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Chapter 6

Manganese in an ocean
general circulation model

6.1 Introduction

As explained in Section 1.3.3, Mndiss is crucial for photosynthesis, and its
oxidised form, Mnox, plays an important role in the removal of trace met-
als. In this chapter the Mndiss distribution has been simulated, and its
input fluxes and internal processes have been adjusted in parallel sensitiv-
ity simulations, achieving a more integrated understanding of the oceanic
Mn cycle.

Until now only local model simulations of the Mn ocean cycle have
been performed that focus on the processes most relevant for the respective
region. The case of hydrothermal activity has been studied by Lavelle et
al. (1992) who modelled Mn in the deep ocean near hydrothermal vents.
They included four Mn tracers, namely, a dissolved form, small particles
associated with bacteria, larger aggregate particles, and one in sediments
as the model includes benthic fluxes. They found that “more than 80 %
of the hydrothermal Mn is deposited within several hundred kilometres of
the ridge crest though dissolved Mn concentrations beyond that distance
exceed background levels by many times.”

The Mndiss distribution in the North Pacific Ocean has been mod-
elled by Johnson et al. (1996). The oxidation model depends on [O2]
and {OH−}. Their region of interest was on the upper and intermediate
depth ocean, and their focus was reproducing the [Mndiss] maximum in
the Oxygen Minimum Zone (OMZ). They found that the combination of
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remineralisation rates and decreased oxidation in the OMZ explained the
[Mndiss] profile. In the euphotic zone Mndiss was incorporated in phyto-
plankton, while remineralised Mndiss in the aphotic (and disphotic) zone
was lost by oxidation and scavenging.

While these modelling efforts are useful for their purposes, no stud-
ies exist in which the global ocean [Mndiss] is modelled. To arrive at a
more integrated understanding of the oceanic Mn cycle, a Mn model has
been included in an OGCM. As explained in Section 1.4.2, the goal of
these model simulations is to achieve more understanding in the Mndiss
distribution in mainly the West Atlantic Ocean. As opposed to the Aldiss
distribution, which shows the AMOC signal, [Mndiss] is relatively homoge-
neous. It appears without any AMOC signal, but [Mndiss] rather includes
local elevations near the Mid-Atlantic Ridge.

The West Atlantic Geotraces transect, presented in Figure 1.8, shows
a high concentration of Mndiss near the ocean surface, and a relatively ho-
mogeneous distribution in the intermediate and deep ocean. The only
prominent deviations from ‘background’ [Mndiss] ≈ 0.1 nM in the subsur-
face ocean are the elevated values near the Mid-Atlantic Ridge. These
latter elevations are easily explained by hydrothermal sources of Mndiss,
but explaining the former ‘background’ concentration is less trivial.

6.2 Methods

In order to simulate the three-dimensional (3-D) distribution of dissolved
Mn, the biogeochemical model Pisces has been used (Aumont and Bopp
2006; Ethé et al. 2006). In the simulations described here, Pisces has
been driven by climatological velocity fields obtained from the general cir-
culation model NEMO (Madec 2008), of which the dynamical component
is called Océan PArallélisé (OPA) (Madec et al. 1998). A description of
NEMO, and its components OPA and Pisces, is given in Section 2.2.

6.2.1 Manganese model

Figure 6.1 presents the model scheme for the manganese model. The trac-
ers depicted here are explained in Table 6.1. All model parameters are
summarised in Table 6.2. The model equations for the addition of Mn
to the ocean are described in Section 6.2.1.1, and those for the internal
cycling in Section 6.2.1.2.
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Figure 6.1: Model scheme. Biology in green; redox and scavenging in blue; dy-
namics in grey; and the sources dust, rivers, hydrothermal and sediment are in
light brown, light blue, dark brown and red, respectively. Symbols are explained
in Table 6.1.

tracer concentration description
Mndiss Mdiss dissolved Mn(II): Mn2+

Mnox Mox Mn(III,IV,...) oxides: MnxOy

Mnphyt Mphyt phytoplankton incorporated Mn
Mnbiog Mbiog dead phytoplankton Mn

Table 6.1: Manganese tracers in Pisces: name of tracer referred to in text;
mathematical notation for its concentration; and the chemical form. The last two
tracers are only used for the sensitivity simulation with biology (Section 6.2.2).

6.2.1.1 Sources

Manganese enters the upper ocean mostly by dust deposition, but over
large shelf and slope regions (e.g. polar oceans) the flux of Mndiss from
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the sediment is of the same order of magnitude as or larger than the dust
deposition flux (Middag et al. 2011c; Middag et al. 2013). Also rivers are
important for upper-ocean [Mndiss]. Finally, in the deep ocean, hydrother-
mal vents play an important role in Mn addition. Hence Mn may be used
as a tracer for hydrothermal vents. This section describes these sources
and how they are included in the model.

Figure 6.2 shows the four source fields of Pisces; and Table 6.3 lists
the absolute contributions to the different basins by each of the sources, as
well as the relative contribution of every source to the world ocean. These
will be described in more detail below.

(a) Dust deposition (µmolMnm−2 yr−1) (b) Fluvial inflow (µmolMnm−2 yr−1)

(c) Sediment input (µmolMnm−2 yr−1) (d) Hydrothermal input (mmolMnm−2 yr−1)

Figure 6.2: Sources of Mn to the ocean: effective Mndiss input flux Φ. The
native fluxes (mass fluxes or proxies for Mn) are presented in Figure 2.5. Three-
dimensional fields are vertically integrated, such that dimensions are molar fluxes.
Colour scales vary between the different sources.

Atmosphere. The standard dust deposition field used in this model is
taken from Hauglustaine et al. (2004); hence this field is referred to as
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Basin Dust Rivers Sediment Hydrothermal
Atlantic Ocean 1624 46 302 13760
Pacific Ocean 879 39 535 60146
Indian Ocean 879 39 535 22483
Southern Ocean 10 0 77 7601
Arctic Ocean 17 8 90 2269
Mediterranean Sea 498 4 19 0
total amount (Mmol yr−1) 3907 137 1557 106259
relative amount (%) 3.5 0.1 1.4 95.0

Table 6.3: Absolute amount of effective yearly input of Mn by means of sediment,
river and hydrothermal input into each basin (Mmol yr−1). The Southern Ocean
is defined as the ocean south of 58.7◦ S. The line ‘total amount’ denotes how much
world-wide Mn is added to the ocean due to a specific flux; ‘relative amount’ is
normalised to the total Mn input flux.

Dust 2. Figure 6.2a presents the average Mn dissolution flux of the twelve-
month climatology. For one simulation (MnAltDust) a different deposition
field will be used (Dust 1); see Section A.2 for a comparison between the
two fields.

