rich polymetal-
lic sulfide and oxyhydroxide particles that sink to the seafloor at
and close to mid ocean ridge crests (Mottl and McConachy, 1990;
German et al., 1991; Kadko, 1993). This view of the restricted role
that hydrothermal systems might play in global-scale budgets per-
sisted for more than a decade although, for those trace elements
and isotopes that are readily scavenged by Fe, it was recognized
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Fig. 1. Schematic of processes associated with submarine hydrothermal plumes showing the three sources of fluid inputs to buoyant hydrothermal plumes (focused vent flow,
diffuse vent flow and entrained seawater). The buoyant plume continues to entrain background seawater progressively as it rises until a level of neutral buoyancy is attained.
Extensive precipitation of some bulk phase polymetallic sulfides and other phases occurs during this plume rise and results in an important settling flux of material directly
to the immediately adjacent seafloor. Much additional material is incorporated into the dispersing non-buoyant plume, however, and this provides an important mechanism
for the export of dissolved and (nano-)particulate material away from ridge axes into the deep ocean interior.

that the net effect of submarine venting might be to remove dis-
solved trace elements and isotopes (TEls) from the deep ocean into
underlying sediments (Elderfield and Schultz, 1996). By contrast,
until recently the potential impact of hydrothermal venting on the
global carbon cycle was almost completely overlooked (¢f. German
and Von Damm, 2003; German and Seyfried, 2014).

1.1. Coupling of iron with organic carbon in deep-sea hydrothermal
plumes

In the past decade, with the advent of the international GEO-
TRACES program (www.geotraces.org), multiple high-quality basin-
scale data sets have emerged that show that there is a signif-
icant component of dissolved Fe present in the deep ocean at
dispersing hydrothermal plume depths (Wu et al, 2011; Klun-
der et al, 2011, 2012; Saito et al., 2013; Nishioka et al., 2013;
Conway and John, 2014; Fitzsimmons et al., 2014; Sedwick et al.,
2014; Hatta et al, in press; Resing et al., submitted for publi-
cation). Further, global-scale biogeochemical modeling appears to
require such hydrothermal inputs to exist to reproduce the re-
ported distributions of dissolved Fe globally (Tagliabue et al., 2010;
Sedwick et al., 2014; Resing et al., submitted for publication). In
parallel, near-field hydrothermal research has focused upon what
mechanisms might prevent dissolved Fe from being removed into
underlying sediments through oxidative precipitation and, hence,
facilitate a dissolved Fe export flux from venting. To-date, two hy-
potheses have been put forward. The first suggests that dissolved
Fe(Il) and Fe(Ill) may be complexed by organic ligands that are also
present within the turbulent plumes found directly above high-
temperature vents and which mix diffuse flow and ambient sea-
water together with end-member vent fluids (Bennett et al., 2008;
Sander and Koschinsky, 2011; Hawkes et al., 2013). Those stud-
ies have calculated that 0.1-7.5% of the gross dissolved Fe flux
from hydrothermal venting could be stabilized by organic com-
plexation. The second hypothesis, equally consistent with the avail-
able data, suggests that rather than being present in truly dis-
solved form, some of the Fe passing through operational filtration

processes may be present as nano-particulate pyrite (FeS;). Their
small size and kinetic stability against oxidation would allow these
FeS, nanoparticles to travel farther than their larger analogs before
undergoing oxidative dissolution, with any Fe(Il) or (IIl) released
being complexed by excess organic ligands (Yucel et al., 2011;
Gartman et al., 2014). Either process could stabilize Fe sufficiently
for iron from hydrothermal vent sources to be exported to the
deep ocean interior.

Because Fe is an essential micronutrient limiting photosyntheti-
cally-driven productivity in up to 40% of the world’s surface
oceans, it is of great importance to better understand the sources
and pathways of Fe in the ocean, particularly at a time when sig-
nificant changes in the aerosol iron supply are expected, due to a
more arid climate and increased dust precipitation (Boyd and Ell-
wood, 2010). In parallel, what has become increasingly apparent
from hydrothermal process studies over the past decade, focused
at the East Pacific Rise (EPR) 9°50’ N vent field, is that the Fe
cycle in hydrothermal plumes may be intimately linked to the cy-
cling of organic carbon (Toner et al., 2009; Bennett et al., 2011;
Breier et al., 2012). While detailed studies have provided important
new insights into the processes active in hydrothermal plumes,
however, such approaches do not allow for a quantitative consider-
ation of their potential importance to global-scale biogeochemical
budgets (German and Seyfried, 2014). Here, we have developed
a modeling approach, constrained by the most complete set of
bounding conditions available (from the EPR 9°50’ N vent field),
to address the key question:

e Do the processes that regulate dissolved and particulate Fe fluxes
through submarine hydrothermal plumes also impact ocean cycling of
organic carbon at the global scale?

1.2. Conceptual Model for investigating hydrothermal Fe & Corg cycling

Fig. 1 shows the conceptual framework for our study. While
the role of microbes in the oxidation and reduction of iron in
hydrothermal plumes and diffuse vents is well established as
an important pathway for the coupling of Fe and organic C
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(Emerson and Moyer, 2002; Dick et al., 2013; Li et al., 2014),
our modeling approach does not need to distinguish between
abiotic and biologically-driven processes to arrive at important
conclusions concerning net Fe and organic C fluxes. Hydrother-
mal fluids emitted from high-temperature vents at the seafloor
are initially hot (hence, buoyant) and strongly enriched in dis-
solved Fe (up to 1 million times higher than typical deep ocean
concentrations). As these fluids rise, they entrain large volumes
of deep-ocean seawater together with variable amounts of diffuse
flow emitted from lower-temperature venting across the surround-
ing hydrothermal field. Both the diffuse flow and the surrounding
seawater may be significant sources of organic carbon to the sys-
tem (including in the form of iron-binding ligands) and the diffuse
flow may also be a source of Fe, albeit at much lower concen-
trations than in high-temperature vent fluids (Luther et al., 2001;
Koschinsky et al., 2002). Within the buoyant hydrothermal plume,
vent fluids rapidly undergo progressive dilution until they are no
longer buoyant and rise no further. Typical heights of rise as-
sociated with submarine hydrothermal plumes are of the order
of 100 m or more and the time taken for emplacement at this
non-buoyant plume height is of the order of 1 h during which
the end-member vent fluids undergo dilutions of ~10,000:1 with
background seawater and diffuse flow (Lupton, 1995). Processes
that are most likely to influence the fate of Fe in buoyant hy-
drothermal plumes include: precipitation of bulk phase polymetal-
lic sulfides as the vent fluids cool; complexation of dissolved Fe
with organic ligands as the vent fluids mix with the entrained sea-
water and diffuse flow; and oxidative precipitation of dissolved
Fe(Il) as the sulfide-bearing and completely anoxic vent fluids mix
with well-oxygenated entrained bottom water.

