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Abstract Extensive deep-sea sedimentary areas are characterized by low organic carbon contents and
thus harbor suboxic sedimentary environments where secondary (autotrophic) redox cycling becomes
important for microbial metabolic processes. Simulation results for three stations in the Eastern Equatorial
Pacific with low organic carbon content (<0.5 dry wt %) and low sedimentation rates (10−1 –100 mm ky−1)
show that ammonium generated during organic matter degradation may act as a reducing agent for
manganese oxides below the oxic zone. Likewise, at these sedimentary depths, dissolved reduced
manganese may act as a reducing agent for oxidized nitrogen species. These manganese-coupled
transformations provide a suboxic conversion pathway of ammonium and nitrate to dinitrogen. These
manganese-nitrogen interactions further explain the presence and production of dissolved reduced
manganese (up to tens of μM concentration) in sediments with high nitrate (>20 μM) concentrations.

1. Introduction

Deep-sea sediments occupy the largest areal extent of the global ocean basins, yet they receive the lowest
amounts of organic carbon [Dunne et al., 2007] and are thus characterized by deep oxygen penetration depths
[Fischer et al., 2009; Røy et al., 2012]. Previous studies indicate that these areas may contain broad suboxic
(absence of oxygen and sulfide) sedimentary zones (decimeter scale) [D’Hondt et al., 2009; Ziebis et al., 2012].
Suboxic zones favor geochemical reactions which contrast with those in anoxic-euxinic (no oxygen but sul-
fidic) or oxic settings. For example, the Gibbs free energy for ammonium oxidation through manganese oxides
(Mn-anammox) is favorable [Luther et al., 1997] but may be limited by low manganese oxide concentrations.
Nevertheless, in locations such as the Clarion-Clipperton fracture zone (CCFZ), where high manganese oxide
contents (>0.05 wt %) have been measured [Mewes et al., 2014], the nitrogen and manganese cycles may be
coupled.

Javanaud et al. [2011] demonstrated that isolated prokaryotes perform nitrification in anaerobic sediments
containing high levels of manganese oxides. These authors theorized that the generated nitrate fueled addi-
tional denitrification and/or anaerobic ammonium oxidation with nitrite (anammox) [Kuypers et al., 2003].
Their results followed previous field observations of nitrate peaks in anoxic sedimentary intervals [Gingele and
Kasten, 1994; Hulth et al., 1999; Mortimer et al., 2004], typically occurring in manganese oxide-rich sediments.
Furthermore, Lin and Taillefert [2014], via incubated sediments from a tidal salt marsh, revealed that man-
ganese oxide-catalyzed anaerobic nitrification is an important consumer of ammonium in pore waters where
sulfate reduction is absent (i.e., under suboxic conditions).

In this study, sedimentary profiles collected from the CCFZ, a manganese oxide-rich, organic carbon-poor
environment [Rühlemann et al., 2011; Mewes et al., 2014], contain overlapping reduced and oxidized species
of both nitrogen and manganese, which we posit to occur due to a coupling of the manganese and nitrogen
cycles. This coupling involves both the oxidation of dissolved reduced manganese with nitrate [e.g., Javanaud
et al., 2011; Lin and Taillefert, 2014] and anammox aided by the presence of manganese oxides (Mn-anammox).

The CCFZ is located in the Northeastern Equatorial Pacific between the Clarion and the Clipperton fractures,
which bound the area from the north and the south, respectively (Figure 1). It is located at water depths
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Figure 1. Study area with station (St.) locations (Bullseye), international drilling project stations (filled circles), and global
location (insert). Note that at this scale Stations 54 and 55 overlap.

exceeding 3500 m and has a pronounced oxygen minimum zone 600–800 m thick, [Wishner et al., 1995; Zheng
et al., 2000]. Organic matter delivery to the seafloor is low (up to 0.3 mol m−2 yr−1), and the sediment surface
often contains an abundance of (ferro)manganese nodules [Murray and Kuivila, 1990]. We investigate the
sedimentary geochemical cycling at three stations (Station 15: latitude: 11.321∘N, longitude: 119.287∘W, water
depth: 4366 m; Station 54: latitude: 11.954∘N, longitude: 116.977∘W, water depth: 4106 m; and Station 55,
latitude: 11.954∘N, longitude: 117.007∘W, water depth: 4025 m) sampled in the CCFZ during RV SONNE cruise
SO 205 in April/May 2010 [Mewes et al., 2014]. These sites exhibit a sedimentary redox zonation with a promi-
nent oxic zone (oxygen penetration depth, OPD, of ∼2–4 m), and below, a pronounced suboxic zone with a
thicknesses exceeding 10 m [Mewes et al., 2014, Figure 2].