Dust is deposited at the ocean surface, hence manganese is added to
the pool of Mndiss in the upper model layer according to

∂Mdiss
∂t

∣∣∣
dust

=
αMn · fMn
mMn ·∆z1

· Φdust , (6.1)

where Mdiss is [Mndiss], αMn is the solubility of Mn in dust, fMn is the mass
fraction of Mn in dust, mMn is the molar mass of Mn and ∆z1 = 10 m
is the upper model layer thickness. Φdust is the total dust deposition flux
(mass per area per time).

The average mass fraction of Mn, fMn, in the Earth’s upper crust is
527 ppm (Wedepohl 1995). However, the fraction measured in Saharan
dust is 880 ppm (Mendez et al. 2010), consistent with Guieu et al. (1994)
and Statham et al. (1998). Since most of the dust deposited on the Atlantic
Ocean originates from the Sahara and our focus is the Atlantic Ocean, the
value of 880 ppm is used.

The solubility of Mn from dust is uncertain and relatively high com-
pared to most other trace metals. Here αMn = 30% of the Mn in dust
is assumed to be dissolved, largely consistent with the values reported by
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Guieu et al. (1994), Jickells (1995), Baker et al. (2006), De Jong et al.
(2007), and Buck et al. (2010). Several studies report even higher values
(> 50%), which are, however, mainly from anthropogenic or otherwise ma-
nipulated dust, while the lower reported values (< 50%) are from natural
dust, mainly of Saharan origin.

Rivers. Rivers are another source of Mn to the ocean; they are important
for marine primary production (Jones et al. 2012, and references therein).
Manganese enters the coastal area both in dissolved and particulate form,
but upon entering the open ocean, much of both forms is scavenged (Jones
et al. 2012).

Manganese is modelled analogously to iron. River concentrations are
[Fediss] = 700 nM and [Mndiss] = 150 nM (Sarmiento and Gruber 2006, p. 2),
resulting in a ratio f riv

Mn:Fe = 0.214, much higher than the crustal ratio,
which is about 0.0205. Even though the measurements are not recent and
do not need to represent a good average over the important world rivers,
it is certainly more reasonable to use this value instead of the crustal ratio.
The effective inflow of Fe into the open ocean is corrected for scavenging
that is not resolved by the model. Dissolved Mn is assumed to be scavenged
near the boundaries with the same relative rate as dissolved Fe, using an
average fluvial concentration ratio between dissolved Mn and Fe. The
effective Mndiss input into the ocean by rivers is given by Figure 6.2b. The
concentration change of Mndiss due to river input is

∂Mdiss
∂t

∣∣∣
rivers

= f riv
Mn:Fe ·

∂Fdiss
∂t

∣∣∣
rivers

, (6.2)

where Fdiss is the dissolved iron concentration; its change due to river
influx is proportional to fluvial DIC+DOC (Aumont in preparation). This
fluvial concentration change only takes place in the upper gridbox nearest
to the river outflow.

Sediments. A third important source of Mn to the ocean are shallow
sediments, mostly found on the shelves (presented in red in Figure 6.1)
(Pakhomova et al. 2007; Middag et al. 2011b). The underlying process for
this Mndiss flux out of sediments is the reduction of Mnox in the anoxic
environment in the sediment and subsequent diffusion of Mndiss into the
bottom water. This process is the same as for sediment diffusion of dis-
solved Fe that is present in the underlying model (Aumont and Bopp
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2006). Iron diffusion out of the sediment has been modelled as a function
of bathymetry. This accounts, to first order, for the degree of oxygena-
tion of the sediments. Hence for the Mn model the Mn source has been
parameterised in the same way as Fe. This also includes a maximum Mn
flux of about 12 µmol m−2 yr−1, akin to the maximum Fe input flux of
1 µmol m−2 yr−1.

Here Mn addition from the shelves has been modelled proportionally
to Fe addition, weighed with the crustal ratio f sed

Mn:Fe:

∂Mdiss
∂t

∣∣∣
sediments

= f sed
Mn:Fe ·

∂Fdiss
∂t

∣∣∣
sediments

, (6.3)

where ∂Fdiss/∂t|sediments is defined in Aumont (in preparation). The (re-
dox) reactions in the sediment are not explicitly modelled, since the sed-
iment is not part of our model domain. Therefore, addition from the
sediment is modelled as a prescribed source, which is presented by Fig-
ure 6.2c. When integrating the yearly manganese flux (mmol m−2), one
gets a total Mn input of 1557 MmolMn yr−1.

Hydrothermal vents. This source can be modelled in the same way as
3He (e.g. Rüth et al. 2000; Dutay et al. 2004) and iron (Bowers et al. 1988;
Douville et al. 2002; Tagliabue et al. 2010). The Mndiss source is presented
in Figure 6.2d.

Manganese is added to seawater by hydrothermal vents following

∂Mdiss
∂t

∣∣∣
hydrothermal

= fhydro
Mn:3He

· ∂[
3He]

∂t
, (6.4)

where fhydro
Mn:3He

= 102× 106 is the ratio between Mndiss and 3He effective
inflow from hydrothermal vents into the model domain. This high ratio
results in hydrothermal vents being a relatively very large source of Mndiss.
This choice relates to the fast modelled removal rate of Mn near the depth
of hydrothermal vents (next section).

6.2.1.2 Internal processes

Redox. Reduction of manganese oxides (Mnox) presented in blue in the
model scheme (Figure 6.1), is a combination of several processes. Firstly,
Mnox is subject to non-biological reduction, significantly stimulated by sun-
light (e.g. Sunda and Huntsman 1994). Secondly, the rate of oxidation is
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also mediated by microbes (bacteria and fungi) in regions where Mndiss sup-
ply is high (Sunda and Huntsman 1994; Tebo et al. 2005), and it depends
on the O2 concentration and pH. This has been observed in the North
Pacific Ocean (Johnson et al. 1996, and references therein). However,
measurements from the West Atlantic Ocean and Zero-Meridian South-
ern Ocean Geotraces cruises do not show a clear minimum of [Mndiss]
between the euphotic and oxygen minimum zones. This motivates to not
add the dependency on [O2] to the model for an approximate simulation of
[Mndiss]. Hence, here we chose to model Mn following a pseudo-first-order
reaction where kox and kred are pseudo-first-order rate constants (conven-
tional primes omitted, e.g. Stone and Morgan (1990)):

∂Mdiss
∂t

∣∣∣
redox

= −koxMdiss + kredMox

∂Mox
∂t

∣∣∣
redox

= koxMdiss − kredMox ,

(6.5)

where

kred =

{
kPZ

red in the euphotic zone
kAZ

red elsewhere ,
(6.6)

with kPZ
red � kAZ

red, since reduction is much stimulated by sunlight (Ta-
ble 6.2).