While precipitation of polymetallic sulfides is expected to be
rapid with respect to the rise time of buoyant hydrothermal
plumes (Rudnicki and Elderfield, 1993), Fe-oxidation rates vary
progressively as oceanic deep water circulates progressively, from
one ocean basin to the next, along the global thermohaline con-
veyor (Field and Sherrell, 2000; Statham et al., 2005). For the ma-
jority of deep ocean basins, significant concentrations of dissolved
as well as particulate Fe should persist as far as the top of rising,
buoyant hydrothermal plumes. Removal of Fe into particulate form
may then proceed, with or without microbial mediation, as the re-
sulting non-buoyant plumes are dispersed by deep ocean currents
(Dick et al., 2013; German and Seyfried, 2014). Thus, we anticipate
that the major removal processes for Fe into underlying sediments
are in the forms of both polymetallic sulfides close to sites of active
venting and Fe-oxyhydroxide phases settling out beneath dispers-
ing non-buoyant plumes.

2. Methods: modeling Fe and organic carbon cycling in
hydrothermal plumes

2.1. Model implementation using Fe as “currency”

Fig. 2 shows the processes outlined in the preceding section en-
capsulated into a model structure in which there are three types
of Fe input into a buoyant hydrothermal plume (1: vent fluids;
2: entrained diffuse flow; and 3: entrained seawater) and three
terms representing Fe removal (1.1: sedimentation from the buoy-
ant plume as polymetallic sulfides; 4.1: sedimentation from the
non-buoyant plume in particulate form; and 4.2: export to the
deep ocean in dissolved [and nano-particulate] form). Note that
there is one additional flow of Fe, Fe-Flowq,, that is not portrayed
in Fig. 2. Fe-Flow1> is the fraction of Fe-Flow; that persists in so-
lution and is incorporated into the non-buoyant plume, together
with Fe-Flow; (diffuse flow) and Fe-Flows (entrained seawater).
All of Fe-Flow,, Fe-Flow;, and Fe-Flows, are carried away from
the vent source as Fe-Flowy.

Model structure

Fe-Flow 4.2

4\
Fe-Flow 3
Seawater
entrained

A
Fe-Flow 2

Fe-Flow 1

Sediment Sediment
near field far field
Fig. 2. Structure of the SCOR-InterRidge WG135 model for biogeochemical cycling in
deep sea hydrothermal plumes using Fe as “currency”. This figure translates the pro-
cesses illustrated in Fig. 1 into a series of key flows (labeled arrows) that form the
basis of the model: Fe-Flow, Fe-Flow, and Fe-Flows represent the three primary
inputs to buoyant hydrothermal plumes from focused vent flow (Fe-Flow;), dif-
fuse hydrothermal flow (Fe-Flow;) and entrained seawater (Fe-Flows), respectively.
Fe-Flow; is subdivided into Fe-Flow;; and Fe-Flow,. Fe-Flowq; represents the re-
moval flux associated with the rapid precipitation of particulate phases in buoyant
hydrothermal plumes, immediately above a vent site, that settle to the immedi-
ately adjacent seafloor. Fe-Flow, (not shown) represents the remainder of Fe-Flow,
which, together with Fe-Flow; and Fe-Flows is incorporated into the dispersing hy-
drothermal plume as Fe-Flowy. In turn, Fe-Flowy is partitioned into Fe-Flows; and
Fe-Flow,,. Fe-Flow,; represents the flux associated with particulate material that
settles to deep ocean sediments beneath dispersing hydrothermal plumes while
Fe-Flow4, represents the export flux of dissolved (& nano-particulate) iron that
is dispersed into the deep ocean interior.

All units, values, expressions, and literature sources for the pa-
rameterization of our model are provided in Table 1. An important
assumption that we have relied upon in constructing this model
is that all hydrothermal systems, globally, can be represented by
the circumstances that prevail at the EPR 9°50’° N hydrothermal
field. We note that the validity of this assumption is limited be-
cause: (i) vent fluid compositions vary along the global ridge crest,
especially with changing lithologies such as those found at slow
and ultraslow ridges and in back-arc settings; (ii) Fe reaction ki-
netics in hydrothermal plumes vary progressively along the global
thermohaline conveyor (German and Seyfried, 2014). Nevertheless,
following this approach achieves two important goals: (a) we are
able, for the first time, to assemble various discrete data sets, ac-
quired independently and over decades of field work, into a co-
herent framework, and (b) we are able to obtain model results, for
both Fe and C cycling in hydrothermal systems, that are consistent
with recent field observations (see later).

2.2. Derivation of the flow equations used in the model

In this section, we describe how the (mass-based) Fe-Flow
equations used in the model were derived. A first key parame-
ter (not illustrated in Fig. 2) is the Heat Flow Ratio, which defines
the proportion of axial heat flux that is provided by focused hy-
drothermal fluid flow (Heat-Flowq) or diffuse hydrothermal fluxes
(Heat-Flow,) across the seafloor/ocean interface. In our parameter-
ization, we use the definition: HFR = Heat-Flow;/(Heat-Flow; +
Heat-Flow;) and while the HFR value has no impact on the to-
tal hydrothermal heat flux at mid ocean ridges (2.6 x 102 W), it
significantly impacts the influence of hydrothermal venting upon
ocean biogeochemistry, as reflected in our model results (see later).
Accordingly, we have run our model with multiple HFR settings
across the range 0.1-0.5 to accommodate the full spectrum of
values considered plausible for seafloor hydrothermal systems (Ta-
ble 1). In the remainder of this section, each Fe-Flowy is repre-
sented by three successive equation types: conceptual (Cx), pa-
rameterized (Px), and as used in the numerical model (Mx). In
Subsections 2.2.1 to 2.2.5, we detail the computation of the Fe-
Flows in Fig. 2 assuming that the value of the flow of Fe that
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Table 1

Parameters used for SCOR-InterRidge WG 135 Hydrothermal Fe-Corg cycling model.

Parameter Units

Value or expression

Literature source and comments

Fe molar mass kgmol !
Heat Flow Ratio (HFR) Dimensionless

Total Heat Flow w

Water-Flow kgyr~!

(Water-Flow/Heat-Flow ), kgyr~! per W

Water-Flows kgyr—!

Fe concentration in mol kg~
Flowq, [Fe];

Fe concentration in molkg~!
Flow,, [Fe],?

Fe concentration in mol kg~
Flows, [Fe]3

k, fraction of Fe-Flow
entering Fe-Flowq;

Dimensionless

55.845 x 1073
0.1 to 0.5

2.6 x 1012

7.2x 102 x
(HFR/0.2)

3250

Water Flow; x 10%—
Water Flow;

2.5%x 1073

0.56 x 107°

0.56 x 10~°

0.5

Estimated range of HFR (Elderfield
and Schultz, 1996; Mottl, 2003).
Global heat flow anomaly in
oceanic crust younger than 1 Ma
attributed to on-axis hydrothermal
flux of seawater heated beneath
the seafloor to temperatures of
350-400°C (Elderfield and Schultz,
1996).