2. Methods
2.1. Sediment Sampling and Measurements
Sediment cores retrieved during RV SONNE cruise SO 205 in April/May 2010 [Rühlemann et al., 2011] were
transferred into the vessels and placed in a cold room (4∘C) directly after recovery. Pore water was retrieved
using a rhizons with an average pore diameter of 0.15 μm [Seeberg-Elverfeldt et al., 2005]. Oxygen concen-
trations were determined using amperometric Clark-type oxygen sensors 12 h after core recovery to allow
for temperature equilibration. For Site 15, nitrate measurements were performed photometrically on board
using a continuous flow injection system based on the sulfanile-𝛼-naphthylamide method [Mewes et al., 2014].
Nitrate samples for Site 54 and Site 55 were diluted 1:2 with demineralized water and stored frozen until analy-
sis in the home laboratory using the same method. Dissolved reduced manganese (Mn2+) was measured with
inductively coupled plasma optical emission spectrometry after a 1:10 dilution and acidification with HNO3.
Total organic carbon (TOC) contents were determined by combustion analysis with a CS 2000 carbon-sulfur
determinator. The burial velocity of solids was calculated using the decay of beryllium-10 with depth and
taking sediment compaction into account. Further details are available in Mewes et al. [2014].

2.2. Model Setup and Reaction Network
Geochemical interactions were simulated using a one-dimensional reaction-transport model [Mewes et al.,
2016] which discretizes the advection-diffusion-reaction equation [e.g., Berner, 1980; Boudreau, 1997;
Mogollón et al., 2012]. The model consists of seven reactions (Table 1) and includes organic matter as the sole
solid species (G, Tables 1 and 2), and four dissolved species (C, Tables 1 and 2). It includes the effects of bio-
logically induced mixing via diffusive (bioturbation) and nonlocal (bioirrigation) transport terms [Mewes et al.,
2016]. For further details see supporting information.

The primary redox reactions involving organic matter degradation (R1 –R3) were simulated using a reactive
continuum of organic matter pools described through a Gamma distribution [Boudreau and Ruddick, 1991].
Aerobic respiration (R1) was considered as the most favorable pathway of organic matter consumption
[Froelich and et al., 1979]. The inhibition factor for denitrification (h1) was set to 0.1 μM (for a sensitivity analysis
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Table 1. Electron-Equivalent Chemical Reactions and Associated Rate Expressions Used in the Numerical Modela

Name ID Reaction Rate Expression Rate Unit

Organic matter degradation R1
1
4
(CH2O)(NH3)b + 1

4
O2 + b

4
H+

𝜎G1+1∕𝜎
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CO2

CO2
+ h1

mmolC
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4

CO2 + b
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4
H2O

Heterotrophic denitrification R2
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Manganese oxide reduction R3
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Manganese oxidation R4
1
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Mn2+-mediated R6
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ab was assumed to follow the Redfield ratio stoichiometry of organic-bound nitrogen to organic carbon of 16:106. a
and 𝜎 are parameters that dictate the degradation of organic matter (see text). Values in bold represent the explicitly

modeled species. 𝛾 = h1∕(h1 + CO2
), 𝜖 =

exp
(

𝜄1−CNO−
3

𝜄2

)

1 + exp
(

𝜄1−CNO−
3

𝜄2

) .

of this parameter see supporting information). Denitrification (R2) was assumed to inhibit manganese oxide
reduction (R3). Due to the high concentration of reactive manganese oxide in the sediment, a high inhibition
factor for manganese oxide reduction (h2=30 μM, Table 3) was implemented [Boudreau, 1996]. Reactions
R4 and R5, representing aerobic manganese oxidation and nitrification, respectively, were represented
through bimolecular kinetics. R6, which represents the Mn2+-coupled denitrification, further includes an inhi-
bition term (𝛾 , Table 1) when oxygen is present. This denitrification pathway parallels that considered for
reduced iron [e.g., Weber et al., 2006]. Luther et al. [1997], after observations at three sites off the coast of