Production and remineralisation. The model’s biology is presented
in Figure 6.1 in green. Manganese is incorporated into phytoplankton
during growth (henceforth, production). Incorporation of Mn is modelled
proportionally to the change in phytoplankton carbon concentration. In
the following model equations, the terms prod, resp, mort, graz and diss
stand respectively for the change of the carbon pool due to production,
respiration, death, grazing and dissolution of each of the modelled phy-
toplankton functional types and its detrital products. Assuming that
grazed Mn is instantaneously excreted as Mndiss, and the Mn/C ratio is
kept constant throughout all processes, the resulting biology equations are:



176 Manganese in an ocean general circulation model

∂Mphyt
∂t

= RMn:C · (prod − resp − mort − graz) , (6.7a)

∂Mbiog
∂t

= RMn:C · (mort + graz − diss) , (6.7b)

∂Mdiss
∂t

= RMn:C · (−prod + resp + diss) . (6.7c)

Here Mphyt is the concentration of manganese in phytoplankton and Mbiog
is the concentration of phytoplankton detrital manganese. The extended
Redfield ratio for Mn is denoted by RMn:C = RMn:P · RP:C, where RMn:P
is the extended ratio (as it is usually reported) and RP:C = 1/106 is the
inverse of the Redfield C/P ratio. There is no growth limitation of phyto-
plankton by shortage of Mndiss.

There are two types of phytoplankton in the model: nanophytoplank-
ton and diatoms. Manganese is incorporated in both types according to
the same Eqns 6.7a to 6.7c. Since Mn is also an essential nutrient for zoo-
plankton, incorporation of some fraction of the grazed Mnphyt into the two
modelled types of zooplankton (microzooplankton and mesozooplankton)
should be included. However, here we assume that this fraction is negligible
(� 1). The Mn model may even be extended to include growth limitation
of phytoplankton by shortage of Mndiss. Equation 2.7 would have to be
extended accordingly if we wanted to model the biological ecosystem as
completely as possible in Pisces, for instance by including an extra limi-
tation term in Eqn 2.9. However, since this is the first global Mn model,
the choice is here to keep it as simple as possible and only include the
lowest trophic level for Mn cycling.

Settling and burial. There are two forms of settling Mn particles: ox-
idised/adsorbed particles (Mnox) and biogenic (Mn in dead particles). In
all simulations, except for the one with biology (WithBio), only Mnox par-
ticles export Mn; they settle with some velocity wox

s according to

∂Mox
∂t

∣∣∣
settling

= − ∂

∂z
(wox

s ·Mox) . (6.8)

Mnox is buried when arriving at the ocean floor, which means that they
are removed from the model domain.1 In the sediment, Mnox is reduced

1Settling and burial of Mnbiog in WithBio follows the same equations but with a
settling velocity different from wox

s .
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and can re-enter the ocean by diffusion as Mndiss. This process is not
modelled explicitly, but as a prescribed forcing, unrelated to the removal
(Section 6.2.1.1).

6.2.2 Simulations

The reference simulation, MnRef, uses the parameters listed in Table 6.2,
keeping in mind the following subtleties.

Firstly, the settling velocity wox
s is set to a constant 1 m d−1 as long as

[Mnox] ≤ 25 pM. If [Mnox] > 25 pM, the settling velocity is not a constant
anymore but a function of depth. Still, in the mixed layer wox

s = 1 m d−1,
but if [Mnox] > 25 pM the sinking speed increases up to 10 m d−1 at
2.5 km depth. [Mndiss] thus keeps in check while still providing a deep
ocean sink. The rationale for increasing the settling velocity Mnox above
a certain threshold is that Mnox is large enough to aggregate to become
heavy, fast-sinking particles. As long as the critical concentration is not
reached (loosely a saturation concentration), aggregation of small Mnox
particles does not occur. Henceforth, the critical concentration of 25 pM
is referred to as the aggregation threshold. More precisely, settling of Mnox
follows

∂Mox
∂t

∣∣∣
settling

= − ∂

∂z
(wox

s ·Mox) , (6.9)

where

wox
s /(m d−1) = 1 + 9 · max

(
0,

z −DML
2.5 km

)
·H(Mox − 25 pM) , (6.10)

where z is the depth, DML is the mixed layer depth and H the Heaviside
step function.

Secondly, for a fair simulation, to describe the activation energy for
oxidation, oxidation occurs only when Mdiss > 0.1 nM, thus following
Eqn 6.5 with an oxidation rate of

kox = k̃ox ·H(Mdiss − 0.1 nM) , (6.11)

where k̃ox = 0.341× 10−3 h−1. The critical Mndiss concentration of 0.1 nM
is referred to as the oxidation threshold.

Concentrations of Mndiss and Mnox were initialised such that shortly
after initialisation [Mndiss] is around 0.12 nM everywhere in the aphotic
(and disphotic) zone, a little less than the deep ocean average in the West
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Atlantic Geotraces observations. From that point the reference simul-
ation (MnRef) was spun up for 550 yr. At that moment it was in steady
state; already after a much shorter time it was in a steady state according
to the definition used for Al in Appendix A. From year 150 several sensi-
tivity simulations were forked off to run parallel with MnRef for another
400 yr.

Simulation name Difference with reference simulation
MnRef Reference simulation
MnAltDust Other dust deposition flux distribution
WithBio Biological activity of Mndiss is turned on
LowHydro Decreased hydrothermal input and settling
NoThresholds No limits on Mn export at all
NoAggrThreshold Only oxidation threshold
NoOxidThreshold Only aggregation threshold

Table 6.4: List of simulations.

Table 6.4 lists all simulations. The parameters for the reference simul-
ation are given in Table 6.2. The other simulations are variations of the
reference simulation, which mostly speak for themselves. One simulation,
LowHydro, contains two changes compared to the MnRef, namely a ten-
fold decrease in hydrothermal input and a decrease in the settling velocity
of up to a factor ten at 2.5 km depth, which may seem unusual. Its ratio-
nale is given in the Discussion on Page 193.

6.2.3 Observations

For a worldwide global ocean comparison one also has to rely on data
that were collected in the era before the reference samples of SAFe and
Geotraces were available. Inevitably, the criteria for selecting such pre-
viously published datasets are less strict; see Middag (2010, pp. 221–222)
for the criteria used for each of the selected datasets. Table 6.5 lists both
Geotraces and several other datasets.

These observations are used for a visual global ocean data-model com-
parison. Of these observations, only the West Atlantic Ocean data (64
PE 319, PE 321, PE 358 and JC057; 1440 points) have been used for statis-
tical comparison with the model. Moreover, the data of the FIA shipboard
analysis have been used, which have five stations less than the on-shore
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Cruise Ocean Reference #
ARK XXII/2 East Arctic Ocean Middag et al. (2009) 1080
ANT XXIV/3 Southern Ocean Middag et al. (2011a) 927
64 PE 319 North Atlantic Ocean Middag (unpublished) 384
64 PE 321 North Atlantic Ocean Middag (unpublished) 504
64 PE 358 North Atlantic Ocean Middag (unpublished) 120
JC057 South Atlantic Ocean Middag (unpublished) 432
CLIVAR P16 Pacific Ocean Milne et al. (2010) 174
KH-09-5 Indian Ocean Thi Dieu Vu and Sohrin (2013) 233
VERTEX-4 North Pacific Ocean Orians and Bruland (1986) 28
KiloMoana06 Pacific Ocean Slemons et al. (2010) 349
Total number of dissolved Mn measurements: 4231

Table 6.5: Observational [Mndiss] used for comparison with the model simulations.

