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Iron-dependent nitrogen cycling in a ferruginous
lake and the nutrient status of Proterozoic oceans

Céline C. Michiels', Francois Darchambeau?, Fleur A. E. Roland?, Cédric Morana®, Marc Llirés*>,
Tamara Garcia-Armisen®, Bo Thamdrup’, Alberto V. Borges?, Donald E. Canfield’, Pierre Servais®,
Jean-Pierre Descy® and Sean A. Crowe™

Nitrogen limitation during the Proterozoic has been inferred from the great expanse of ocean anoxia under low-O,
atmospheres, which could have promoted NO;~ reduction to N, and fixed N loss from the ocean. The deep oceans were Fe
rich (ferruginous) during much of this time, yet the dynamics of N cycling under such conditions remain entirely conceptual,
as analogue environments are rare today. Here we use incubation experiments to show that a modern ferruginous basin,
Kabuno Bay in East Africa, supports high rates of NO;~ reduction. Although 60% of this NO;~ is reduced to N, through
canonical denitrification, a large fraction (40%) is reduced to NH, ™, leading to N retention rather than loss. We also find that
NO;~ reduction is Fe dependent, demonstrating that such reactions occur in natural ferruginous water columns. Numerical
modelling of ferruginous upwelling systems, informed by our results from Kabuno Bay, demonstrates that NO;~ reduction
to NH,™ could have enhanced biological production, fuelling sulfate reduction and the development of mid-water euxinia
overlying ferruginous deep oceans. This NO, ™ reduction to NH, ™ could also have partly offset a negative feedback on biological
production that accompanies oxygenation of the surface ocean. Our results indicate that N loss in ferruginous upwelling
systems may not have kept pace with global N fixation at marine phosphorous concentrations (0.04-0.13 uM) indicated by
the rock record. We therefore suggest that global marine biological production under ferruginous ocean conditions in the

Proterozoic eon may thus have been P not N limited.

biological production'. N is made available to life through

microbial fixation of atmospheric N,. This N is liberated as
NH, " from decaying biomass, and oxidized to NO; ™ in the presence
of oxygen. N is returned to the atmosphere through NO, ™ reduction
to N, under low O, conditions. Two microbial processes are
responsible for N, production; denitrification, which reduces NO;~
through a series of intermediates to N,, and anammox, which forms
N, by directly coupling NO,~ with NH,". Organisms responsible
for denitrification and anammox proliferate in O, minimum zones
(OMZs) of the modern oceans, which support 20-40% of global
fixed N loss to the atmosphere’.

Under the well-oxygenated modern atmosphere, OMZs
(O, <20umol1™") comprise 7% by volume of the global ocean’,
and their anoxic cores, which sustain most fixed N loss, occupy
only 0.1%’. During the Proterozoic eon, however, atmospheric
O, levels were lower than today and vast regions of the ocean
were anoxic®. Loss of fixed N is predicted under ocean anoxia and
such expansive anoxia could have led to extreme N limitation®. N
isotope distributions from Palaeoproterozoic upwelling systems,
however, imply relatively little fixed N loss®. This suggests either
modest rates of denitrification or N retention, possibly through
reduction of NO,~ to NH,™. Notably, anoxia and a supply of
NO;~ will not support fixed N loss without electron donors to
drive denitrification, or NH,* to support anammox. In the modern
ocean, denitrification is fuelled through both organic electron

Q s an element essential to life, nitrogen (N) often limits

donors and H,S (refs 7,8). Organic electron donors may have
been scarce under the generally low productivity of Proterozoic
oceans’, and H,S would have been scarce except during episodic
euxinic periods that punctuate the Proterozoic geologic record® .
Ferruginous conditions were much more prevalent than euxinia,
dominating ocean chemistry throughout the Proterozoic". Ferrous
Fe (Fe(u)) is known to support NO;~ reduction in laboratory
experiments'*"® but the environmental operation, significance and
pathways of Fe-dependent NO,~ reduction remain untested in
natural ferruginous water columns.

Kabuno Bay (KB) is a ferruginous sub-basin of Lake Kivu, which
straddles the border of Rwanda and the Democratic Republic of
Congo, East Africa'®. Saline springs feed KB causing permanent
stratification, anoxia below 10m (Fig. 1a,b), and Fe(1r)-rich deep
waters (500 uM—Fig. 1d). Such ferruginous conditions are
analogous to those that prevailed through much of the Proterozoic
eon'®. A strong gradient of NH,* between 10 and 11.5m depth
(Fig. 1c) indicates high rates of NH,* oxidation to NO; ™~ and NO;
within this depth interval. Since KB’s oxic surface waters are devoid
of NO,” and NO,™ (concentrations <1uM), NO;~ and NO,"
produced through NH,* oxidation are advected to the main basin,
assimilated, or rapidly reduced.