Table 2. Species, Boundary Conditions, and Parameter Values Used in the Reaction-Transport Modela

BC SWI Value

Name Symbol BC SWI Type (Unit) St. 54 St. 55 St. 15 Reaction Terms (
∑

Ri)

Species and Boundary Conditions

Total organic carbon CH2O Flux (mol m−2 yr−1) 0.046 0.21 0.35 −R1 − R2 − R3

Oxygen O2 Concentration (μM) 145.7 155.0 152.6 −𝜂R1 − R4 − 2R5

Ammonium NH+
4 Concentration (μM) 0.1 0.1 0.1 16

106
𝜂(R1 + R2 + R3) − R5 − R7

Nitrate NO−
3 Concentration (μM) 44 47 43 − 4

5
𝜂R2 + R5 − R6

Dissolved reduced manganese Mn2+ Concentration (μM) 0.0 0.0 0.0 2𝜂R3 − 2R4 − 5
2

R6 + 3
2

R7

aBC = boundary condition and SWI = sediment-water interface. Total organic carbon is the only solid species present

in the model. All other species are dissolved. 𝜂 = 1 − 𝜃

𝜃

𝜌d

mC

1
100%

, 𝜌d is the dry bulk density (2.6 g cm−3), and mC = molar

weight of carbon (12 g mol−1).
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Table 3. Species, Boundary Conditions, and Parameter Values Used in the Reaction-Transport Modela

Name Symbol Unit 54 55 15

Fitted Parameters

Solid burial velocity at compaction w∞ cm ky−1 0.333 0.536 0.527

TOC degradation time constant a year 11.0 1.0 0.7

TOC degradation apparent order 𝜎 - 0.07 0.1 0.13

R4 rate constant k4 μM−1 y−1 0.11 0.11 0.11

Bioturbation coefficient Db,0 cm yr−1 15.0 2.6 0.7

Biomixing half depth zmix cm 5.0 5.0 5.0

Biomixing attenuation zatt cm 5.0 5.0 5.0

R1 O2 inhibition concentration h1 μM 0.01 0.01 0.01

R2 NO−
3 inhibition concentration h2 μM 30.0 30.0 30.0

Bioirrigation coefficient 𝛼0 y−1 1.65 5.0 2.85

R5 rate constant k5 μM−1 yr−1 0.01 0.0017 0.0035

R6 rate constant k6 μM−1 yr−1 3.0E-6 1.8E-6 5.0E-6

R7 rate constant k7 y−1 0.02 0.05 0.0035

R7 NO−
3 inhibition concentration 𝜄1 μM 11.0 51.5 9.5

R7 reaction rate concentration 𝜄2 μM 3.0 0.7 7.9
aBC = boundary condition and SWI = sediment-water interface. Total organic carbon is the only solid species present

in the model. All other species are dissolved. 𝜂 = 1 − 𝜃

𝜃

𝜌d

mC

1
100%

, 𝜌d is the dry bulk density (2.6 g cm−3), and mC = molar

weight of carbon (12 g mol−1).

Nova Scotia, described two pathways by which NH+
4 could reduce manganese oxides, one leading to NO−

3
formation and one leading to dinitrogen (N2) directly. Similar reactions have been proposed with iron oxides
through an initial conversion of NH+

4 to nitrite (NO−
2 ) [Clément et al., 2005; Yang et al., 2012]. Here we consider

a similar pathway for manganese oxides:

1
2

MnO2 +
1
6

NH+
4 + 2

3
H+ → 1

2
Mn2+ + 1

6
NO−

2 + 2
3

H2O. (1)

NO−
2 can then oxidize NH+

4 via the traditional anammox reaction [Kuypers et al., 2003]:

1
6

NH+
4 + 1

6
NO−

2 → 1
6

N2 +
1
3

H2O. (2)

R7 (Table 1) represents the net process for (1) and (2). We assume that it can be mathematically quantified
as a one-step reaction, which precludes that (1) is rate limiting and that anammox (2) occurs as soon as any
NO−