Preferred value for hydrothermal
water flux from fluids exiting the
seafloor at black smoker (~350°C)
temperatures at HFR = 0.2 (Nielsen
et al,, 2006), multiplied by
(HFR/0.2) to allow a range of HFR
values to be considered.

Flank flux calculation from Mottl
(2003): 6.16 TW carried by

2 x 10" gyr~! ‘unaltered’ seawater
@ 10°C yields 3250 kgyr~' per W.
Assumes 10,000:1 dilution of
high-temperature fluids (Lupton,
1995), includes all diffuse flow
with remainder of volume flux
provided by ambient seawater.
Based on [Fe] vent-fluid data from
EPR 9°50" N (Bennett et al., 2011);
Range: 0.85-4.1 mM, Ave: 2.5 mM.
Minimum possible value, based on
Fe concentration in ambient
seawater (Wu et al., 2011).

Fe concentration in ambient
seawater (Wu et al., 2011).

As estimated by Rudnicki and
Elderfield (1993).

2 Treated as a variable during later deterministic inverse model runs, leading to predicted [Fe], values in the range: 7-965 pmolkg~! (see

Section 3.3 and Table 3).

is incorporated into the non-buoyant plume (Fe-Flow4) depends
solely on the values of HFR and the parameters in the model. This
type of computation is called direct modeling. In Subsections 2.2.6
to 2.2.8, we set the value of Fe-Flow, a priori, instead, and back-
calculate the values of one parameter, [Fe],, as well as all other
flows in the model that are impacted by setting the Fe-Flow, value.
This second type of computation is referred to as inverse modeling.

2.2.1. Direct modeling of Fe-Flow
Conceptually:

Fe-Flow; = Fe molar mass x [Fe]; x Water-Flow, (€cn

Eq. (C1) was parameterized using: Fe molar mass = 55.845 x 1073,
[Fe]; = 2.5 x 103, and Water-Flow; = (7.2 x 10'2) x (HFR/0.2).
Hence:

Fe-Flow; = (55.845 x 1072) x (2.5 x 107%) x (7.2 x 10'?)
x (HFR/0.2) (P1)

Combining the terms in Eq. (P1) provided the model equation for
Fe-Flow1, expressed as a function of HFR:

Fe-Flow; = 5,026,050,000 x HFR (M1)

2.2.1.1. Direct modeling of Fe-Flow1
Fe-Flow 1 = k x Fe-Flow; (c1.1)

Eq. (C1.1) was parameterized using: k = 0.5, i.e. half of Fe-Flow; is
removed by Fe precipitation and sinking from the buoyant plume,
in the near-field. Hence:

Fe-Flowq 1 = 0.5 x Fe-Flow; (P1.1)

The model equation for Fe-Flow;; was provided by Eq. (P1.1) and
expressed as a function of Fe-Flow; (see Eq. (M1)):

Fe-Flowq 1 = 0.5 x Fe-Flow; (M1.1)
2.2.1.2. Direct modeling of Fe-Flowy,
Fe-Flowq » = Fe-Flow; — Fe-Flowq 1 (C1.2)

The parameterized equation for model Fe-Flow, was the same as

Eq. (C1.2):

Fe-Flowq » = Fe-Flow; — Fe-Flow1 1 (P1.2)

Fe-Flow1; was computed as a function of Fe-Flow; and Fe-Flow;;
(Egs. (M1) and (M1.1)):

Fe-Flowq » = Fe-Flow; — Fe-Flowq 1 (M1.2)

2.2.2. Direct modeling of Fe-Flow,
Fe-Flow; = Fe molar mass x [Fe]; x Water-Flow (2)

Eq. (C2) was parameterized using: Fe molar mass = 55.845 x
1073, [Fe], = 5.6 x 10710, and Water-Flow, = Heat-Flow, x
(Water-Flow/Heat-Flow);, where (Water-Flow/Heat-Flow),
3250 kgyr~! W1 (Table 1). Hence:

Fe-Flow, = (55.845 x 1072) x (5.6 x 1071)
x (Heat-Flows x 3250)

The value of HFR determines the partitioning of the total heat flow
(2.6 x 1012 W, Table 1) between focused and diffuse heat flow
(Heat-Flow; & Heat-Flows, respectively):
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Heat-Flow; = 2.6 x 10'? x HFR
Heat-Flow, = 2.6 x 10'? x (1 — HFR)
Hence we obtained the parameterized equation for Fe-Flow;:
Fe-Flow; = (55.845 x 1072) x (5.6 x 107'°)
x [2.6 x 10" x (1 — HFR)] x 325 (P2)

Substituting for HFR in Eq. (P2) using: HFR = Fe-Flow;/
5,026,050,000 (from Eq. (M1), above) we obtained the model equa-
tion for Fe-Flows,, expressed as a function of Fe-Flow;:

Fe-Flow; = 5.2577778 x 107> x (5,026,050,000 — Fe-Flow)
(M2)

2.2.3. Direct modeling of Fe-Flows

Fe-Flows = Fe molar mass x [Fe]s x Water-Flows (C3)

Eq. (C3) was parameterized using: Fe molar mass = 55.845 x 1073,
[Fe]s = 5.6 x 1071°, and Water-Flows = (Water-Flow; x 10%) —
Water-Flow,. Hence:

Fe-Flows = (55.845 x 1072) x (5.6 x 1071?)
x [ (Water-Flow; x 10%) — Water-Flow, | (P3)

But, from the equations for Fe-Flow; (Egs. (C1) and (P1)) and
Fe-Flow; (Eqgs. (C2) and (P2)), we could also derive the expressions:

Water-Flow; x 10% = Fe-Flow1 /[(55.845 x 1072)
x (2.5 % 107%) x (1x 1074)]
Water-Flow, = Fe-Flow, /[ (55.845 x 107%) x (5.6 x 107'%)]

Substituting these expressions into Eq. (P3) we obtained the model
equation:

Fe-Flows = (0.00224 x Fe-Flow;) — Fe-Flow, (M3)
2.2.4. Direct modeling of Fe-Flowy
Fe-Flow, = Fe-Flowq » + Fe-Flow, + Fe-Flows (c4)

The parameterized and model equations for Fe-Flow, were the
same as Eq. ((4):

Fe-Flow4 = Fe-Flowq 3 + Fe-Flow, + Fe-Flows (P4)
Fe-Flow4 = Fe-Flow ; + Fe-Flow; + Fe-Flows (M4)

All values of Fe Flow;;, Fe-Flow; and Fe-Flows were computed
using Eqs. (M1.2), (M2) and (M3), respectively.