Figure 6.3: Stations of the cruises: 64 PE {319,321,358} and JC057 in the West
Atlantic Ocean; ARK XXII/2 in the Arctic Ocean; ANT XXIV/3 in the Atlantic
sector of the Southern Ocean; KH-09-5 in the Indian Ocean; VERTEX-4 in the
North Pacific Ocean; CLIVAR P16 upper 50 m in the Pacific Ocean; Kilo Moana
2006 in the equatorial Pacific Ocean. See Table 6.5 for an overview with references
and the number of observations.

mass spectrometry determinations. Both methods have advantages and
disadvantages, but the results are almost identical (Section 2.6.3). The
measurements in the West Atlantic Ocean and polar oceans have a high ac-
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curacy and precision, as described in Section 2.6.3. The focus of this study
is the West Atlantic Ocean for several reasons. Firstly, recently measure-
ments have been carried out in that region, resulting in a large consistent
(one method) dataset. Other regions generally contain less measurements.
Note that the CLIVAR P16 data used here is only of the upper 50 m.
Secondly, the West Atlantic Ocean is of large importance to the AMOC
and hence the deep ocean cycling of nutrients. For these reasons all quan-
titative arguments in this study concern the West Atlantic Geotraces
section. Definitions and criteria of the goodness-of-fit for model-data com-
parison used in the following section, namely the RMSD and correlation
coefficient, are given in Section 2.4.2.

For the visual comparison between model and observations, horizontal
and vertical cross-sections of the model data are plotted. Using the same
colour scale, observations are plotted as coloured dots to directly compare
the model with the observations. Horizontal [Mndiss] sections are pre-
sented for four different depths, where ‘surface’ signifies the average over
the upper 30 m, ‘500 m’ is 400–600 m averaged, ‘2500 m’ is 2300–2700 m
averaged and ‘4500 m’ is 4000–5000 m averaged. The colour scale is not
linear to better show the main features at both low and high concentra-
tions of Mndiss. The vertical [Mndiss] sections are calculated from the 3-D
model data by converting the ORCA2 gridded model data to a rectilin-
ear mapping and interpolating the rectilinear data onto the cruise track
coordinates.

6.3 Results

Table 6.6 presents several goodness-of-fit statistics of the model simulations
compared with the observational data.

6.3.1 Reference simulation

Figures 6.4 and 6.5 show the modelled and measured dissolved Mn concen-
trations at four depths and at full depth in the West Atlantic Ocean for the
reference simulation (MnRef). The high [Mndiss] at the ocean surface and
lower concentrations in the deep ocean are reproduced by the model. The
high concentrations at the surface of the Atlantic and Indian Oceans near
10–20◦ N reflect the dust deposition field (Figure 6.2a) in combination with
advection (Figure 2.3b), though the latter to a limited extent because of
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the removal of Mndiss by oxidation and aggregation. The generally higher
concentrations of the surface ocean compared to the deep ocean is due
to photoreduction and mostly captured by the model (Figure 6.5). Also
low concentrations in the Southern Ocean are simulated well. Finally, the
measurements near hydrothermal vents in the Atlantic and Indian Oceans
are reproduced by MnRef (Figures 6.4c and 6.5). Except for one station
(VERTEX-4) no observations have been used from the deep Pacific Ocean,
hence no comparison has been done there.

Still, at many places at the ocean surface, [Mndiss] is underestimated
by the model, especially at the surface of the Arctic Ocean and the Pacific
Ocean (Figure 6.4a), as well as at 500 m depth in the Arctic and Pacific
Oceans and some parts of the Atlantic and Southern Oceans (Figure 6.4b).
The relatively high concentrations of Mndiss near the Amazon outflow of
the West Atlantic transect is not reproduced, suggesting the modelled river
input (Figure 6.2b) is not high enough (Section 6.4). The simulation over-
estimates measured [Mndiss] in the deep Arctic Ocean, except for a region
near the Gakkel Ridge (the red dot in Figure 6.4c at 90◦ E) (Middag et al.
2011c). The Gakkel Ridge does not appear to be captured by our forcing
field (Figure 6.2d).

6.3.2 Other dust deposition field

To test the effect of the distribution (and absolute value) of dust deposition
flux, a simulation has been performed with dust deposition flux Dust 1 that
has a different distribution, and a world-ocean integrated flux that is 3.2
times as small, compared to Dust 2 (Section 6.2.1.1).

In Figure A.5 both dust deposition fields are presented for easy compar-
ison. Figure 6.6 shows the difference in [Mndiss] between the two deposition
fields after a simulation of 250 model years. Generally, dust deposition in
MnRef (using Dust 2) is higher compared to MnAltDust (using Dust 1),
hence when the former is used, the values of [Mndiss] are higher and more
realistic.

In the South Pacific Ocean, the use of different dust distributions has
a notable impact on the spatial distribution of Mndiss. Especially the high
[Mndiss] between 30◦ S and 10◦ S is better reproduced in MnRef than in
MnAltDust. The difference in the resulting Mndiss distributions is the rea-
son for the choice of the Dust 2 deposition forcing for the simulations.
This choice is reasonable since observations do not constrain dust deposi-
tion well enough.
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Figure 6.4: [Mndiss] (nM) at four depth layers in the world ocean for the reference
simulation (MnRef) after 550 yr (yearly average). Observations are presented as
coloured dots; white is the land mask of the model grid.

Figure 6.5: [Mndiss] (nM) at the West Atlantic and Zero-Meridian Geotraces
cruise sections for MnRef after 550 yr (yearly average). Observations are pre-
sented as coloured dots.
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Figure 6.6: Simulation with dust deposition field Dust 2 replaced by Dust 1
(MnAltDust). Relative difference of [Mndiss] between MnAltDust and MnRef (%)
after 250 yr (surface [Mndiss] is fully in steady state).

Considering the RMSD, simulation MnAltDust has significantly wors-
ened compared to MnRef (Table 6.6). The correlation coefficient does not
show a significant change for MnAltDust compared to MnRef. Remember
that these statistics only consider the West Atlantic Ocean.

6.3.3 With biological Mn cycle

As Mn plays an important role as a nutrient, it is likely that biology has an
impact on [Mndiss] at the ocean surface. Therefore, a simulation has been
performed where biological incorporation and remineralisation of Mndiss
was included, henceforth named WithBio. The simulation ran for 400 yr
after which it was in an approximate steady state.

