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Abstract 

Oxygen minimum zones (OMZ) are key regions for fixed nitrogen loss in both the sediments 

and the water column. During this study, the benthic contribution to N cycling was 

investigated at ten sites along a depth transect (74 – 989 m) across the Peruvian OMZ at 12°S. 

O2 levels were below detection limit down to ~ 500 m. Benthic fluxes of N2, NO3
–
, NO2

–
, 

NH4
+
, H2S and O2 were measured using benthic landers. Flux measurements on the shelf were 

made under extreme geochemical conditions consisting of a lack of O2, NO3
–
 and NO2

–
 in the 

bottom water and elevated seafloor sulphide release. These particular conditions were 

associated with a large imbalance in the benthic nitrogen cycle. The sediments on the shelf 

were densely covered by filamentous sulphur bacteria Thioploca, and were identified as major 

recycling sites for DIN releasing high amounts of NH4
+
 up to 21.2 mmol m

-2
 d

-1
 that were far 

in excess of NH4
+
 release by ammonification. This difference was attributed to dissimilatory 

nitrate (or nitrite) reduction to ammonium (DNRA) that was partly being sustained by NO3
–
 

stored within the sulphur oxidizing bacteria. Sediments within the core of the OMZ (ca. 200 

to 400 m) also displayed an excess flux of N of 3.5 mmol m
-2

 d
-1

 mainly as N2. Benthic 

nitrogen and sulphur cycling in the Peruvian OMZ appears to be particularly susceptible to 

bottom water fluctuations in O2, NO3
-
 and NO2

-
, and may accelerate the onset of pelagic 

euxinia when NO3
-
 and NO2

-
 become depleted. 
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1. Introduction 

A globally significant proportion of fixed nitrogen (N) loss proceeds in the relatively 

restricted marine areas known as ocean oxygen minimum zones (OMZ) due to the redox–

sensitivity of N cycling processes (Gruber, 2004). Quantitative knowledge of the balance 

between fixed N source, sink and recycling pathways is required to understand feedbacks 

between surface water primary productivity and the maintenance or even spreading of OMZs 

(Stramma et al., 2008). N source/sink processes in the sediments form an integral part of the 

ecological status of OMZs, and of the oceans in general (Kalvelage et al., 2013; Devol, 2015). 

The first in situ N flux measurements in the most productive upwelling system in the world 

off Peru (Bohlen et al., 2011) challenged the common understanding that shelf and slope 

sediments in high–nitrate–low–oxygen environments are mainly sinks for nitrate (NO3
-
) and 

nitrite (NO2
-
) by heterotrophic denitrification (Berelson et al., 1987; Devol and Christensen, 

1993; Middelburg et al., 1996; Hartnett and Devol, 2003; Woulds et al., 2009). By combining 

flux measurements with pore water modelling, Bohlen et al. (2011) identified the anoxic 

Peruvian shelf and upper slope sediments at 11
o
S as important recycling sites for dissolved 

inorganic nitrogen (DIN, defined as NO3
-
 + NO2

-
 + NH4

+
 (ammonium)). A major proportion 

of the total NO3
-
 + NO2

-
 uptake was channelled into dissimilatory nitrate reduction to 

ammonium (DNRA), producing NH4
+
 as an end product rather than N2. DNRA contributed up 

to 80 % to the total benthic NH4
+
 release, with the remainder from organic nitrogen 

degradation (ammonification). In contrast to denitrification and anammox, DNRA retains 

DIN in the ecosystem, thereby opposing the self-cleansing effect of N loss via denitrification 

or anammox (Zopfi et al. 2001). The NH4
+
 released from the seabed is hypothesized to 

strongly contribute to pelagic anammox (Lam et al. 2009, Kalvelage et al. 2013) and, 

possibly, phototrophic primary production.  
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DNRA in Peruvian sediments is carried out by filamentous and nitrate-storing sulphur 

oxidizing chemolithotrophs belonging to the genera Beggiatoa and Thioploca (Jorgensen and 

Nelson, 2004). Reduction of NO3
-
 and NO2

-
 to NH4

+
 is accompanied by oxidation of 

dissolved sulfide (H2S) to sulphate (SO4
2-

) via elemental sulphur as a reactive intermediate. 

DNRA performed by these and other sulphur bacteria is a globally widespread process 

(Jørgensen and Nelson, 2004; and references therein). Massive occurrence of these organisms 

has not only been reported from the Peruvian and Chilean continental shelf (e.g. Gallardo, 

1977; Gutiérrez et al., 2008, Mosch et al. 2012, this study), but also from OMZ sediments of 

the Arabian Sea (Jørgensen and Gallardo, 1999; Schmaljohann et al., 2001) the Benguela 

current ecosystem off Namibia (Gallardo et al., 1998) and hypoxic environments in the Baltic 

Sea (Dale et al., 2013; Noffke et al., 2016). Communities of Thioploca on the Californian 

margin have been suspected to enhance N loss by shunting, either actively or passively, part 

of their internal NO3
-
 reservoir to closely associated anammox bacteria (Prokopenko et al., 

2013). 