2.2.5. Direct modeling of Fe-Flow4; and Fe Flow,,
Fe-Flows was partitioned between Fe-Flows; and Fe-Flow4> as

follows:

Fe-Flow,4 1 + Fe-Flow4 > = Fe-Flowy (C5)

Fe-Flow, 1 + Fe-Flow4 > = Fe-Flowy (P5)

Fe-Flow, 1 + Fe-Flow, > = Fe-Flowy

2.2.6. Inverse modeling of [Fe],

For the inverse modeling runs, the value of Fe-Flow, was set to
231,200,000 kg Fe yr—! x c for the global ocean, using Fe-Flow,
= 231,200,000 kg Fe yr—! (Sedwick et al, 2014; Resing et al.,
submitted for publication) and ¢ = [Fe-Flow4/Fe-Flow,;]. The ex-
pression for [Fe], was then derived from Egs. (C2), (C3) and ((4)
(above) in which:

[Fe], = Fe-Flow;/(Fe molar mass x Water-Flow;) (from Eq. (C2))
Fe-Flows = Fe molar mass x [Fe]s x Water-Flows (from Eq. (C3))

Fe-Flow; = Fe-Flow4 — (Fe-Flow 5 + Fe-Flows) (from Eq. ((4))

Hence:

[Fel, = [(Fe-Flowa x ¢) — {Fe-Flow; 2 + (Fe molar mass
x [Fe]3 x Water Flows)}]/(Fe molar mass
x Water-Flow,) (C6)

Expressions for each of these Water-Flow terms were obtained by
combining expressions and parameters given previously in Sec-
tions 2.2.1-2.2.3 as follows:

- Water-Flow; = (7.2 x 10'?) x (HFR/0.2)
- Water-Flow;, = 2.6 x 10'? x (1 — HFR) x 3250
- Water-Flows = (Water-Flow; x 104) — Water-Flow,

Then, substituting for (Water-Flow;) and (Water-Flow;), we ob-
tained:

Water-Flows = [(3684.5 x HFR) — 84.5] x 10
Combining this expression with Eqs. (P2), (P3) and (C6) yielded:

[Fe], = (231,200,000 x ¢) — {Fe-Flow; 5 + (55.845 x 1073)
x (5.6 x 1071%) x [(3684.5 x HFR) — 84.5] x 10"}
/[(55.845 x 107%) x 2.6 x 102 x (1 — HFR) x 3250]
(P6)
Hence, with Fe-Flow;; calculated from Egs. (M1), (M1.1) and
(M1.2), we obtained the model equation:
[Fe] = {(231,200,000 x c) — [Fe-Flow; » + 3127.32
x ((3684.5 x HFR) — 84.5)]}

/[4718.9025 x (1 —HFR) x 10'"] (M6)

2.2.7. Inverse modeling of Fe-Flow,
In our inverse modeling, Eq. (C2) was used to provide an ex-
pression for Fe-Flow;:

Fe-Flow, = Fe molar mass x [Fe], x Water-Flow, (€c7)

This equation was then parameterized using expressions and pa-
rameters given in Section 2.2.2 above, with [Fe], being computed
using Eq. (M6), as follows:

Fe-Flow, = (55.845 x 1072) x [Fe], x [2.6 x (1 — HFR)]
x 32.5x 101 (P7)

This led directly to the model equation:

Fe-Flow; = 4718.9025 x 10!' x (1 — HFR) x [Fel, (M7)
2.2.8. Inverse modeling of Fe-Flows

For inverse modeling runs, the expression for Fe-Flows was ob-
tained by difference between flows:

Fe-Flows = Fe-Flow4 — (Fe-Flow1 5 + Fe-Flowy) (C8)

where the value of Fe-Flows was set to 231,200,000 x c, with
¢ = [Fe-Flowy/Fe-Flow4 7] (see Section 2.2.6), and Fe-Flow;, and
Fe-Flow, were estimated using Eqs. (M1.2) and (M7), respec-
tively. The parameterized and model versions of the equation for
Fe-Flows were identical to Eq. (C8):

Fe-Flows = Fe-Flow4 — (Fe-Flow1 5 + Fe-Flow;) (P8)

Fe-Flows = Fe-Flow4 — (Fe-Flowq » + Fe-Flow>) (M8)



148 C.R. German et al. / Earth and Planetary Science Letters 419 (2015) 143-153

3. Model results
3.1. Fe cycling, linear inverse approach

The values of two key ratios in our model, the Heat Flux Ratio
(HFR) and that for [Fe-Flow4/Fe-Flow4] have each been debated
extensively in the literature. For HFR, it has been argued that
high-temperature focused flow may represent anything between
10% and 50% of the total axial heat flux and may vary according
to geologic setting and/or spreading rate (Elderfield and Schultz,
1996; Mottl, 2003; German and Seyfried, 2014). When consid-
ering heat-flow at Mid Ocean Ridges, the differences associated
with varying HFR are negligible but, by contrast, the potential dif-
ferences for biogeochemical fluxes, according to any variation in
the partitioning between heat transported in the form of metal-
rich black smoker vent fluids vs. lower temperature (and typically
metal depleted) diffuse flow are potentially profound. Historically,
however, most attention has been paid to the geochemical char-
acterization of high-temperature vent fluids, which provide impor-
tant insights to the fluid-rock interaction processes occurring at
depth beneath the seafloor. By contrast, much less attention has
been paid to the characterization or quantification of diffuse-flow
fluxes, precluding selection of a robust, globally representative “av-
erage” value for HFR. Accordingly, our approach throughout this
study has been to calculate all possible model outcomes, across
a wide range of HFR values, rather than rely upon a single HFR
value with associated, poorly constrained, uncertainties (i.e. “er-
rors”). Importantly, despite this relatively lightly constrained ap-
proach, our model results reveal important and robust outcomes
from which our conclusions are drawn.

For the case of the ratio [Fe-Flow,,/Fe-Flowy], the flux of dis-
solved Fe from hydrothermal venting to the oceans (Fe-Flows>)
had been considered negligible by most researchers until the ad-
vent of the GEOTRACES program (Elderfield and Schultz, 1996;
German and Seyfried, 2014). While work continues to better con-
strain the value of [Fe-Flowy;/Fe-Flows], an early study by Sander
and Koschinsky (2011) developed a geochemical model that con-
sidered end-member vent fluid data from the Turtle Pits and Rain-
bow fields on the Mid-Atlantic Ridge and calculated that ~0.10%
to 0.33% of the dissolved hydrothermal iron released from those
sites should stay in solution long enough to disperse away from
the vent source.