2 is generated from (1). R7 was described through a first-order degradation with respect to the ammonium
concentration with an inhibition term under high nitrate concentrations. This inhibition was implemented
through a sigmoidal function (𝜖, Table 1), which follows previous findings that high nitrate concentrations may
impede Mn-anammox [Javanaud et al., 2011]. The oxidation of Mn2+ in suboxic water columns [Trouwborst
et al., 2006; Oldham et al., 2015] and a single electron reduction of manganese oxide at the interface of
oxic-anoxic sediments [Madison et al., 2013] may lead to an intermediate Mn3+ species. Mn3+ requires stabi-
lizing ligands (most which are organic) and thus may not be dominant in these sediments. Nevertheless, we
cannot exclude the presence of Mn3+, but it could undergo similar coupled Mn-N reaction pathways with
altered stoichiometries to those presented here. More work is thus required to explore the possibility of Mn3+

and its interactions in these settings. The model simulations assume that the geochemical profiles, including
all implicit reactive intermediates, are near steady state.

3. Results and Discussion
3.1. Description of Geochemical Profiles
At all stations, organic matter (total organic carbon, TOC) and oxygen (O2) profiles decrease exponentially
with depth, with the greatest loss (>50% of the concentrations at the sediment surface) occurring within the
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a b

c d

Figure 2. Measured data [Mewes et al., 2014] for (a) total organic carbon (TOC, (b) oxygen, (c) nitrate, and (d) dissolved
reduced manganese for Station 54 (yellow), Station 55 (red), and Station 15 (blue). Note the different depth scale for
Figure 2b.

uppermost 20 cm of the sediment [Mewes et al., 2014]. While TOC profiles at all stations level off at approx-
imately 0.2 wt % (Figure 2), O2 becomes exhausted at 350 cm depth, 200 cm depth, and 150 cm depth for
Station 54, Station 55, and Station 15, respectively (Figure 2). Similar OPDs have been increasingly encoun-
tered in the deep sea, e.g., at the edge of the South Pacific Gyre [D’Hondt et al., 2009] and in the mid-Atlantic
regions [Ziebis et al., 2012]. Sedimentation rates (burial rates at compaction) at Station 15 and Station 55 are
relatively similar at 0.527 cm ky−1 and 0.533 cm ky−1, respectively, but markedly higher than the 0.333 cm ky−1

calculated for Station 54 [Mewes et al., 2014]. The deposition of sedimentary material in the CCFZ depends
on the intensity of the bottom water currents. These currents are highly localized and generally follow the
topography of the area, which contains many horst and graben (large, oriented block fault) structures and
seamounts [Rühlemann et al., 2011]. These currents are also subject to seasonal variations which may affect
depositional patterns even at the subkilometer scale [Halbach et al., 1988; Mewes et al., 2014].

NO−
3 and Mn2+ profiles show pronounced variations at the three study sites. Station 54 is characterized by

low Mn2+ concentrations (< 5 μM) and a plateau in the NO−
3 profile at depth. Station 55 is characterized by a

Mn2+ profile which increases with depth until its zenith of 18 μM at 650 cm depth and a subsequent concen-
tration decrease with depth, and a NO−

3 profile which exhibits a slight decrease in concentration with depth.
Station 15 is characterized by a concave up Mn2+ profile and a concomitant NO−

3 profile that decreases with
depth. Neither free iron nor sulfide was detected at any of the measured stations. MnO2 values typically exceed
0.1 dry wt %, indicating a system relatively rich in manganese oxides [Mewes et al., 2014]. Contrary to the clas-
sical redox sequence in which NO−

3 reduction precedes manganese oxide reduction [Froelich and et al., 1979],
Mn2+ is actively produced in the presence of high (>40 μM) NO−

3 concentrations at the three study sites.
For example, at Station 55 an evident Mn2+ peak occurs at a depth where the NO−

3 concentration is roughly
50 μM. NO−

3 concentrations decrease with increasing Mn2+ concentrations, which further supports a suboxic
coupling between the nitrogen and manganese cycles [Luther et al., 1997; Hulth et al., 1999; Aller et al., 1998;
Anschutz et al., 2000, 2005; Bartlett et al., 2008; Hulth et al., 2005; Mortimer et al., 2004]. We hypothesize that this
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a b c
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Figure 3. Model results for (a–c) Station 54, (d–f ) Station 55, and (g–i) Station 15. Measured and modeled profiles
(Figures 3a, 3d, and 3g) are compared when available. Primary redox reactions rates involving the heterotrophic
degradation of organic matter (Figures 3b, 3e, and 3h) and the autotrophic secondary redox reactions rates (Figures 3c,
3f, and 3i) represent the rates listed in Table 1. Note that Mn2+ has a different scale in Figure 3g.

coupling comes about due to the interaction of reduced nitrogen species with oxidized manganese species
and vice versa, leading to additional pathways for dinitrogen formation.