Dense mat communities of sulphur oxidising bacteria can significantly reduce the sulphide 

flux from the sediments to the overlying water column (Brüchert et al., 2003; Fossing et al., 

1995; Teske, 2010, Teske and Nelson, 2006 and references therein; Zopfi et al., 2001). In 

organic carbon rich sediments with high rates of microbial sulphate reduction and underlying 

oxygen-depleted bottom waters, DNRA is an important sulfide detoxifying mechanism and 

gate-keeper between the benthic and pelagic sulphur and nitrogen cycle.  

Members of the genus Thioploca very efficiently oxidize sulphide to levels near detection 

limit (Ferdelman et al., 1997; Thamdrup and Canfield, 1996; Bohlen et al., 2011). However, 

under sustained lack of bottom water oxygen (O2), NO3
-
 and NO2

-
, microbial sulphide 

production can overwhelm the sulphide oxidation capacity of the sulphur bacteria and lead to 

sulphide poisoning of life in the seabed (Gutiérrez et al., 2008). Sulphide-blackened dead 
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Thioploca mats referred to as “Thioploca nigra” have been frequently observed on Chilean 

shelf sediments (Teske, 2010) 

Here we report on the benthic N fluxes across the Peruvian margin under conditions of high 

sulphide release from the shelf sediments and bottom waters that were depleted in NO3
-
 and 

NO2
-
. At the time of sampling, the benthic N cycle at the shallowest stations was strongly 

shifted to a non-steady state regime. However, an imbalanced benthic N cycle was a general 

feature found down to 400 m, although not as extreme as on the shelf. Consistent with 

previous reports, we find the shelf sediments acted as intense fixed N recycling sites, whereas 

sediments within the core of the OMZ and deeper tended to behave as fixed N sinks.  

 

2. Methods 

2.1. Description of study area 

The eastern tropical south Pacific is characterized by one of the most pronounced oxygen 

minimum zones (OMZ) in today’s ocean. It is maintained by the combination of sluggish 

ocean circulation and enhanced microbial subsurface respiration due to high primary 

production and associated export of organic matter at the continental margin (e.g., Wyrtki, 

1962; Brandt et al., 2015). At the Peruvian margin, elevated productivity is caused by coastal 

upwelling (Strub et al., 1998) sustained by alongshore equatorward trade winds and cyclonic 

wind-stress curl, both varying in strength seasonally. Highest productivity is observed 

between 5° and 15°S (Echevin et al., 2008). Nutrient–rich but oxygen poor Equatorial 

Subsurface Water (ESSW) is supplied to the upwelling region by the Peruvian-Chile 

Undercurrent (PCUC) flowing poleward along the upper continental slope and the shelf 

between 50 and 300m depth (Chaigneau et al., 2013). During its southward passage within the 

PCUC, the initially nitrate-rich ESSW becomes increasingly depleted in nitrogen, particularly 
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within the bottom boundary layer (Kalvelage et al., 2013; Thomsen et al., 2015). Below the 

PCUC, observations revealed the existence of a weak equatorward flow, the Chile-Peru Deep 

Coastal Current (CPDCC) (Chaigneau et al., 2013; Pietri et al., 2014) carrying cold and low-

saline Antarctic Intermediate Water (AAIW) northward.  

During the measurement program carried out on R/V Meteor cruise 92 from 6 January to 3 

February 2013, moderate southeasterly winds prevailed along 12°S, typical for the austral 

summer season. Within about 55 km from the coast, ship-board measurements indicated 

average winds of 5 m s
-1

 with sustained periods of winds below 1 m s
-1

. In the first two weeks 

of January 2013, elevated poleward alongshore velocities above 0.25 m s
-1

 were observed 

between 100 and 200 m depth associated with the PCUC, while the flow higher up on the 

shelf (<100m) was weak (Thomsen et al., 2015). Towards the end of January, the PCUC 

separated from the continental slope forming a subsurface anticyclonic eddy in February. The 

evolution of the flow and the associated cross-slope exchange of solutes due to the presence 

of the eddy are detailed in Thomsen et al. (2015).  

During the observational period, water masses along the continental margin at the thermocline 

level and below were low-oxygen ESSW and AAIW. Their presence led to a rapid decrease 

of O2-level with depth. Across the continental margin O2 concentrations below the detection 

limit of the Winker titration (ca. 2 µM) were observed below ca. 30 to 50 m depth down to a 

water depth of ca. 500 m, at which point they gradually increased to about 50 µM at 1000 m  

(Figure 1).   

The biogeochemistry of the sediments and water column of the Peruvian margin was 

investigated along a latitudinal depth transect at 12 °S from a water depth ranging from 74 m 

on the shelf to 989 m below the OMZ, equal to a horizontal distance of 80 km (Table 1, Fig. 