To better estimate the values of the ratios HFR and [Fe-Flowg/
Fe-Flow4]|, we initially ran model Eqs. (M1)-(M>5) (Section 2.2) us-
ing a linear inverse approach, which allows optimal solutions to
be computed in those cases where the values of several flows are
unknown (Vézina and Platt, 1988; Niquil et al., 2012). To obtain a
numerical solution, the possible values of the unknown ratios had
to be constrained a priori. Accordingly, we assigned the range HFR
= 0.1-0.5 (Table 1) and, in parallel, we also assigned the constraint
[Fe-Flowy ;> [Fe-Flow4] < 0.0033 to coincide with the upper bound
predicted by Sander and Koschinsky (2011). Unfortunately, a nu-
merical consequence of imposing such small values for the ratio
|Fe-Flow, 3 [Fe-Flow4] was that our linear inverse modeling allowed
HFR to take any value within the 0.1-0.5 range and could not al-
low us to progress further following this approach. Accordingly we
decided, instead, to use our model in a deterministic mode: i.e. to
continue to set HFR values a priori and then explore the effects of
varying that parameter on different Fe-Flows.

3.2. Fe cycling, deterministic direct approach

In the next stage of our calculations we computed the val-
ues of the different Fe-Flows by considering different HFR val-
ues, together with model Eqs. (M1) to (M5) and assuming that
[Fe-Flow,/Fe-Flow4] varied across the values 0.075, 0.04, 0.01,

Table 2

Results of deterministic direct model runs, for HFR = 0.1-0.5, assuming that
[Fe-Flowy z [Fe-Flow4] = 0.075, 0.04, 0.01, 0.0033 and 0.001. All reported flows
represent global ocean fluxes, in kt Fe yr—!. In these model runs, the values of
Fe-Flowq, Fe-Flowy1, Fe-Flow,, Fe-Flow;, Fe-Flows and Fe-Flows were the same,
irrespective of changing values for [Fe-Flow,;/Fe-Flowy], and the parameter [Fe],
was held constant (0.00056 pmol kg~!). The values for Fe-Flowy (in italics) varied
with corresponding values for [Fe-Flows;/Fe-Flow4] (values labeled in parentheses
in left column).

HER 0.1 02 03 0.4 05
Fe-Flow; 503 1005 1508 2010 2513
Fe-Flowy; 251 503 754 1005 1257
Fe-Flow;2 251 503 754 1005 1257
Fe-Flow; 02 02 02 02 01
Fe-Flows 0.9 2.0 32 43 55
Fe-Flowy 252 505 757 1010 1262
Fe-Flow, (0.075) 19 38 57 76 94
Fe-Flow, (0.04) 10 20 30 40 50
Fe-Flowy (0.01) 25 5.0 76 10.1 126
Fe-Flowy (0.0033) 0.8 1.7 25 33 42
Fe-Flow, (0.001) 0.3 05 0.8 1.0 1.3

0.0033, and 0.001 (Table 2). The values for [Fe-Flowy/Fe-Flow]
chosen for this effort were selected to not only include the range
of values predicted from Sander and Koschinsky (2011) but also
to extend the range upward so that our model would also in-
clude the higher values of 0.04 and 0.075 estimated by Bennett
et al. (2008) and Hawkes et al. (2013), respectively. All simu-
lated Fe-Flows increased with increasing HFR, with the exception
of Fe-Flow, which decreased at HFR = 0.5 (Table 2). Fe-Flows re-
mained low for all model runs and the dominant contribution to
Fe-Flow4 was from Fe-Flowq, indicating that most of the Fe incor-
porated into the non-buoyant plume was supplied from focused
high-temperature venting. Importantly, however, for any values of
|Fe-Flow, 5 [Fe-Flow4] lower than 0.01, the corresponding values of
Flows, were considerably smaller than those that had been re-
ported previously for dissolved Fe supply to the global ocean of
50.3 kt Fe yr—! (Tagliabue et al., 2010). Indeed, even in the limit,
for values of [Fe-Flow,;/Fe-Flows] < 0.01, then even if all the Fe
in the focused vent flow was incorporated into the non-buoyant
plume (i.e. k=0 in Eq. (P1.1); Fe-Flow; = Fe-Flowq3), values of
Flow4, would still not exceed 25 kt Fe yr”. Clearly, there was a
need to parameterize our model differently.

3.3. Fe cycling, deterministic inverse approach

We explored the alternative parameterization of our model by
setting Fe-Flows, = 229.0 kt Fe yr—! a priori. This represents an
updated value for the global dissolved Fe flux required to sus-
tain worldwide dissolved Fe distributions, as re-calculated most
recently in response to the 2013 US GEOTRACES expedition that
has traced dissolved Fe dispersion over >4000 km away from
the southern EPR at ~15° S (Sedwick et al., 2014; Resing et al.,
submitted for publication). As discussed earlier, values for [Fe]y
and Fe-Flowq, and for [Fe]s and Fe-Flows have all been well con-
strained recently, through high quality observations and uncertain-
ties for [Fe], and Fe-Flow, remain the highest among the three.
Accordingly, we selected [Fe], and Fe-Flow, as the variables for
our deterministic inverse modeling approach and used the model
to estimate values for these parameters. Direct modeling Eqs. (M1),
(M1.1), (M1.2), (M3), (M4), (M4.1), and (M4.2) were used to calcu-
late the flows throughout the system and then inverse modeling
Eqs. (M6) and (M7) were used to estimate [Fe], and Fe-Flows,
respectively. The inverse model was run using the same five val-
ues for the ratio [Fe-Flow4/Fe-Flow,] that were used previously
(Section 3.2), ranging from 0.075 to 0.001 plus an additional inter-
mediate value of Fe-Flowy;/Fe-Flow, = 0.02. Results of our deter-
ministic inverse model runs are presented in Table 3. To allow for
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Table 3

Results of deterministic inverse model runs assuming that Fe-Flows,; = 229.0
kt Fe yr~! (Sedwick et al, 2014; Resing et al., submitted for publication), and
[Fe-Flowg4;/Fe-Flow4] = 0.075, 0.04, 0.02, 0.01, 0.0033 & 0.001. All reported flows
represent global ocean fluxes, in kt Fe yr—!; values for [Fe], are in pmolkg~!. In
these runs, values for Fe-Flow,, Fe-Flowy1, Fe-Flow;,, Fe-Flows, & Fe-Flow,, were
invariant with changing [Fe-Flow,,/Fe-Flow4] but values for Fe-Flow,s, Fe-Flow,
& [Fe], (shown in italics) all varied with [Fe-Flows,/Fe-Flow4] (values labeled in
parentheses in left column).