Figure 6.7 shows [Mndiss] at the ocean surface. While [Mndiss] in the
surface Atlantic Ocean appears to be reasonable, in the (central) Pacific the
underestimation of [Mndiss] appears large. Indeed, Figure 6.8 shows that
Mndiss has almost completely disappeared from the surface of the Pacific
Ocean. This is the main motivation for not including biology in MnRef: for
a reference simulation it is important to have a realistic Mndiss distribution,
such that sensitivity simulations can be interpreted more easily. In the
deep ocean, [Mndiss] is generally slightly increased in WithBio compared
to MnRef.
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Figure 6.7: [Mndiss] (nM) at the surface of the simulation with the biological cycle
of Mn (WithBio). 400 yr after forking.

Figure 6.8: Simulation with biological incorporation (and remineralisation) of
Mndiss (WithBio). The relative difference in [Mndiss] between WithBio and MnRef
(%) at four depths. Grey is the land mask of the model domain; the black contour
is that of the real continental coasts.

Figure 6.9 shows the difference in [Mndiss] between WithBio and MnRef
at the West Atlantic Geotraces transect. In the Pacific Ocean, near the
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Figure 6.9: The simulation with the biological cycle of Mn. The difference in
[Mndiss] (nM) between WithBio and MnRef.

equator and especially south of the equator, [Mndiss] is notably smaller
in WithBio compared with MnRef. This means that there is a very
large underestimation of [Mndiss] when compared to the data from the
CLIVAR P16 cruise (Milne et al. 2010) and the Kilo Moana cruise (Sle-
mons et al. 2010). In the West Atlantic Ocean the decrease is less compared
to the one in the Pacific Ocean, but still around 20 % (Figure 6.9).

6.3.4 Lower hydrothermal input and smaller settling velocity

Figure 6.10 shows the relative change in [Mndiss] at four depths when both
the hydrothermal input and the maximum settling velocity are decreased
by a factor of ten (LowHydro). In the surface ocean (Figure 6.10a) there are
both moderate increases and decreases, but there is a very large increase
(over 200 %) in the Weddell Sea. In the deep ocean below about 1 km depth
such a large increase is not limited to the Weddell Sea but stretches over
most of the Atlantic and Indian Oceans (Figures 6.10c and d). Exceptions
are the locations near the oceanic ridges, i.e. near hydrothermal vents. At
those locations [Mndiss] decreased by up to 90 %.

Hence, LowHydro appears to give a much worse prediction of the ob-
served [Mndiss] than MnRef. Indeed, the statistics of LowHydro compared
with MnRef unambiguously show that [Mndiss] worsened (Table 6.6). This
is also clear from the West Atlantic Geotraces transect of [Mndiss] in
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Figure 6.10: Result from the simulation with hydrothermal vent Mn input de-
creased and settling velocity decreased (LowHydro). Relative difference in [Mndiss]
(%) between MnRef and LowHydro. To represent the changes of much larger than
100 %, the scale is increased from +50 % upwards.

Figure 6.11. For instance, the high [Mndiss] with a clear hydrothermal ori-
gin at 54◦ S has disappeared, while at the same time the deep ocean filled
up with Mndiss resulting in a consistent overestimation of about a factor
of five in most of the deep West Atlantic Ocean. However, in the Southern
Pacific Ocean and the Indian Ocean the signature of hydrothermal input of
Mndiss is – though smaller – still clearly present, with [Mndiss] values near
the ridges distinctly different from the ‘background’ concentration (results
not shown).

6.3.5 Unconstrained settling

The limitations on the oxidation of Mndiss and the settling of Mnox as
explained in Section 6.2.2 were introduced to keep [Mndiss] in check. To
analyse the effect of both limitations, simulations were performed of which
one included neither thresholds (NoThresholds), one with only the oxi-
dation threshold (NoAggrThreshold) and one with only the aggregation
threshold (NoOxidThreshold).
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Figure 6.11: Result from the simulation with hydrothermal vent Mn input de-
creased and settling velocity decreased (LowHydro). [Mndiss] (nM) at the West
Atlantic and Zero-Meridian Southern Ocean Geotraces transects.

The simulation NoThresholds was performed for 325 yr, after which it
was in a steady state. Already after several decades the simulation became
significantly worse compared to MnRef (Table 6.6). Figure 6.12 presents
the yearly averaged Mndiss concentration at the West Atlantic Ocean and
Zero-Meridian Southern Ocean Geotraces transects of the 325th model
year. At most of the places from the sources (away from the surface and
from the ocean ridges) [Mndiss] is strongly underestimated.

6.3.6 No aggregation threshold

The simulation NoAggrThreshold only contains the oxidation threshold,
meaning that settling occurred unconstrainedly in this simulation (no ag-
gregation threshold compared to MnRef). NoAggrThreshold appears to
be worse compared to MnRef, but not to a significant extent (Table 6.6).
Figure 6.13 presents the relative change in [Mndiss] from MnRef to NoAggr-
Threshold in year 400 after forking. In the intermediate and deep ocean
south of 40◦ N the concentration of Mndiss decreased by 10 to 30 %.
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Figure 6.12: Simulation without thresholds for oxidation or settling (NoThres-
holds) after 325 yr. [Mndiss] (nM) at the West Atlantic Ocean and Zero-Meridian
Southern Ocean Geotraces transects.

Figure 6.13: Result from the simulation with only an oxidation threshold and no
aggregation threshold (NoAggrThreshold); 400 yr after forking. Relative differ-
ence in [Mndiss] between MnRef and NoAggrThreshold (%).

6.3.7 No oxidation threshold

The simulation NoOxidThreshold only contains the aggregation threshold,
meaning that oxidation occurred unconstrainedly in this simulation (no ox-



6.3 Results 189

idation threshold compared to MnRef). NoOxidThreshold appears to be
slightly worse compared to MnRef, but not to a significant extent (Ta-
ble 6.6). Figure 6.14 presents the relative change in [Mndiss] from MnRef
to NoOxidThreshold in year 400 after forking. Only in the upper Southern
Ocean (both Zero-Meridian and West Atlantic) there is a slight decrease
of about 10 % in [Mndiss]. In the Pacific Ocean the decrease in [Mndiss] is
much larger, up to 50 % near 100◦ W and 30◦ N creating a [Mndiss] mini-
mum below the surface (not presented).