1, Dale et al., 2015). Dissolved O2 concentrations in the water column showed the presence of 

O2-deficient water overlying the upper slope sediments, as described above. 
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Sediments on the upper continental slope and shelf off Peru between 11° and 15°S can be 

classified as fine grained, diatomaceous, organic carbon rich muds (> 5 wt %) (Suess et al., 

1987). Sediment accumulation rates on the shallow shelf down to 100 m at 12
°
S are very high 

(0.45 cm yr
-1

) decreasing to < 0.1 cm yr
-1

 below 200 m (Dale et al., 2015). Organic carbon is 

preferentially preserved in the OMZ with burial efficiencies exceeding 70 % (Dale et al., 

2015). Sediments on the shelf and upper slope are covered with mats of the sulphide-

oxidizing bacteria Thioploca and Beggiatoa (Levin et al., 2002; Mosch et al., 2012). Their 

biomass varies temporally depending on the redox potential of the overlying water column 

(Gutiérrez et al., 2008). At 12°S, mats completely covered the seafloor, with surface coverage 

decreasing down to 300 m (Dale et al., 2015). At the 409 m site, mats were absent and the 

surface 3 cm of sediments were instead characterized as foraminiferal ooze (Dale et al., 2015). 

Abundant nitrate-storing denitrifying foraminifera have been observed previously within the 

OMZ at 11°S and are suspected to play a major role in benthic N loss on the margin (Glock et 

al. 2013). 

On the basis of bottom water O2 distributions and sedimentary particulate organic carbon 

(POC) content, Dale et al. (2015) characterized the Peruvian margin at this latitude into 3 

zones reflecting bottom water O2 distributions and sedimentary POC content: (i) the shelf (< 

ca. 200 m, POC 5 to 10%, O2 < detection limit (dl) at time of sampling) where non-steady 

state conditions are occasionally driven by periodic intrusion of oxygenated bottom waters 

(Levin et al., 2002; Gutiérrez et al., 2008), (ii) the core of the OMZ (ca. 200 to 500 m, POC 

10 – 20%, O2 < dl) where periodic intrusions of oxic bottom waters are less likely, and (iii) 

the deep stations below the OMZ (POC ≤ ca. 5% and O2 > dl). We adopt the same notation in 

this work. 
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2.2. In situ flux benthic incubations to determine fluxes  

Solute fluxes traversing the Peruvian OMZ at 12°S were determined using data measured in 

situ using two Biogeochemical Observatories BIGO I and BIGO II. These landers are 

described in detail by Pfannkuche & Linke (2003) and Sommer et al. (2009). Ten sampling 

sites were included in the programme (Fig. 1, Table 1). Sediments for geochemical analysis 

were sampled using a video-controlled multiple corer (MUC); these data are shown in Dale et 

al. (2015) and Dale et al. (2016). 

Details of the lander operations at 12°S, as well as fluxes of dissolved inorganic carbon 

(DIC), are described by Dale et al. (2015). In brief, the BIGO observatories contained two 

circular flux chambers (internal diameter 28.8 cm, area 651.4 cm
2
), herein referred to as 

chamber 1 (C1) and chamber 2 (C2). A TV–guided launching system allowed smooth 

emplacement of the observatories at selected sites on the sea floor. Four hours after the 

observatories were placed on the sea floor the chambers were slowly driven into the sediment 

(~ 30 cm h
–1

). During this initial time period, the water inside the flux chamber was 

periodically replaced with ambient bottom water. After the chamber was fully driven into the 

sediment, the chamber water was again replaced with ambient bottom water to flush out 

solutes that might have been released from the sediment during chamber insertion. The water 

volume enclosed by the benthic chamber ranged from 7.8 to 16.3 L. To determine benthic 

fluxes, eight sequential water samples were removed periodically with glass syringes (volume 

of each syringe ~ 46 to 47 ml). The syringes were connected to the chamber using 1 m long 

Vygon tubes with a dead volume of 6.9 ml. Prior to deployment, these tubes were filled with 

distilled water and care was taken to avoid enclosure of air bubbles. An additional syringe 

water sampler (8 sequential samples) was used to monitor the ambient bottom water. The 

sampling ports for ambient bottom water were positioned about 30 – 40 cm above the 

sediment-water interface. For the measurement of the dinitrogen/argon ratio (N2/Ar) water 
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samples were pumped in to 750 mm long glass tubes with an internal diameter of 4.6 mm 

(volume ~ 12.5 ml) using self-constructed underwater peristaltic pumps. Prior to deployment 

each glass tube was filled with distilled water, which was completely replaced by the sample 

without dilution. Four tubes were used to sample each chamber and the ambient bottom water.      

The incubations were conducted for time periods of 28 h, defined by the time between the 

chamber was pushed into the sediment and the last syringe water sample was taken. 

Immediately after retrieval of the observatories, the water samples were transferred to the 

onboard cool room (8 °C) for further sample processing.  

The O2 concentration in each chamber and in the ambient bottom water was measured using 

optodes (Aanderaa Systems, Tengberg et al., 2006; Aanderaa Instruments, 2003). The 

precision of the sensors is better at lower concentrations (± 0.5 μM) than at higher 

concentrations of 300–500 μM (± 1 μM). The effect of salinity on the measured oxygen 

concentration was corrected internally by the optode using a salinity of 35. Pressure lowers 

the response of oxygen detection by about 4% per 100 bar pressure. As shown by Tengberg et 

al. (2006), this response is reversible and predictable. The effect of pressure on the oxygen 

concentration was compensated following the manufacturers recommendations (Aanderaa 

Instruments, 2003). For the calculation of the total oxygen uptake (TOU), the linear part of 

the O2 time series after the start of the chamber incubation was used. 