HFR 0.1 0.2 0.3 0.4 0.5

Fe-Flow; 503 1005 1508 2010 2513
Fe-Flow4 251 503 754 1005 1257
Fe-Flow1, 251 503 754 1005 1257
Fe-Flows 1 2 3 4 5
Fe-Flows, 229 229 229 229 229
Fe-Flowy (0.075) 3053 3053 3053 3053 3053
Fe-Flowy (0.04) 5724 5724 5724 5724 5724
Fe-Flowy (0.02) 11,448 11,448 11,448 11,448 11,448
Fe-Flowy (0.01) 22,896 22,896 22,896 22,896 22,896
Fe-Flowy (0.0033) 69,383 69,383 69,383 69,383 69,383
Fe-Flowy (0.001) 228,965 228,965 228,965 228,965 228,965
Fe-Flow; (0.075) 2801 2548 2296 2043 1791
Fe-Flow; (0.04) 5472 5219 4967 4715 4462
Fe-Flow, (0.02) 11,196 10,944 10,691 10,439 10,186
Fe-Flow; (0.01) 22,644 22,392 22,139 21,887 21,634
Fe-Flow; (0.0033) 69,131 68,879 68,626 68,374 68,121
Fe-Flow; (0.001) 228,712 228,460 228,207 227,955 227,702
[Fe]> (0.075) 7 7 7 7 8
[Fe]» (0.04) 13 14 15 17 19
[Fe]» (0.02) 26 29 32 37 43
[Fe]> (0.01) 53 59 67 77 92
[Fe]» (0.0033) 163 182 208 241 289
[Fe]» (0.001) 539 605 691 805 965

variability in the predicted global dissolved hydrothermal Fe flux
(4.1 £ 0.3 Gmol/yr = 212.2-245.7 ktFeyr~!, Sedwick et al., 2014;
Resing et al., submitted for publication) we have also rerun the
same deterministic inverse model computations for scenarios that
encompass the high and low bounds for our deterministic inverse
calculations. Those results, which do not depart by more than 10%
from any of the diverse values presented in Table 3, are presented
in the supporting on-line material as Appendices A and B.

Comparisons between the direct (Table 2) and inverse (Table 3)
deterministic modeling approaches show that there were two
types of Fe-Flow in the simulations. Computed values for Fe-Flow1,
Fe-Flow11, and Fe-Flow, were identical for the direct and inverse
approaches because the equations used to compute those flows do
not include [Fe],, which was treated differently in the two types
of approach. Conversely, Fe-Flow; was much higher in the inverse
model runs than in the direct modeling approach (Fe-Flows was
negligible in both circumstances). The reason for this marked in-
crease is because the values of Fe-Flows, (hence, also, Fe-Flowy
and Fe-Flow4 ) that were imposed in the inverse calculations were
much higher than those that were obtained in the direct calcula-
tions, resulting in calculated values for [Fe], (Table 3) that were 4
to 6 orders of magnitude higher than the minimum values that we
had imposed in the calculations reported in Table 2. Importantly,
Fe-Flow1; remained small relative to Fe-Flow, in all values con-
sidered in our model runs (Table 3) indicating that using different
values for the parameter k (Eq. (P1.1)), other than 0.5, would have
had little effect on the other Fe-flows calculated.

Comparisons between results corresponding to differing values
of [Fe-Flowy;/Fe-Flow4] used with the deterministic inverse ap-
proach also revealed two types of variable (Table 3). As the value
for the ratio [Fe-Flows;/Fe-Flow4] decreases, the values for all
of Fe-Flowy, [Fe],, and Fe-Flow, increase. By contrast, values for
Fe-Flowq, Fe-Flowq;, Fe-Flow,, and Fe-Flows show no response
to the change in [Fe-Flow4,/Fe-Flowy]. This is significant, because
it indicates that the additional Fe carried by the non-buoyant

Table 4
Flux ratios (Fe-Flow;/Fe-Flow,) calculated from Table 3, corresponding to changing
[Fe-Flowy ; [Fe-Flowy] (values labeled in parentheses in left column).

HFR 0.1 0.2 03 0.4 0.5

0.075) 0.92 0.83 0.75 0.67 0.59
0.04) 0.96 0.91 0.87 0.82 0.78
0.02) 0.98 0.96 0.93 0.91 0.89
0.01) 0.99 0.98 0.97 0.96 0.94
0.0033) 1.00 0.99 0.99 0.99 0.98
0.001) 1.00 1.00 1.00 1.00 1.00

Fe-Flow; [Fe-Flowy
Fe-Flow; [Fe-Flowy
Fe-Flow; [Fe-Flowy
Fe-Flow; [Fe-Flow,
Fe-Flow; [Fe-Flowy
Fe-Flow; [Fe-Flowy

plume (Fe-Flow4) when [Fe-Flow,/Fe-Flowy] is increased must be
supplied by diffuse hydrothermal Fe flow that is entrained into
the buoyant plume (Fe-Flow;). The latter accounted for >90% of
Fe-Flow4 for all values of HFR when [Fe-Flow,;/Fe-Flow4] < 0.02
(Table 4).

According to our model, all considered values of [Fe-Flow,/
Fe-Flow4] > 0.0033 (Table 3) yield predicted values for [Fe], that
fall within the broad range reported previously from field data,
i.e. from 0.7 to 250 ymolkg~! (Luther et al., 2001; Koschinsky et
al., 2002; Sander and Koschinsky, 2011; S. Sander, unpubl. Data).
The values of 0.0033 proposed for [Fe-Flow4,/Fe-Flow4] by Sander
and Koschinsky (2011) can be considered reasonable for values of
HFR up to 0.4 while higher values of [Fe-Flow4/Fe-Flow,] up to
and including the 0.04 and 0.075 estimates (Bennett et al., 2008;
Hawkes et al., 2013) also match to previously published literature
values across the HFR range considered. By contrast, the lowest
value considered, [Fe-Flow,/Fe-Flows4] = 0.001, yields predicted
[Fe], values in excess of 500 pmolkg~! which exceed the highest
values ever reported in the literature (Luther et al., 2001). Accord-
ingly, this “outlier” [Fe-Flow,,/Fe-Flow4] value was not considered
further in the calculations for Corg cycling (next sections) that re-
lied upon the outcomes from our “Fe currency” model.

In summary, our deterministic inverse modeling of Fe cycling in
hydrothermal plumes allows three major inferences to be drawn:
(1) Our model - which is based upon a global-flux value for
Flow, (derived from regional-scale Fe-3He correlations) and upon
a series of independently quantified concentrations and fluxes de-
termined at and close to the seafloor at the EPR 9°50’° N vent
site — provides a coherent framework for investigating global-scale
hydrothermal cycling which, reassuringly, yields a range of reason-
able values for both HFR and [Fe],.

(2) The range of [Fe], calculated for all imposed [Fe-Flows>/
Fe-Flowy] values >0.33% is 7-289 pumolkg~!, consistent with the
range of values reported previously from direct measurements of
diffuse vent fluid compositions.

(3) For all values of [Fe-Flows/Fe-Flows] < 2.0%, diffuse vent
flow entrained into buoyant hydrothermal plumes represents the
dominant (>90%) source of Fe exported to the deep ocean via dis-
persing hydrothermal plumes.