Figure 6.14: Result from the simulation with only an aggregation threshold and no
oxidation threshold. 400 yr after forking. Relative difference in [Mndiss] between
MnRef and NoOxidThreshold (%).
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6.4 Discussion

Many of the properties of the Mndiss distribution in the world ocean are
reproduced by the MnRef simulation (Section 6.3.1). Shortcomings of the
predicted [Mndiss] are relatively minor. However, some discussion on the
suppositions of the model is in its place. Besides the straightforward suppo-
sitions like how dust is deposited and particles settle, several additional as-
sumptions have been added to MnRef and most other simulations, namely
the oxidation and settling thresholds. The reason for adding these extra
assumptions is that it is necessary to start with a reasonable distribution,
or at least one that is not orders of magnitude off, to be able to analyse
the different processes and parameters in the model, by means of the per-
formed sensitivity simulations. These simulations highlight several of the
largest uncertainties in the model, both qualitatively and quantitatively,
as described in this section.

6.4.1 Manganese sources

Influx from rivers. In the simulations, the Mndiss influx is based on
dissolved carbon (DIC+DOC) of 212 Tg yr−1 (18 Tmol yr−1). Perdue et
al. (2003) and Jones et al. (2012) say fluvial inflow is ∼1000 Tg yr−1 of
carbon, a factor five larger than what we have used. However, using a
much smaller flux than observations indicate might be reasonable, because
Mn is scavenged and biologically utilised at the river outflow before it
reaches the model domain.

Furthermore, fluvial input of Particulate Organic Carbon (POC) has
not been included in the model. The input of POC was always assumed
to be of the same order or less than DOC input. However, it appears the
influx of particulate Mn is at least an order of magnitude higher than of
dissolved Mn (Jones et al. 2012), but we have not studied how much of
the particulate matter is left after entering the model domain: generally,
both dissolved and particulate elements are scavenged near river mouths.
While we cannot be certain, the above suggests that the total amount of
fluvial input of Mn to the ocean is much larger than what is depicted in
Figure 6.2b, and its relative contribution larger than 0.1 % of the total
Mn input. This is likely the cause for the mentioned underestimation of
[Mndiss] at least near the Amazon outflow (Figure 6.4a).
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Marginal sediments. When, in the model, Mn is added from anoxic
sediments analogously to the iron flux, several uncertainties on at least
two levels come into play. Firstly, the iron flux is uncertain. Secondly, it is
assumed that Mn enters the ocean in the same way, but this is not trivial.

The parameterisation used for fluxes of Fe from marginal sediments is
a big improvement to several of the other attempts to model this highly
unknown source. Moore et al. (2004) used a step function, setting the
iron flux to 2 µmolFem−2 d−1 for depths of less than 1100 m and to 0 in
the deep ocean. They note that “[i]nputs are likely too low in shallow,
highly productive regions and too high in deeper areas underlying lower
productivity waters. However, even this simple parameterization notably
improves the model results in several regions.” Arguably, Aumont and
Bopp (2006) improved this parameterisation further by making Fe input
relatively large in the upper 200 m and much smaller below 500 m. Further
improvements have been made by Moore and Braucher (2008), but those
are not part of Pisces (NEMO v3.1) used here.

For Mn the same approach is used but with a proportionality con-
stant f sed

Mn:Fe (Eqn 6.3). However, manganese reduction results in a higher
free energy reduction than Fe reduction, so that Mn reduction takes place
more easily and hence before Fe oxides are reduced (Sarmiento and Gruber
2006, pp. 232–236). Possibly, this may result in a higher Mndiss flux than
f sed

Mn:Fe times the Fe flux. There are further uncertainties, among which the
amount of Mn oxides available in the sediment, which does not need to
reflect, e.g., the crustal Mn : Fe ratio.

Alternatively to using the crustal ratio, actual pore water concentra-
tions of dissolved Fe could be compared with Mn(II). Using the concen-
trations in the top 5 cm of lake sediments studied by Bortleson and Lee
(1974), an average concentration of Mn and Fe of respectively 1.94± 1.64
and 59.2 ± 12.2 mg g−1 has been derived. The resulting ratio of 0.0328,
which is about 50 % higher than the crustal ratio, has been used for the
model. Since this uncertainty may be of a magnitude similar to those de-
scribed above, further literature or observation research should be done
to have a value that is representable for the world ocean, assuming that,
within reasonable certainty, a single representable value exists.

A still higher ratio would be beneficial for the simulation in general.
It would specifically have a big impact on [Mndiss] in the Arctic Ocean,
since the forcing is there relatively much higher than in the rest of the
ocean (Figure 6.2c), as has also been concluded from a sensitivity study



6.4 Discussion 193

in Section 3.3.2 for aluminium that isolated sedimentary Al from other
sources; that simulation used the same parameterisation for sediment input
as for Fe and Mn. A higher Mn : Fe ratio would result in a too large increase
in the Arctic Ocean and at the same time insufficient increase of [Mndiss]
in the Southern Ocean. Therefore, a better parameterisation, or even an
explicit sediment model, may be necessary.

Hydrothermal source. In the model, hydrothermal Mndiss is added
to the ocean based on a model proxy of 3He (Dutay et al. 2004). This
is convenient since Dutay et al. (2004) used the same underlying model
configuration (ORCA2). For most simulations in this study the Mndiss
addition has been set to 102× 106 mole Mn for each mole of 3He. There is
no reference to literature values in Table 6.2 since they are very uncertain2;
rather the value used is chosen to yield an acceptable distribution of Mndiss.

Tagliabue et al. (2010) used a dissolved Fe/3He molar ratio of 450× 106

and assumed that 0.2 % enters the open ocean. The rest (99.8 %) is scav-
enged (Lavelle et al. 1992) and not modelled explicitly. It is assumed that
scavenging Mn before entering the model domain (both Tagliabue et al.
(2010) and this study are on the ORCA2 grid) occurs at the same rate
as that of Fe. Therefore they arrive at using 0.9× 106 as a ratio in the
spatial resolution of their model. Using a crustal ratio for of Mn/Fe ≈ 60

(Wedepohl 1995), this would give fhydro
Mn:3He

= 54× 106, almost a factor two
smaller than what is used in MnRef. The larger input appeared necessary
for a reasonable simulation of [Mndiss] near hydrothermal vents. Indeed,
when decreasing hydrothermal input significantly, the regions near these
sources will be much underestimated in the model (results not presented
since trivial). Of course, the choice of the high settling speed (∼10 m d−1

near hydrothermal vents) is strongly related to the choice of hydrothermal
input.

For LowHydro the choice was made to decrease hydrothermal input
and decrease the settling velocity. Decreasing only hydrothermal input
would trivially result in a proportionally smaller [Mndiss] near the vents.
Decreasing the settling velocity would be relatively trivial as well, result-
ing in much more Mndiss in the deep ocean. The goal is here to show
whether the combination of the very high hydrothermal input of Mndiss,

2For instance, Klinkhammer and Bender (1980) note that “Corliss and Dymond
(1979) reported that the Mn : 3He ratios vary by over a factor of 2 in the Galapagos
vents, and as we discuss below, similar variations are found at 21◦ N.”
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and strong aggregation (modelled as a high settling velocity), is needed
to get a realistic distribution of Mndiss, namely that of MnRef. Indeed,
in LowHydro the spatial distribution of [Mndiss] is flattened. Neither the
low background concentration nor the high hydrothermal vent concentra-
tions are reproduced (Figures 6.10c and 6.11). Decreasing hydrothermal
input and the settling velocity by a factor of only two may give a rea-
sonable Mndiss distribution indeed. However, the main result is that the
hydrothermal input in the MnRef simulation yields reasonable values of
[Mndiss]. More detailed parameter fitting is not the goal of this study.