Geochemical fluxes were calculated from the linear increase or decrease of their 

concentrations with time. Negative fluxes denote uptake by the sediment whereas positive 

values indicate benthic release. The full set of data, including data points omitted from the 

flux calculations is shown in the Supplement.  
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2.3 Geochemical measurements 

Measurements of NO2
-
, and NO3

-
 in the water samples were performed on board using a 

QuAAtro autoanalyzer (Seal Analytical) with a detection limit of 30 and 5 nM, respectively, 

and a precision of 0.8 and 1.8 %. NH4
+
 and H2S were measured on board using standard 

photometric techniques with a Hitachi U2800 photometer (Grasshoff et al., 1983). Sample 

aliquots were diluted with O2–free artificial seawater prior to analysis where necessary. 

Detection limits for NH4
+
 and H2S were 2 and 1 µM, respectively, with a precision of 5 and 3 

µM. 

Sedimentary N2 release was measured by determining changes in the N2/Ar ratio following 

the method of Kana et al. (1994). The N2 release or uptake during the flux measurements was 

interpreted as representing the net N2 production/consumption by denitrification, anammox 

and benthic N2 fixation. Only natural N2 fluxes were measured, that is, no 
15

N labelled solutes 

were added to the chambers.  

The water samples retrieved in the glass tubes by the observatories were connected the 

membrane inlet of the Quadrupol massspectrometer (GAM 200, IPI instruments, Bremen, 

Germany) without contamination by atmospheric nitrogen. Until and during the 

measurements, the glass tubes were kept in a cooling box under in situ temperature. The glass 

tubes were supported almost vertically and water samples were drawn into the membrane 

inlet using a peristaltic pump (Ismatec) at a constant flow rate of 1 to 2 ml min
-1

 for each 

series of measurements. Within the glass inlet, the water was sucked through a permeable 

silicone tube (length 40 mm, i. d.: 1.57 mm, Dow Corning Silastic tubing). The membrane 

inlet was kept in a Dewar vessel at in situ temperature, whose temperature was kept constant 

using a thermostat (Julabo F34).   

Gas flow from the inlet to the mass spectrometer was supported with He supplied through a 

fused silica capillary (i.d. 100 µm). A cryo trap (ethanol at – 35° C) inline between the inlet 
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and the mass spectrometer was used to reduce water vapour. In order to control whether all 

ultrapure water inside the glass tubes was completely replaced with sample, the conductivity 

of the sample was measured inline using a micro flow cell (Amber Science Inc., Oregon, 

USA) and a conductivity meter (Model 3082, Amber Science, Oregon USA).   

Concentrations of N2 and Ar were obtained from ion currents at a mass to charge ratio 28 and 

40. A Secondary Electron Multiplier was used as a detector. Instrument response time was 

less than 4 min. Calibration curves for the N2 and Ar ion currents were constructed using air 

equilibrated filtered (0.2 µm) seawater, diluted seawater (50% and 75%) and distilled water. 

The dissolved N2 and Ar concentrations of the saturated air equilibrated water standards were 

calculated using the solubility equations of Hamme and Emerson (2004). Before calculating 

the gas concentrations the ion currents were corrected for instrument drift. Calibrations were 

conducted before and after each measurement session.  

 

2.4 Seafloor imaging 

Sea floor imaging was conducted using a video camera attached to the MUC approximately 1 

m above the seafloor. At each of the lander deployment sites at least one MUC cast was 

performed during which seafloor images were obtained.  

 

3. Results 

3.1. Seafloor imaging  

Seafloor images confirmed that the sediments on the middle shelf and in the OMZ down to 

about 300 m hosted communities of mat-forming sulphur oxidizing bacteria visible to the 

naked eye (Fig. 2), Thioploca spp. and probably Beggiatoa spp. (Levin et al., 2002; Gutiérrez 

et al., 2008; Mosch et al., 2012). Video imaging of the seafloor during sediment sampling 
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using a TV-guided multiple corer (Dale et al., 2016) showed that mat coverage roughly 

decreased from 100 % at the shallowest station to around 40 % at 300 m where the bacteria 

formed patches of several decimetres in diameter. At 410 m water depth within the OMZ, no 

sulphur bacteria were visible on the sediment surface. Instead, exposed foraminiferal ooze 

was observed that contained high numbers of live nitrate-storing foraminifera (Dale et al., 

2015; J. Cardich, unpub. data). Foraminiferal sands were also observed below the OMZ at 

648 m. Attempts to sample the seafloor between these stations at 505 m were unsuccessful 

due to hard-ground. At the deepest sites >750 m, the sediment was bioturbated and colonized 

by epibenthic organisms. 