We determined rates and pathways of microbial N transfor-
mations in KB using incubations with N-labelled NO,~. Both
denitrification and dissimilatory nitrate reduction to ammonium
(DNRA) occur between 11 and 11.5m, but anammox was below
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Figure 1| Vertical distribution of selected physical and chemical properties of Kabuno Bay for February 2012. a, Dissolved O, (DO) concentration (uM)
and temperature (°C). b, pH and specific conductivity (SpCond, uS em™". ¢, NHs T and NO, concentration (uM). d, Fe(il)aq, Fe(iDpart and Fe(liDpar

concentrations (uM).

our limit of detection (6 nmol N17'd™"). Rates of denitrification
and DNRA were up to 80 &= 10 and 50 & 10nmol N 17'd™",
respectively (Fig. 2a,b and Supplementary Table 3), exceeding those
typically found in marine OMZs*" but similar to coastal marine
anoxic basins such as the Baltic Sea'®. While 60% of NO;~ reduced
is lost from the KB through denitrification, 40% is retained as NH,
through DNRA. Substantial NO, ™ recycling to NH, ™ has also been
periodically observed in the Peruvian and Omani OMZs'""’, but
such a high fraction appears to be unusual for modern pelagic
marine environments**’. Our observations imply that some bio-
geochemical feature of KB favours DNRA compared with other
environments studied to date. Fe(11), which is unusually abundant
in KB, indeed promotes DNRA in estuarine sediments”, and may
also do so in KB.

To test for such Fe dependency, we amended a subset of
our "N incubations with 40 uM Fe(i1). We found that Fe(ir)
addition considerably enhanced both denitrification and DNRA
to 230 & 40 and 70 = 20 nmol N17'd™", respectively (Fig. 2a,b
and Supplementary Table 3), suggesting a role for Fe(11) in NO,~
reduction. Our results support measurements from estuarine
sediments, which invoke microbial mediation®, but the nearly
equivalent stimulation between both NO,~ reduction to NH,™*
and denitrification provides no evidence that Fe(11) favours DNRA
and instead may indicate that Fe(11) enhances the reduction of
an intermediate (for example, NO,”) common to both reactions.
Thermodynamic considerations reveal that reduction of NO,™,
and a number of intermediate N species, by Fe(11) is energetically
favourable in KB (see Supplementary Information) yielding
sufficient free energy for microbial growth. While the precise
pathway remains unresolved, Fe(11) clearly plays a role in NO;~
reduction in KB.

To assess the biogeochemical role of Fe-dependent NO;™ re-
duction in KB, we compared rates of NO;~ reduction with
other key processes'®. While Fe(r) supports NO, ™~ reduction, the
corresponding Fe(11) oxidation rates of 1,700 nmol Fe1™' d™" (based
on stoichiometry) are only a minor fraction (1%) of the observed

phototrophic Fe(11) oxidation in the KB chemocline'. By compar-
ison, NO,; ™ reduction rates are an order of magnitude lower than
SO,*~ reduction rates, which are up to 410 nmol S17' d~" (ref. 16).
We also compared rates of NO;~ reduction with dark carbon
fixation, and on the basis of growth yields for chemoautotrophic
NO; ™ reduction (see Supplementary Information), this comparison
suggests that NO, ™ -driven chemoautotrophy could support up to
2% of the total dark carbon fixation in KB’s water column'®. The
overall contribution of NO; ™ reduction to biogeochemical cycling,
therefore, is largely to regulate recycling and loss of fixed N from KB,
and here, the partitioning of NO,™ reduction between DNRA and
denitrification is key.