3.2. Quantifying Mn-N Coupling
Organic carbon fluxes of 0.046 mol m−2 yr−1 (Station 54), 0.21 mol m−2 yr−1 (Station 55), and 0.35 mol m−2 yr−1

(Station 15) obtained from the model simulations (Figure 3, see Text S5 in the supporting information) com-
pare well with the previously estimated flux in nearby regions of 0.05–0.3 mol m−2 yr−1 [Murray and Kuivila,
1990]. The model suggests that organic matter degradation is low below the oxic zone, with rates at the
OPD less than 1% those at deposition (Figure 3). The bulk of the organic matter degradation takes place
within the oxic zone (depth-integrated R1 > 99% of total, Figure 3). Here most of the ammonium liberated
from the degradation of organic matter becomes nitrified, which leads to the increasing-with-depth NO−

3 pro-
files within the top meter of the sediment. The low sedimentation rates limit reactive organic carbon from
reaching the suboxic zone, and thus, organic carbon becomes insufficient to completely reduce NO−

3 and
liberate Mn2+ to above 5 μM concentrations, as is the case for Station 54. The age of the sediment at the
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contemporary OPD reaches the 106 y range, and thus, the organic carbon located below the OPD is highly
refractory, with apparent first-order degradation constants in the 10−8 yr−1 range.

Due to the low and refractory organic carbon content, the microbe-mediated autotrophic secondary reac-
tions dominate the geochemistry below the OPD. Nevertheless, each station undergoes these geochemical
transformations at vastly different rates. At Station 54, nitrification exceeds all other stations (Figure 3), and
thus, the depletion of ammonium within the oxic zone is also, comparatively, the largest. As NO−

3 may inhibit
Mn-anammox [Javanaud et al., 2011], we postulate that the refractive organic matter available below the
OPD is unable to consume NO−

3 to levels which would permit a favorable R7 reaction. Conversely, this highly
refractive organic matter is the main reductant available below the oxic zone, and thus, NO−

3 and man-
ganese oxide reduction rates are considerably lower (depth-integrated rates of 1.62 10−5 mol C m−2 yr−1 and
9.15 10−6 mol C m−2 yr−1, respectively) in comparison to the depth-integrated rates of organic carbon
respiration (4.58 10−2 mol C m−2 yr−1).

Nevertheless, at Station 55 and Station 15, higher sedimentation rates and higher organic matter fluxes allow
for sufficiently high aerobic and suboxic organic matter degradation rates which generate enough ammo-
nium to overcome nitrification and diffuse below the Ocean Drilling Program (ODP) to deliver additional
reducing potential for manganese oxide reduction (via R7). While ammonium was not measured at these sites,
ammonium measurements at nearby sites (Figure 1) from international deep-sea drilling projects agree with
the general observations of this study. For instance, ODP site 854B [Mayer et al., 1992] shows no detectable
ammonium below 3 m sediment depth, while at integrated ODP site 1218A [Lyle et al., 2002] ammonium hov-
ers around 11 μM within the uppermost 30 m of the sediment. These low ammonium concentrations may not
be favorable to trigger the extended anammox reaction involving nitrate as an oxidizer as opposed to nitrite
[Kartal et al., 2007]; however, they may be sufficient to trigger manganese oxide reduction in environments
where the concentrations of manganese oxides greatly exceed those of nitrate [Javanaud et al., 2011].