 

3.2. DIN distributions 

At the shallowest stations on the shelf (74 m and 101m water depth), NO3
-
 and NO2

-
 in the 

bottom water were close to depletion (Fig. 3). Bottom water NO3
-
 steadily increased below 

100 m to a maximum concentration of 45 µM at 760 m. Bottom water NO2
-
 concentrations 

increased below 90 m and peaked at 10 µM at 190 m depth, before gradually decreasing 

towards near-detection limit at the lower edge of the OMZ at around 500 m. NH4
+
 

concentrations were elevated in the water column on the shelf with highest concentrations of 

2.1 µM. Below ca. 100 m, NH4
+
 concentrations were below detection limit. Bottom water H2S 

concentrations determined from the lander sampling syringes were below detection limit at all 

stations (data not shown). 

 

3.3. Benthic fluxes 

All benthic concentration time series from which the fluxes were determined are shown in the 

Supplement. From the ten lander deployments along the 12°S transect, a maximum of 20 
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fluxes of each N species could be calculated from the concentration changes measured inside 

the benthic chamber (Table 2, Fig. 4). As expected from the very low or undetectable 

concentration of NO3
-
 and NO2

-
 in the bottom water at the shallowest station (74 m), benthic 

NO3
-
 and NO2

-
 fluxes were zero or non-determinable on the middle shelf. Sulphide was 

released from the sediment here with an average flux of 12.6 mmol m
-2 

d
-1

 (Table 2). At 101 

m, NO3
-
 was below detection limit in the chamber and no flux was measurable. No NO2

-
 flux 

could be reliably determined either since NO2
-
 was completely consumed inside the benthic 

chamber from 0.3 μM to zero after the second water sample was taken. Sulphide began to 

accumulate in the chamber as soon as NO2
-
 disappeared, from which a potential flux of 4.3 to 

5.3 mmol m
-2

 d
-1

 of H2S was derived (Table 2). Similarly, despite moderate bottom water 

NO3
-
 at 128 m, no flux could be determined due to rapid consumption inside the chamber. A 

very high NO2
-
 uptake flux of -1.8 mmol m

-2
 d

-1
 was measurable due to high bottom water 

concentrations of 8 µM. Again, once NO2
-
 had been completely consumed (after 20 h), H2S 

accumulated with a potential flux of 4.2 mmol m
-2

 d
-1

. This type of dynamic is shown more 

clearly in Fig. 10 in the companion paper (Dale et al., 2016) and the Supplement.  

The highest NO3
-
 flux of -3.3 mmol m

-2
 d

-1
 was calculated for the 142 m station on the outer 

shelf. Deeper within the OMZ, NO3
-
 uptake remained elevated but decreased to < -1 mmol m

-

2
 d

-1 
beyond the lower boundary of the OMZ. At the deepest station, NO3

-
 was released in one 

chamber with a flux of 0.23 mmol m
-2

 d
-1

. NO2
-
 fluxes also tailed off strongly below the lower 

edge of the OMZ, and NO2
-
 was released from the sediment at 0.08 mmol m

-2
 d

-1
 at the 409 m 

station with foraminiferal ooze. NO2
-
 was below detection limit at the two deepest stations. 

Benthic NH4
+ 

release was exceptional on the shelf with fluxes up to 21.2 mmol m
-2

 d
-1

 at the 

shallowest station (Fig. 4b, Table 2). Fluxes decreased rapidly to ca. 6 mmol m
-1

 d
-1

 at 101 

and 128 m. Weak or non-detectable NH4
+
 effluxes were determined from 307 m within the 

OMZ and down to the deeper sites.  
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N2 release into the bottom water was very low on the shelf (<0.8 mmol N m
-2

 d
-1

) down to 

142 m. N2 release correlated with the NO3
-
 and NO2

-
 fluxes and began to increase sharply at 

ca. 195 m. The highest N2 release of 4.6 mmol N m
-2

 d
-1

 was determined for the core of the 

OMZ at 244 m water depth. 

Dissolved oxygen was only detected at the two deepest stations below the OMZ where fluxes 

ranged from -0.5 to -1.6 mmol m
-2

 d
-1

 (Table 2).  

 

4. Discussion 

4.1. Benthic sulphide emissions 

The DIN fluxes measured at 12°S were similar, or slightly higher, as those determined for 

11°S in 2008 (RV Meteor cruise M77-1/2; Bohlen et al., 2011) (Table 2). A notable exception 

is the shelf. Maximum measured NH4
+
 fluxes at 12°S were five-fold higher than the reported 

flux of 3.7 mmol m
-2

 d
-1

 for 11°S (Bohlen et al., 2011). Moderate NO3
-
 and NO2

-
 fluxes of 1 

to 3 mmol m
-2

 d
-1

 were also determined (Bohlen et al., 2011), whereas at 12 
o
S the fluxes 

were very low due to bottom waters depleted in NO3
-
 and NO2

-
. 