3.4. Carbon cycling, DOC inputs to dispersing hydrothermal plumes

To investigate C-cycling associated with Fe in our determin-
istic inverse model we used the same values for water volume
flux that were derived in Methods Sections 2.2.1, 2.2.2 and 2.2.3
for Water-Flow;, Water-Flow, and Water-Flows, and then summed
those to calculate Water-Flow4 using the equation:

Water-Flowy4 = Water-Flow; + Water-Flow; + Water-Flows
(M8)

To calculate the C-Flow values associated with each of these fluxes
we used the parameterizations listed in Table 5, and computed the
values listed in Table 6 using the family of expressions:
= Water-Flow x [C];

C-Flow; (M8.1)
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Table 5
Parameters used in SCOR-InterRidge WG135 hydrothermal carbon cycling calculations.
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Parameter Units Value Literature source

C molar mass kg mol~! 12.000 x 1073 -

Corg concentration mol kg~! 16+1x 107 Values measured at Axial Volcano &
in end-member Main Endeavour Field, Juan de Fuca
vent-fluids Ridge (Lang et al., 2006).

Corg concentration mol kg~! 39-69 x 1076 Values measured at Axial Volcano &
in diffuse flow Main Endeavour Field, Juan de Fuca
vent-fluids Ridge (Lang et al., 2006).

DOC concentration mol kg~! 38 x 1076 Above & below plume values, EPR
in seawater 9°50’ N (Bennett et al., 2011).

Dimensionless
(mass ratio)

C:Fe ratio in Fe-rich
dispersing plume
particulates

3.0 Value for Fe oxyhydroxide fraction of
plume particulates at EPR 9°50’ N
(Bennett et al., 2011).

Table 6

Results of calculations for C-flow in hydrothermal plume systems. All reported flows represent global fluxes in kgCyr~

1. units for [C]s are pmolkg~!. Values for all of

C-Flows, C-Flow, and [C]4 are predicted to vary as a function of varying [C], values (umolkg~", listed in parentheses in left column of table). The values for C-Flow4; are
calculated as a function of changing [Fe-Flow,,/Fe-Flow4] (values labeled in parentheses in left column).

HFR 0.1 0.2 0.3 0.4 0.5
C-Flow; 691,200 1,382,400 2,073,600 2,764,800 3,456,000
C-Flow, (39 pmolkg™") 3.56 x 10° 3.16 x 10° 2.77 x 10° 2.37 x 10° 1.98 x 10°
C-Flow, (54 pmolkg=!) 4.93 x 10° 4.38 x 107 3.83 x 10° 3.29 x 10° 2.74 x 10°
C-Flow, (69 pmolkg~!) 6.30 x 10° 5.60 x 10° 4.90 x 10° 4.20 x 10° 3.50 x 10°
C-Flows 13.0 x 10° 29.9 x 10° 46.8 x 10° 63.7 x 10° 80.6 x 10°
C-Flows (39 pmolkg™") 16.6 x 10° 33.1 x 10° 49.6 x 10° 66.1 x 10° 82.5 x 10°
C-Flows (54 pmolkg=!) 17.9 x 10° 34.3 x 10° 50.6 x 10° 67.0 x 10° 83.3 x 10°
C-Flow, (69 pmolkg™") 19.3 x 109 35.5 x 10° 51.7 x 10° 67.9 x 10° 84.1 x 10°
C-Flowy (Seawater) 16.5 x 10° 33.0 x 10° 49.5 x 10° 66.0 x 10° 82.5x 10°
C-Flow, excess vs. 0.07 x 10° 0.06 x 10° 0.05 x 10° 0.04 x 10° 0.04 x 10°
seawater (39 pmolkg~!)

C-Flowy excess vs. 1.44 x 10° 1.28 x 10° 1.12 x 10° 0.96 x 10° 0.80 x 10°

seawater (54 pmolkg~!)

C-Flowy excess vs. 2.81 x 10° 2.50 x 10° 2.18 x 10° 1.87 x 109 1.56 x 107

seawater (69 pmolkg~!)

[Cla (39 pmolkg™1) 384 38.3 38.2 38.2 38.2

[Cls (54 pmolkg™1) 415 39.7 39.1 38.8 38.6

[Cls (69 pmolkg™1) 44.7 411 39.9 39.3 38.9

C-Flows; (0.075) 7.8 x 10° 7.8 x 10° 7.8 x 10° 7.8 x 109 7.8 x 109

C-Flows; (0.04) 15.8 x 10° 15.8 x 10° 15.8 x 10° 15.8 x 10° 15.8 x 10°

C-Flows; (0.02) 33.0 x 10° 33.0 x 10° 33.0 x 10° 33.0 x 10° 33.0 x 10°

C-Flows; (0.01) 67.3 x 10° 67.3 x 10° 67.3 x 10° 67.3 x 10° 67.3 x 10°

C-Flows; (0.0033) 206.8 x 10° 206.8 x 10° 206.8 x 10° 206.8 x 10° 206.8 x 10°
C-Flow; = Water-Flow, x [C], (M8.2) calculated values for C-Flowy with their corresponding values for

Water-Flowy yields predicted values for the DOC content of wa-

C-Flows = Water-Flows x [C];3 (M8.3) W4 yields pred .

ters entering the dispersing hydrothermal plume, [C]4, that fall in

C-Flow4 = C-Flow; + C-Flow; + C-Flows (M8.4) the range 38.2-44.7 ymolkg~!, in close agreement with field val-

Because the highest variability reported previously in the litera-
ture is for the parameter [C], i.e. the organic carbon content of
diffuse flow fluids, we have used that as the prime variable in
the calculations reported in Table 6, with values of [C], = 39,
54 and 69 pmolkg™! (Lang et al, 2006). The calculated values
for carbon flow into the dispersing non-buoyant plume, C-Flowy,
varied primarily as a function of HFR and ranged from 16.6 to
84.1 x 10° kgCyr~1. Also shown in Table 6 are the predicted val-
ues of C-Flowy in the absence of any hydrothermal influence, as-
suming comparable volume fluxes of background seawater with a
dissolved organic carbon (DOC) content of 38.2 pmol kg~ (Bennett
et al., 2011). Subtracting these “background” values from each set
of results for C-Flow, (presented as C-Flow, excess vs. seawater val-
ues in Table 6) we find that the predicted inputs of “excess” DOC to
dispersing hydrothermal plumes are only 0.04-2.81 x 10° kg Cyr—!
higher than the flows that would be predicted from compara-
ble volume fluxes of background seawater. Further, coupling the

ues from the EPR 9°50’ N dispersing hydrothermal plume ([DOC]
< 432 pmolkg~!, Bennett et al., 2011). Consistent with the lat-
ter work, our model predicts that DOC concentrations in waters
entering hydrothermal plumes should, typically, only show 0-10%
enrichment over background DOC values in the deep ocean.