We have shown that NO,™ reduction both to N, and NH,*
takes place at relatively high rates under ferruginous conditions, and
further, that this NO; ™ reduction is partly coupled to the oxidation
of Fe(11). By extension, the ferruginous oceans of the Proterozoic
eon could also have supported large-scale NO, ™~ reduction, possibly
through both denitrification and DNRA, and with Fe(11) as the
electron donor>”. To quantitatively link our observations in KB to
possible biogeochemical cycling under ancient marine ferruginous
conditions, we set up a box model for N cycling in ocean upwelling
systems®?*!. Our model describes mass balances for C, N, S, O
and Fe species and their biogeochemical reactions (see Fig. 3a and
full description in the Supplementary Information). NH,* and Fe
were supplied through upwelling, and these, along with nutrient
recycling, ultimately controlled primary production in the overlying
surface waters. Production in the surface waters is sustained
exclusively through upwelled N with no productivity by local N
fixation. Settling of organic matter generated through primary
production drives respiration and nutrient recycling in intermediate
waters. Chemotrophic processes such as nitrification, and Fe-
dependent denitrification and DNRA were included (Fig. 3a).
Our model is based on previous studies™*, but we considered
a ferruginous system where N cycling was driven first by Fe-
dependent NO,™ reduction, with the remaining NO;~ reduced by
organic matter originating through primary production (Fig. 3a).
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Figure 2 | Rates and pathways in Kabuno Bay for February 2012.

a,b, Denitrification (@) and DNRA (b) in Kabuno Bay water column.
Samples were collected in February 2012, with (in orange) or without (in
blue) addition of the electron donor Fe(ll) to the incubations. Insets show
time-course evolution of "°N-labelled metabolic products. Rates were
calculated on the basis of linear regressions over the linear data intervals
(24 or 48 h). Supplementary Table 3 contains the detailed rates and
associated errors. The error on the rate is the standard error of the slope for
the linear regression.

We also included DNRA, in accordance with our results from KB,
to evaluate its impact on coupled C, N, Fe and S cycling under
ferruginous conditions. Without explicit constraints on the fraction
of NO;~ reduced to NH,™ versus N, in ferruginous oceans, we
varied its contribution from 0 to 40%, with the balance occurring
through denitrification.

Deep-ocean Fe(i1) and NH," concentrations throughout the
Proterozoic eon are uncertain. If global N fixation is limited by
phosphorous supply according to the Redfield ratio (16N:1P;
ref. 25), we can set deep-ocean NH," concentrations in our
model at 16 times the phosphorous concentration (0.04-0.13 uM)
of Proterozoic seawater’ (see Supplementary Information),
which yields up to 2uM NH,*. To validate this assumption, we
excluded DNRA and ran our model with different ratios of N/P
in deep waters. When deep ocean NH,™ is greater than 13 uM,
sulfidic conditions develop without DNRA or N fixation under all
reasonable upwelling rates” (Fig. 3e). Thus, if deep-ocean NH,"
concentrations were more than 13 uM, sulfidic conditions would
have been widespread during the Proterozoic eon. Such widespread

euxinia is not supported by the geologic record"”, indicating that
NH," concentrations were generally less than 13 uM in the deep
ocean. We thus chose 2 uM NH, ™ as the benchmark for our mod-
elling, but also explored a concentration range from 0.6 through to
13 uM. In line with considerations for both siderite solubility’” and
nutrient dynamics that permit marine oxygenic photosynthesis™
we chose 42uM as our benchmark Fe(i) concentration (see
Supplementary Information). We also considered a broader range
of Fe(1) concentrations (see Supplementary Information), which
may be possible if siderite formation was kinetically inhibited”.

Our model shows that in ferruginous upwelling systems the
balance between DNRA and denitrification strongly influences
coupled C, N, S and Fe cycling with enhanced primary production
when DNRA is an appreciable NO,™ reduction pathway. Indeed,
when 40% of NO,~ reduction is channelled through DNRA,
primary production rates increase by up to 170% (Fig. 3b,c).
A notable effect of this enhanced primary production is greatly
increased H,S production. This occurs even in the absence of N
fixation as DNRA provides the nitrogen to stimulate additional
organic matter production, which ultimately fuels microbial sulfate
reduction (see Supplementary Information). At 40% DNRA, strong
upwelling leads to sulfate reduction and pyrite deposition at rates
sufficient to yield sediment iron speciation (Fe,,/Feyy) that indicates
possible water column euxinia. Such Fe, /Fey, values (>0.7) exist
in Proterozoic sedimentary rocks®”'?, which could thus record a
contribution of DNRA to NO; ™ reduction at this time.