The environmental conditions encountered at 12°S were atypical for eastern boundary 

upwelling systems. To our knowledge, our in situ benthic flux measurements are the first 

under such extreme conditions on an open margin. The unusual geochemical features may 

have been driven by the near-stagnant circulation observed on the middle shelf. Moored 

current records from 80 m depth (not shown) indicated alongshore velocities of less than 0.04 

m s
-1

 during the observational period. The lack of significant flow inhibits advection of 

nutrient-rich waters from the north into the region as well as isopycnal cross-shelf exchange 

processes. 
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The observations show that the sediments at the shallowest station on the shelf were releasing 

sulphide, possibly contributing to a sulphidic event in the water column analogous to the large 

event reported for the Peruvian OMZ shelf waters in January 2009 (Schunck et al., 2013). The 

event witnessed by these authors is the only one documented for this region, yet could re-

occur if stagnation events in Peruvian OMZ become more frequent. Sulphidic conditions in 

surface sediments on the shelf appear to be common during the high-productivity season 

(Cardich et al., 2015). Clearly, the socio-economic impacts on local fishery and aquaculture 

industries would be devastating if benthic sulphide was released en masse. Our fluxes further 

show that the sediments have a high potential for sulphide release and begin to release 

sulphide as soon as NO3
-
 and NO2

-
 become depleted (c.f. Supplement and Fig. 10 in Dale et 

al., 2016). At the time of sampling, therefore, the sediments were still in a Thioploca state 

(sensu Gutiérrez et al., 2008), although the coupled benthic-pelagic system on the shelf was 

close to a tipping point between prevailing anoxic and euxinic conditions.  

These dynamics were investigated in more detail by Dale et al. (2016) who combined 

porewater geochemistry with a non-steady state model to investigate how sediments with 

nitrate-storing bacterial communities respond to NO3
-
 and NO2

-
 depletion. The model 

predicted an almost immediate increase in sulphide fluxes when NO3
-
 and NO2

-
 become 

exhausted, as the benthic incubation data suggest. Their model showed that this was caused 

by a switch of organic matter mineralization at the sediment-water interface from 

denitrification to sulphate reduction. With limited availability of reactive iron to precipitate 

free sulphide (Noffke et al., 2012), the sulphide produced is rapidly lost to the water column. 

Observations and model results further demonstrated that the concentrations of nitrate stored 

with sulphur oxidizing bacteria decreased with a half life of days-weeks following bottom 

water stagnation (Dale et al., 2016). Therefore, despite almost complete coverage of the 

seafloor by sulphur oxidizing bacteria, the bacteria displayed a limited capacity to mitigate 

sulphide fluxes once NO2
-
 and NO3

-
 disappeared. It has also been shown previously that 
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prolonged starvation of electron acceptors and exposure to sulphide will decimate Thioploca 

communities and force the benthic system to a sulphidic state (Guitiérrez et al., 2008). More 

knowledge on the timing and controls of sulphide release from sediments is urgently required 

to be able to predict the benthic response to bottom water stagnation. 

 

4.2. Excess benthic N flux on the shelf 

The effect of depletion of bottom water NO3
-
 and NO2

-
 on the shelf at 12°S was quantified by 

calculating using a benthic N mass balance (ΣN, Fig. 5). This was determined by summing 

the average fluxes of N2, NO3
-
, NO2

-
, NH4

+
 and NH4

+
 released during organic matter 

degradation (NH4
+

amm) (Table 2, Fig. 5). The latter, shown in Fig. 4b, was derived from the 

rate of organic carbon degradation determined from the dissolved inorganic carbon efflux and 

measured C/N ratios of sedimentary organic, noting that carbonate dissolution makes a 

negligible contribution to DIC fluxes on the margin (Dale et al., 2015). Also considered is the 

production of fixed N due to N2 fixation based on direct assays of nitrogenase activity by Gier 

et al. (2015) using the acetylene reduction technique and a conversion factor of 3 C2H4:1 N2 

(Capone et al., 2005; Orcutt et al., 2001). N2 fixation rates were determined in samples 

retrieved by a multiple corer at six stations (70-1025 m) along the same depth transect and 

integrated over the upper 0-20 cm. We assume for now that N2 is fixed as NH4
+
 (see below).  

At steady-state, the sum of these fluxes should equal zero if burial of adsorbed NH4
+
 can be 

ignored. At the sites close to the lower boundary of the OMZ (409 m) and deeper, fluxes were 

approximately balanced to within ± 1 mmol m
-2

 d
-1

 (Fig. 5 red curve). However, the data 

show a very large N imbalance on the shelf, with an excess flux of 13 mmol m
-2

 d
-1

 at 74 m 

and 3 mmol m
-2

 d
-1

 at 101 m. The N balance was also variable on the outer shelf, with ΣN 

ranging from -2.8 to 2.5 mmol m
-2

 d
-1

. For the main part, the shelf stations down to 200 m 

showed an excess of N leaving the sediment. Applying the same approach to DIN fluxes 
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measured at 11°S reveals a more balanced picture (Fig. 5, blue curve). This result should be 

treated cautiously since N2 and NH4
+

amm fluxes at 11°S are modelled data, whereas the mass 

balance at 12°S is based on field observations only. 