Interestingly, hydrothermal flux accounts for 95 % of the total Mn in-
put. Dust deposition is 27 times as small as hydrothermal input, and
still [Mndiss] in the upper 1000 m of the ocean is dominated by Mn dis-
solution from deposited dust and Mndiss release from marginal sediments.
The reason for this appears to be that in the model the settling velocity
of Mnox is much higher near hydrothermal vents (10 m d−1) than at the
surface ocean (1 m d−1). According to observations a negligible amount of
Mn from hydrothermal vents reaches the surface ocean. As Bruland and
Lohan (2006) put it: “The hydrothermal input of iron and manganese,
however, is essentially all scavenged and removed in the deep sea prior to
having a chance to mix back into the surface waters.” To model the effect
of Mndiss not reaching the surface, a higher settling speed is set for Mnox
at larger depth. However, the observational basis for the increase of the
settling velocity with depth of Mnox is indirect at best. For instance, the
modelling study by Lavelle et al. (1992) suggests a settling velocity much
higher than our wox

s . They used a model with an additional tracer of large
particles (aggregate products) that had settling speeds of up to 175 m d−1

(near hydrothermal vents, as they model those regions). This shows that
there is justification in using an increasing settling velocity, but also that
at least two particle tracers may be needed in the model.

6.4.2 Manganese sinks

Biological export. The generalised Redfield ratio between manganese
and phosphorus (RMn:P) varies from 0.33× 10−3 to 5× 10−3 (Twining and
Baines 2013). The lower values are common, and Twining and Baines
(2013) note in their review paper that high values are from measurements
that do not represent the correct open-ocean stoichiometry, because they
are from coastal waters or because there is Mn adsorbed onto the particles.
Twining and Baines (2013) give a range of values of which the median is
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close to the observation of 0.38× 10−3 in the Southern Ocean (Middag
et al. 2011b), similar to the 0.40× 10−3 value determined by Martin et
al. (1976), so that value has been used for WithBio. However, Mn/P is
much higher in the Arctic Ocean (Middag et al. 2011c), namely 3× 10−3

to 10× 10−3 but probably other processes besides biological incorporation
and remineralisation play a role there as well. In the end, it is not known
whether the Mn : P ratio found in particles, or the dissolved ratio observed
in remineralisation regions, are close to the uptake ratio. The indirect ob-
servational stoichiometries are probably upper limits to the actual uptake
ratio.

The RMSD Dl at the West Atlantic transect increased suggesting a
worsening, though not significantly. The correlation coefficient rl increased
significantly, which suggests an improvement of WithBio compared with
MnRef. This statistic is only of the West Atlantic Geotraces transect of
which the difference of [Mndiss] between MnRef and WithBio is presented
in Figure 6.9. The vertical distribution of [Mndiss] down to 1000 m reflects
some improvement (showing the effect of remineralisation and the OMZ;
compare with Figure 6.5). Furthermore, the horizontal gradient ∂yMdiss
near the surface increased because of the strong decrease south of 10◦ S.
Finally, the slight increase below 500 m around 50◦ N brought [Mndiss]
to a more homogeneous distribution, which is more consistent with the
observations.

At the same time the absolute change at the surface results in a smaller
Dl, but this is not significant. Clearly, [Mndiss] worsened in the Pacific
Ocean (statistics not given, but see Figure 6.8). The results of WithBio
seem to suggest that biology is an important removal process, but that
would be a misleading conclusion. The incorporation ratio RMn:P is too
high or there is a problem in the model. This may be either the Mn part
of the model or the underlying biological cycle of the obsolescent version
of Pisces (v3.1) that has been used for this study.

Chemical export. In NoThresholds and NoAggrThreshold, and to some
extent NoOxidThreshold, [Mndiss] is underestimated in much of the ocean.
The removal of the aggregation threshold has the biggest worsening effect.
Only in the case of the removal of both thresholds (NoThresholds), Dl sig-
nificantly worsened, and it appears that at least one of the two thresholds
is needed to reasonably simulate [Mndiss]. From the two single-threshold
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simulations, the simulation with the aggregation threshold (NoOxidThres-
hold) is qua goodness-of-fit closest to MnRef.

The aggregation threshold may be related to an, as yet, unknown prob-
lem of the model. Scavenging and aggregation are parameterised as a step
function of [Mnox] (Eqns 6.9 and 6.10). This is a drastic simplification
of the underlying processes, which makes it very difficult to test those
processes. There are several alternatives that may keep [Mndiss] in check.

Firstly, oxidation is mediated by microbes (mainly bacteria) (Sunda
and Huntsman 1994; Von Langen et al. 1997; Tebo et al. 2005; Silva and
Williams 2001, § 14.8). In the model we assumed that these are included in
the redox rate constant. The microbes that oxidise Mn might be free float-
ing, possibly prolonging the time of Mnox particles spend in the euphotic
zone if the microbes are associated with them, but this has not been tested
(personal communication, R. Middag, July 2013). However, there are no
oxidising microbes in Pisces. Even if there were, probably not all of these
organisms would mediate oxidation. One may guess that this occurs only
in the upper 200 m of the ocean, since there gradients in [O2] are high (e.g.
Johnson et al. 2013). If we want the redox rate constants to depend on in-
homogeneously distributed quantities like bacterial distribution or oxygen
concentration, the equations may need to be modified, and Pisces may
need to be extended.

Secondly, the process of oxidation is strongly mediated by adsorption
onto particles, after which it forms larger aggregates that settle faster. This
is now parameterised by increasing the settling velocity of particles with
depth. However, a more explicit model for adsorption/desorption may be
needed. Possibly much of the Mnox does not settle; then another tracer
of adsorbed Mn is needed that would export oxidised Mn (in adsorbed
or aggregated form). The adsorption should not take place onto a homo-
geneous pool of particles as is effectively done in the model, but rather
onto e.g. calcium carbonate (CaCO3) (Martin and Knauer 1983; Silva and
Williams 2001, § 14.2.2) or lithogenic particles (Roy-Barman 2009). Ap-
parently, sediment samples show a strong correlation between manganese
and lithogenic particles, while Mn does not show any correlation with
Sibiog, POC or CaCO3 according to recent observations and modelling
(Roy-Barman 2009). This suggests that only lithogenic particles are a
scavenger of Mn. However, there are no lithogenic particles in Pisces.3

3Furthermore, we do not know whether the correlation comes from adsorption or
dissolution from lithogenic sources (dust, rivers) (personal communication, A. Sterl and
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Thirdly, there have been suggestions that Mn ligands keep Mn in so-
lution (Sander and Koschinsky 2011; Madison et al. 2013). That would
result in less conversion to manganese oxide aggregates, and hence may
solve the removal problem.