3.5. Carbon cycling, POC scavenging from dispersing hydrothermal
plumes

Within dispersing hydrothermal plumes, both microbial and
abiotic processes may sequester dissolved organic carbon and re-
move it into sinking particulate matter. Indeed, close correlations
have been reported previously between particulate organic carbon
[POC] fluxes and the flux of Fe in the oxyhydroxide fraction of
plume particulates collected in sediment traps close to the vent
source at EPR 9°50’ N (Bennett et al., 2011). This has allowed us
to calculate a global-scale removal flux for POC associated with



C.R. German et al. / Earth and Planetary Science Letters 419 (2015) 143-153 151

Table 7
Summary of values for a range of key parameters derived from model calculations of Fe and Corg cycling in submarine hydrothermal
plumes.
Parameter Range Units
Axial hydrothermal Heat-Flow Ratio (HFR) values 0.1-0.5 Dimensionless
Fraction of Fe delivered to non-buoyant plumes from 1.0-4.0 %
hydrothermal venting that persists in dissolved form
as it disperses into the ocean interior.
Concentration of dissolved Fe in diffuse flow, [Fe;]? 13-92 pmol kg~!
Fraction of Fe export flux derived from diffuse flow?* 78-99 %
Predicted POC flux, from hydrothermal scavenging, 0.016-0.067 PgCyr~!

that is delivered to seafloor sediments across the
global deep ocean?®

2 For the case in which 1.0-4.0% of total vent-supplied Fe persists in dissolved form in dispersing, non-buoyant hydrothermal

plumes (see Discussion for details).

sinking non-buoyant plume particulates by calculating Fe-Flow 4.1
from Eq. (M5), above, and then using the equation:

C—F10W4_1 =30x Fe—FlOW4,1 (M8.5)

The calculated results (Table 6) are independent of HFR, but vary
as a function of the value used for the ratio [Fe-Flow,, /Fe-Flowy].
Calculated values for C-Flows; fall in the range 7.8-206.8 x
10° kgCyr—! which, importantly, indicates that the predicted re-
moval flux for organic carbon from the ocean in association with
sinking hydrothermal plume particles is significantly higher than
the predicted input of excess DOC (see previous section) to those
same plumes from hydrothermal vent sources.

In summary, our modeling of C cycling in hydrothermal plumes
allows two major inferences to be drawn:
(1) There is only modest, if any, enrichment to be expected in the
DOC content of waters entering dispersing non-buoyant plumes di-
rectly above hydrothermal vent sites.
(2) There should be net removal of organic carbon from dispersing
hydrothermal plumes in the form of POC that settles toward the
underlying seafloor in association with Fe-rich oxyhydroxide plume
particles.

4. Discussion

In Table 7 we summarize our preferred values for a range of
key parameters derived from our model calculations. A first im-
portant consideration is that while previously determined values
of dissolved Fe concentrations in diffuse-flow fluids vary widely,
from 0.7 to 250 pmolkg~! (Luther et al., 2001; Koschinsky et al.,
2002), a median value in this range (20 pmolkg~!, S. Sander, un-
published data) corresponds most closely to the 13-92 pmolkg~!
range that would be predicted for those model runs in which
[Fe-Flowy ;> [Fe-Flow4] values fell in the range 1-4%. Further, from
this subset of all our calculations, we would predict that en-
trained diffuse flow (Fe-Flow;) should dominate the flux of Fe
entering dispersing non-buoyant hydrothermal plumes (78-99%),
at the global scale. Finally, while our calculated fluxes for Corg
entering non-buoyant hydrothermal plumes are small (represent-
ing values that are only 0-10% higher than the lateral Corg flux
from an equivalent volume of deep ocean water in the absence
of any hydrothermal influence) the corresponding and much larger
Corg removal fluxes that we calculate from dispersing hydrothermal
plumes provide compelling evidence that processes active in hy-
drothermal plumes should not only sequester DOC from the deep
ocean but may provide an important supply of POC to deep ocean
sediments.

Putting our calculated values in context, our preferred range for
the hydrothermally-associated carbon removal rate (0.016-0.067
Pg C yr~!; Table 7) may appear to represent an extremely small
flux when compared to the downward export of POC from the

sunlit upper ~200 m of the global ocean which transfers approxi-
mately 5 Pg C yr—! to the deep ocean interior (Henson et al., 2011).
While the timescale for removal of most of that POC flux to depth
may be rapid, and settling from the surface ocean has until now
been believed to represent the primary mechanism to supply POC
to the bathypelagic zone (i.e. depth-range 1000-4000 m; Honjo et
al., 2008), it is also recognized that the majority of this settling flux
is remineralized efficiently by prokaryotes and protists within the
ocean interior, in the mesopelagic (200-1000 m) and bathypelagic
zones (Aristegui et al., 2009). However, the bathypelagic zone, in
particular, remains grossly under-sampled, despite representing the
“master reservoir” for biologically-active carbon on Earth, and the
fate of organic C in both the meso- and bathy-pelagic zones re-
mains poorly constrained in current global carbon models (Honjo
et al., 2014). Consequently, the possibility remains that while the
flux of hydrothermally-associated organic C to the seafloor is ex-
tremely small compared to upper ocean POC export fluxes, it could
play an important role in the deep ocean, not just locally but glob-
ally. For example, only 0.4-0.7 Pg C yr~! reaches the 2000 m depth
horizon (Honjo et al., 2014). If we use the equation of Martin et
al. (1987) we can predict still further attenuation of the settling
POC flux such that only 55% of the organic C flux passing 2000
m should persist to more typical deep-ocean seafloor depths at
4000 m - i.e. the settling flux from photosynthetically derived POC,
worldwide, should approximate to no more than 0.2-0.4 Pg C yr—!.
At the global scale, therefore, our model calculations suggest that
hydrothermal fluxes of POC could represent 10%, and perhaps as
much as 33% of the global deep ocean carbon flux arriving at the
seabed. Certainly, sequestration of organic carbon into hydrother-
mal plume particles should dominate the delivery flux of organic
matter to the deep ocean floor locally, close to mid-ocean ridges —
particularly in locales such as the southern East Pacific Rise where
ridge axis fluxes are highest and dispersing plumes underlie an
oligotrophic upper ocean.

5. Conclusions

An internally consistent model has been developed that rec-
onciles studies of global scale distributions of deep ocean Fe, as
determined from separate modeling studies, with detailed process-
oriented studies close to sites of seafloor hydrothermal vent-
ing. Further, our model predicts that dissolved Fe concentrations
in diffuse hydrothermal flow, worldwide, should be of the or-
der 10-100 pmolkg~' and that diffuse-flow hydrothermal fluxes
should dominate the supply of dissolved Fe from hydrothermal
systems to the deep ocean. The same model also predicts that
there should be only modest, if any, water column enrichment in
dissolved organic carbon that arises as a result of submarine vent-
ing. Rather, processes active in submarine hydrothermal plumes
should actively sequester organic carbon from the deep ocean and
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could thus play an important role, globally, in the delivery of par-
ticulate organic carbon to the underlying seafloor.
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