The strong N imbalance on the shelf at 12°S was due to an excess release of NH4
+
 above the 

fraction that can be supplied by ammonification. The most likely process that could drive this 

excess is DNRA by sulphur oxidizing bacteria (Guitiérrez et al., 2008; Bohlen et al., 2011; 

Mosch et al., 2012). N2 fixation at 74 m (<0.5 mmol m
-2

 d
-1

, Table 2) accounted for < 1 % of 

the NH4
+
 flux. Consequently, we estimate that DNRA at the shallowest station contributed up 

to 63 % (12.4 mmol m
-2

 d
-1

) to the total NH4
+
 flux, with lower, yet still important, 

contributions at most of the other shelf stations (Fig. 4b). It should be noted that although N2 

fixation could account for an average of 17 % of the NH4
+
 flux at 142 m where ΣN showed a 

deficit, N2 fixation is ten times too low to bring the N cycle back into balance. 

At the shallowest stations where NO3
-
 and NO2

-
 were depleted, we propose that the imbalance 

in N fluxes was caused by filamentous sulphur bacteria relying on their internal NO3
-
 and/or 

NO2
-
 storage to maintain their activity levels during the period of bottom water stagnation. 

The internal NO3
-
 reservoir is vast, with intracellular concentrations reaching 500 mM (e.g. 

McHatton et al., 1996). We determined porewater equivalent concentrations of 1 to 2 mM at 

the shelf stations at 12°S (Dale et al., 2016), demonstrating a decoupling of NO3
-
/NO2

-
 uptake 

from the bottom water reservoirs. This strategy allows Thioploca and other nitrate-storing 

bacteria such as Thiomargarita spp. to survive in the absence of bottom water NO3
-
 and NO2

-
 

(Otte et al., 1999; Schulz et al., 1999). The timing of internal NO3
-
 consumption in relation to 

bottom water NO3
- 
deficits has been addressed in the companion paper (Dale et al., 2016). At 

the deeper shelf stations, we speculate that the variability in ΣN could reflect a more general 

temporal decoupling of NO3
-
 uptake and NH4

+
 due to natural fluctuations in bacterial biomass 

(Gutiérrez et al., 2008). Causes for this decoupling remain uncertain, but are most likely 
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related to the redox history of the bottom water as well as the rain rate of labile organic matter 

to the seafloor. 

 

4.3. Excess benthic N flux in the OMZ  

At the deep sediments within the OMZ down to ca. 400 m, ΣN again revealed an excess loss 

of N from the sediments of 2.5 to 4.1 mmol m
-2

 d
-1

 (Fig. 5). DNRA is of less importance here, 

in agreement with lower microbial mat coverage and low NH4
+
 fluxes. Although we cannot 

rule out temporal decoupling of NO3
-
 uptake and NH4

+
 as described for the shelf, the flux data 

suggest that this imbalance rests with an excess flux of N2 from the sediment because the 

uptake of oxidized N is insufficient to drive the high measured N2 fluxes. A similar imbalance 

was observed in the anoxic Magdelena and Soledad basins on the Californian margin (Chong 

et al., 2012). 

Measured abundances of nitrate-storing foraminifera (J. Cardich, unpub. data) along with the 

photographic evidence reveal a transition in the surface benthic microfauna community 

structure from bacterial mats at the shallow stations to foraminifera at the lower edge of the 

OMZ. There is accumulating evidence that benthic foraminifera are involved in dissimilatory 

pathways of the nitrogen cycle where NO3
-
 is used as an electron acceptor during anaerobic 

respiration (Risgaard-Petersen et al., 2006; Pina-Ochoa et al., 2010). Similar to the sulphur 

bacteria, foraminifera can accumulate NO3
-
 (Risgaard-Petersen et al., 2006; Pina-Ochoa et al., 

2010). Due to their high population density in the Peruvian OMZ, it has been suggested that 

foraminifera play a key role in the sedimentary NO3
-
 budget (Mallon et al., 2012). By 

combining abundances and species-specific denitrification rates available in the literature for 

the 11°S transect (RV Meteor cruise M77-1/2) it has been inferred that foraminifera are 

responsible for the total benthic NO3
-
 loss at the shelf (80 m) and upper slope (250 m) (Glock 

et al., 2013). This has been confirmed at 12°S using the diagenetic model that accounts for 
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this N loss pathway (Dale et al., 2016). A very high foraminiferal contribution to total benthic 

denitrification of 60 % has also been observed in the Santa Barbara Basin (Bernhard et al., 

2012). Low N2 fluxes on the shelf (Fig. 4c) imply that these organisms were of minor 

importance for the benthic N turnover at the dense microbial mat sites, possibly due to the 

higher bacterial biomass outstripping the capacity of foraminifera to store and process nitrate.  

We suggest that the excess N2 fluxes in the OMZ are caused by a temporal decoupling of 

NO3
-
 uptake and storage by denitrifying foraminifera, although we note that the contribution 

by nitrate-storing denitrifying bacteria is uncertain. At this stage, it cannot be substantiated 

whether this decoupling reflects the natural situation or an experiment artifact. However, 

because these sites are located deep within the OMZ and are subjected to less temporal 

variability in redox conditions than on the shelf, we suspect that the artificial depletion of 

NO3
-
 in the chamber water during the incubation period could have led to enhanced N2 fluxes. 