Our model also reveals a negative feedback between primary
production and surface ocean oxygen. This negative feedback
develops when N loss increases in response to enhanced NO;~
supply due to stimulation of nitrification by O,. An increase from
3.8% to 6.2% PAL (present atmospheric level) O,, values thought
possible for the Mesoproterozoic® (values as low as 0.1% PAL have
been proposed™), reduces primary production by up to 20% when
NO,™ reduction occurs exclusively through denitrification. This
effect is muted by DNRA (Fig. 3b,c), which can play an increasingly
important role in supplying N for primary production with the
progressive oxygenation of the surface ocean (Fig. 3d).

It is widely assumed that the Proterozoic oceans were N limited
due to massive N loss’. While the euphotic waters directly overlying
upwelling systems can be locally N limited due to N loss from below,
the global expression of N limitation ultimately depends on the
balance between the geographic expansiveness of upwelling systems,
and ocean-wide N fixation. We extrapolated N loss from our model
to an area equivalent to upwelling regions in the modern ocean
(0.36 10> m*)*' yielding a modelled global N loss from Proterozoic
oceans of up to 1.6 TgNyr~' (see Supplementary Information). By
comparison, Proterozoic phosphorous concentrations® could have
supported 4.8 Tg of N fixation per year based on an equivalent
ratio of N fixed to deep ocean phosphorous as in the modern
ocean” (see Supplementary Information). It has also been proposed
that molybdenum (Mo) limited N fixation due to its scavenging
from seawater as sulfide minerals™. Mo limitation seems unlikely,
as Mo scavenging from seawater generally requires strong euxinia
(see Supplementary Information), which as we show here, would
not likely have developed in Proterozoic upwelling systems. To
balance global N fixation with N loss in the Proterozoic eon, an
upwelling area three times that of the modern ocean would have
been needed. This suggests that N limitation in the Proterozoic was
unlikely and that productivity would, instead, have been limited
by phosphorous. Our modelling results are well supported by the
Palaeoproterozoic rock record’, which implies upwelling systems
with euxinic conditions (possibly supported by DNRA) that induce
little fixed N loss (also possibly the result of DNRA). The operation
of these processes throughout the Proterozoic eon can be further
tested through an expansion of the N isotope record, and through
simulations in global biogeochemical models informed by our data.
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Figure 3 | Model outputs describing coupled C, N, S and Fe cycling in an idealized Proterozoic upwelling system. a, Model structure illustrating reactions
included and their reactants and products. b,c, Model runs with 0% (b) and 40% NOs ™~ reduction (¢) through DNRA. The solid lines represent model runs
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where the grey line delineates plausible euxinic conditions'®). d, Yearly export production (EP) for 0% and 40% DNRA for a range of surface waters oxygen
concentrations (from O to 12% PAL) at an upwelling rate of 2cmh ™. At 0% PAL, nitrification is not present in our model; however, NO3 ~ is still supplied
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Methods

Physico-chemical parameters as well as '*N-labelled incubations were performed
during a sampling expedition to Kabuno Bay (Lake Kivu, East Africa—1.58°-1.70° S,
29.01°-29.09° E) in February 2012. In situ vertical conductivity—temperature-depth
(CTD) profiles were collected via two multi-parameter probes (Hydrolab

DS5, OTT Hydromet; and Sea&Sun CTD90, Sea and Sun Technology). NO, ™

and NH, " concentrations were measured spectrophotometrically”. Additionally,
NO,™ concentrations were determined by subtracting NO, ™ from the NO, (NO,~
and NO, ™) measurements (via chemiluminescence®). Fe speciation was measured
according to ref. 35. H,S and SO,*~ concentrations were determined using

the Cline method* and ion chromatography (Dionex), respectively. *N-labelled
incubations were performed in duplicate in 12 ml Exetainers, allowing water to be
incubated under anoxic conditions. Microbial activity was arrested with ZnCl, at
several time points for each experiment. The "'N-N, and "N-NH, " produced was
quantified with isotopic ratio mass spectrometry. Rates of DNRA, denitrification
and anammox were determined according to ref. 36. Rates were calculated

on the basis of linear regressions with the least-squares method over the most
linear data intervals (24 or 48 h). The structure of the box model set-up here is

the same as that developed in ref. 23 and adapted for the Proterozoic eon in ref. 24.
Details on model parameters can be found in the Supplementary Information.

Code availability. Our model was produced using Microsoft Office Excel. It is
entirely reproducible using the information available in both the main text and the
supplementary section.

Data availability. The authors declare that the data supporting the findings of this
study are available within the article and its Supplementary Information files.
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