Simulation results at Station 55 and Station 15 (Figures 4a–4c) reveal that Mn-anammox potentially repre-
sents an important pathway for N2 export, accounting for 28% and 27% of N2 formation, respectively. These
values are marginally lower than anammox percentages in anoxic environments using a regression accord-
ing to the C-H-O stoichiometry of the organic matter [Babbin et al., 2014] but fall within published anammox
percentage ranges [Devol, 2015]. The slightly lower anammox contribution here could be due to ammonium
transport limitation from the oxic zone to the suboxic zone, which arises from both the expanded redox zona-
tion leading to larger diffusive lengths, and the lower ammonium release rates from the sluggish organic
carbon degradation. Manganese-nitrogen cycle coupling is further hypothesized to occur with the Mn2+ par-
tially reducing NO−

3 to N2, a process which has been previously speculated but not demonstrated [Luther et al.,
1997; Bartlett et al., 2008]. This reaction provides an additional suboxic export of N2, representing roughly 24%,
and 37% of the total N2 formation for Station 55 and Station 15, respectively (Figures 4a–4c). These rates thus
represent a significant contribution to dinitrogen formation. In comparison, N2 production from the organic
matter-coupled reduction of nitrate is mainly limited to the bioturbated portion of the sediment where the
highest rates of organic matter degradation contribute toward the highest rates of denitrification (Figure 3).
Although difficult to assess due to biogenically induced mixing, nitrification and denitrification processes in
the upper centimeters of the sediment may impose an important control on nitrogen export.

Previous Mn-anammox studies in anoxic sediments have yielded inconclusive results about its influence on
the N and Mn cycles. Some incubation experiments [e.g., Anschutz et al., 2005; Bartlett et al., 2008; Hulth et al.,
1999, 2005; Lin and Taillefert, 2014] and geochemical profile evaluations [e.g., Luther et al., 1997; Aller et al.,
1998; Anschutz et al., 2000; Mortimer et al., 2004] provide support for this process; whereas other incubation
experiments [e. g., Thamdrup and Dalsgaard, 2000; Engström et al., 2005] found this process to be insignificant.
It is important to note, however, that these studies were mainly performed in (or with) organic carbon-rich
anoxic sediments. Thus, heterotrophic manganese oxide reduction, which has even been postulated to inhibit
Mn-anammox [Bartlett et al., 2008], would overprint the reduction of manganese oxides in the presence of
NH+

4 . Furthermore, discerning the pathway for NH+
4 consumption in systems with abundant manganese and

iron oxides, as well as nitrite, may prove challenging.

Unlike the nitrogen cycle, which is governed by processes taking place in both the oxic and suboxic zones, the
Mn cycle takes place mainly within the suboxic zone. Oxygenotrophic Mn2+ oxidation (R4, Table 1) is evident
but occurs at rates which are substantially lower with respect to the other depth-integrated Mn-cycle reac-
tion rates. At Station 55 and Station 15, ammonium-triggered Mn2+ release represents a substantial portion
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a b

c

Figure 4. Geochemical cycling for oxygen ((a) in 10−3 mol O2 m−2 yr−1), manganese ((b) in 10−5 mol Mn m−2 yr−1), and
nitrogen ((c) in 10−5 mol N m−2 yr−1) for Station 54 (yellow), Station 55 (red), and Station 15 (blue). Vertical arrows
represent fluxes in and out of the sediment (top) or into/out of the lower model boundary (50 m). Horizontal arrows
represent reaction rates according to Table 1. Species in bold are explicitly included in the model.

(30% and 25%, respectively) of Mn2+ liberation. Continuous diffusion of NH+
4 into the suboxic zone can thus

lead to the buildup of Mn2+ in the sediment which may play a factor in Mn-nodule growth during periods of
more reducing conditions in the sediment.

4. Conclusion

In this study, field data from the CCFZ providing evidence of Mn-mediated nitrogen cycling in carbon-starved,
suboxic sediments, were quantified using a reaction-transport model with reactions involving the Mn and
N cycles. Geochemical process in other organic carbon-starved sediments such as the Pacific Gyres [D’Hondt
et al., 2009] and the South East Atlantic [Gingele and Kasten, 1994], where the distribution of microbial activities
has been found to be relatively diverse [D’Hondt et al., 2004], may represent important yet largely unexplored
fractions of subsurface geochemistry. In these sediments, the expanded redox zonation can thus help in
constraining the various interactions between oxidized and reduced species, and especially the interactions
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between the N, Mn, and even the Fe cycles. In the CCFZ, results indicate that Mn-mediated pathways can
account for more than half of reactive nitrogen removal. This finding stresses the need to further investigate
the influence of manganese (and iron) cycles on global N2 formation.
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