Redox rates. One may think that too much Mnox is produced com-
pared to Mndiss, i.e. the ratio kox/kred is too high. However, the k val-
ues are optimised to get values consistent with the ratio of concentration
measurements of Mnox and Mndiss. Figure 6.15 shows the Mnox/Mndiss
concentration ratio of the MnRef simulation. The left panel shows that in
the upper ocean this ratio is less than 0.004, and the whole water column
(right panel) shows a value of about 0.2; both values are consistent with
Bruland et al. (1994).

Figure 6.15: [Mnpart]/[Mndiss] in the Pacific Ocean at VERTEX-IV (blue dot
near Hawaii in Figure 6.3) in the upper 110 m (left) and at full depth (right).
Red squares are observations; the black line is the MnRef simulation.

M. Roy-Barman, August 2013). If lithogenic particles do scavenge Mn, this does not
seem consistent with the relatively small settling speed of 0.9–1.0 m d−1 for the inner Pa-
cific Ocean (up to 1.9 m d−1 for the margins; 0.4 m d−1 for inner Arctic Ocean; 4.1 m d−1

marginal Arctic) (Roy-Barman 2009).
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Generally, the modelled Mox/Mdiss lies at the lower end of the observed
ratio, while only between 100 and 400 m there may be an overestimation of
particles compared to dissolved Mn. However, adjusting the first-order rate
constants with any reasonable amount does not result in a sufficiently high
Mdiss when neither of the two thresholds are used (results not presented).

In the case of NoOxidThreshold the modelled Mox/Mdiss ratio looks the
same as for MnRef. The simulation NoThresholds looks similar as well to
MnRef, though with a bit of variation with depth (not presented). Inter-
estingly, when removing the threshold for settling of Mnox but keeping the
oxidation threshold (NoAggrThreshold), Mox/Mdiss decreased by a factor
3 to 10 in the deep ocean. This is presented by Figure 6.16.

Figure 6.16: [Mnpart]/[Mndiss] in the Pacific Ocean at VERTEX-IV (near Hawaii)
at in the upper 110 m depth (left) and at full depth (right). Red squares are
observations; the black line is the NoAggrThreshold simulation.

Indeed, with an oxidation threshold (NoAggrThreshold) kox is set to
zero when Mdiss < 0.1 nM. As a consequence, in and near locations where
this happens often, Mox/Mdiss becomes smaller compared to the case of
NoThreshold. An aggregation threshold (NoOxidThreshold) does not have
such an effect, since it does not change the kox/kdiss ratio; also, redox is
fast, so that deviations from the normal Mox/Mdiss never occur for a long
time.
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In the combined threshold simulation, i.e. if an aggregation threshold
is added on top of an oxidation threshold (MnRef), the decrease of Mox
because of the oxidation threshold has as a consequence that Mox may
drop below the aggregation threshold (Mox = 25 pM). Settling will only
occur again as soon as the Mnox tracer is ‘filled up’. Hence, the decrease of
Mox by the oxidation threshold is compensated by an equivalent increase
by the aggregation threshold. Of course, this reasoning is based on the
assumption that Mox was close to 25 pM to start with; otherwise the ox-
idation threshold would have a lasting effect on Mox/Mdiss. Indeed, the
results show that the removal of the aggregation threshold has its biggest
effect in the deep ocean where Mox is close to 25 pM (Figure 6.13).

Summarising, two threshold have been introduced in the Mn model, one
that does not influence the observed Mox/Mdiss (NoOxidThreshold) and
one that does influence that ratio (NoAggrThreshold). When used together
(MnRef), the aggregation threshold counterbalances the undesired effects
of the oxidation threshold. This pleads for using an aggregation threshold
rather than an oxidation threshold.

6.5 Conclusion
This is the first study in which the 3-D distributions of Mndiss and Mnox
have been modelled. The distribution of Mndiss is captured well by our
model.4 However, potentially there are shortcomings in the model as-
sumptions as well as in the simulated fields. There appears to be an in-
consistency between the straightforward assumptions on scavenging of Mn
and the measured [Mndiss]. It was needed to ‘tweak’ the model by means of
limitation on redox and/or aggregation of Mnox. The aggregation thresh-
old appears reasonable, and does not affect the modelled Mox/Mdiss. The
oxidation threshold appears more troublesome as it, expectedly, affects this
ratio. Since a single threshold already appears to solve most of the removal
issue, it is reasonable to further develop the model with the aggregation
threshold and without the oxidation threshold. Still, the simplified redox
and subsequent settling of Mnox could be incomplete, or too imprecise, as
future studies might show.

Specific scavengers among which lithogenic particles and CaCO3 may
play an important role in the removal of Mndiss. Since this would alter
the structure of [Mndiss] throughout the ocean a lot, this may solve some

4The little [Mnox] measurements available were used to tune the model.
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of the problems sketched in this study. Adding these scavenge processes
could be considered for future simulations.

The biological cycle of Mn has been added to the model in one of the
simulations. This showed that biology removed too much Mndiss from the
euphotic zone. Manganese-oxidising and/or -reducing microbes may play
a role in counterbalancing this removal. These tracers are not present in
Pisces v3.1 and hence may need to be added to the model. Possibly,
limitation of Mndiss for the growth of phytoplankton, and co-limitation
with iron in the Southern Ocean, plays an important role for the carbon
cycle. Hence, such limitation function could be added to the model, but
only after the apparent problems with the biological cycling of Mn are
resolved.

Furthermore, hydrothermal input of Mn was set very high. Even
though literature is not clear on the exact amount of effective Mndiss inflow
into the ocean, in the model it may have been set too high to account for
the local high [Mndiss] near oceanic ridges. This is combined with a high
wox
s in the deep ocean to prevent too much hydrothermal Mndiss spreading

far away from the oceanic ridges. As an alternative, settling may not need
to be set as high as 10 m d−1 in the deep ocean, but then it is unclear how
to simulate the local nature of [Mndiss] anomalies near the ocean ridges.

Process studies of Mn are necessary to determine the rate constants,
and possibly thresholds, for redox, scavenging and aggregation. More mea-
surements of Mnox concentrations would be useful as well. When measur-
ing [Mnox] it needs to be clear what is measured exactly. It would for
instance be useful if (1) a range of particle sizes were measured and (2) a
structural analysis of the particles were performed, such that one can un-
ambiguously say onto which particle Mn is adsorbed or into which particle
it is incorporated.