NO3
-
 decreased from ca. 7 μM to undetectable levels inside the chamber at the 195 m site, and 

from ca. 20 μM to < 1 μM at the 244 m station  (see Supplement). Such a rapid decrease in 

NO3
-
 availability may have stressed the foraminiferal community, forcing them to more 

rapidly deplete their internal NO3
-
 reservoir. A simple calculation shows that this hypothesis 

is consistent with the time-scale of the benthic lander deployment (28 h). Foraminifera 

abundance is highest in the surface centimetre (Cardich et al., 2012), such that the 

characteristic time for a molecule of N2 to diffuse across the mean depth (0.5 cm) can be 

calculated from the equation t = πL
2
/4D, where L is mean diffusive path length and D is the in 

situ diffusion coefficient of N2 corrected for tortuosity. For D = 300 cm
2
 yr

-1
 (Boudreau, 

1997), t = π·0.5
2
/4·300 = ~6 hours. A sudden increase in denitrification by foraminifera 

would, therefore, be detectable in the N2 concentrations determined in water samples 

withdrawn from the chamber for gas analysis every 6 hours. These artefacts could be avoided 

in future by maintaining NO3
-
 concentrations inside the chambers at ambient bottom water 

levels. 
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5. Conclusions 

In contrast to the common perception that continental margin sediments in general represent 

major sinks for fixed nitrogen, Peruvian shelf and upper slope sediments are strong source of 

reduced fixed N via the activity of sulphur oxidizing bacteria performing DNRA. Although a 

few previous studies have highlighted the significance of DNRA, this process is generally 

neglected in regional N budgets and biogeochemical models. Yet, DNRA could have 

important feedbacks on productivity and the N balance of oxygen deficient regions depending 

on whether the benthic NH4
+
 reaches the euphotic zone to stimulate primary productivity or 

whether it is oxidized anaerobically in the water column. 

Temporal variability in the bottom water redox-conditions due to varying strength and 

direction of water circulation on the upper slope has been shown to lead to strong imbalances 

in the benthic N turnover. During periods of bottom water NO3
-
 and NO2

-
 depletion, storage 

of electron acceptors within sulphur bacteria and foraminifera becomes an important source of 

oxidative power for sustaining the respiratory activity of these organisms, resulting in a 

temporal decoupling between NO3
-
 uptake from the bottom water and benthic fluxes of NH4

+
 

and N2. These periods, which are only just beginning to be understood from a benthic 

perspective, can be expected to strongly affect benthic-pelagic nutrient inventories on regional 

scales.  
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Figure captions 

 

Fig. 1: (a) Bathymetry and benthic sampling locations (triangles) on the Peruvian margin at 

12°S during January 2013. (b) Cross-section of dissolved oxygen concentrations (μM) 

measured using the CTD sensor calibrated against Winkler titrations (detection limit 5 μM). 

The positions of the CTD casts are indicated by vertical lines diamonds. Deployment sites of 

the benthic landers (BIGO) are shown as red triangles. 

 

Fig. 2: Photographic images of sulfide-oxidizing microbial mats covering surface sediments 

at 103, 145 and 305 m water depth, taken using a camera installed on the multiple-corer. The 

white bars denote a distance of ca. 50 cm. A weight hanging ca. 1.5 m from the bottom of the 

multiple-corer can be seen in the images. 

 

Fig. 3: Distributions of (a) nitrate, (b) nitrite, and (c) ammonium across the margin at 12°S, 

reconstructed from CTD casts taken during January 2013. The white contours show the 

potential density (kg m
-3

). The positions of the CTD casts are indicated by vertical lines 

diamonds. Deployment sites of the benthic landers are shown as black triangles.  

 

Fig. 4: Benthic fluxes (mmol m
-2

 d
-1

 of N) of (a) nitrate (black) and nitrite (red), (b) 

ammonium (black), and (c) dinitrogen across the margin at 12°S. Negative fluxes denote 

uptake by the sediments. Red, blue and green curves in (b) correspond to calculated fluxes 

due to ammonification, N2 fixation and DNRA, respectively (see Discussion). Error bars 

correspond to minimum and maximum values and symbols are the mean values (n=2). Note 

that water depth increases from left to right. 

 

Fig. 5: Benthic N mass balance (ΣN) for 12°S (red) and 11°S (blue). Positive values indicate 

a loss from the sediments and excess N flux to the water column, and negative values indicate 

excess N uptake by the sediments (units mmol m
-2

 d
-1

 of N). The N fluxes for the mass 

balance at 11°S are provided in Table 1. Note that water depth increases from left to right. 
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Supplemental Fig. S1a,b 

 

S1a,b: Time-series concentrations of different chemical species measured during chamber 

flux measurements with BIGO I and BIGO II during the R/V Meteor cruise M92 along a 

depth transect at 12°S off Peru. Measurements in Chamber 1, Chamber 2 and the bottom 

water are represented by black circles, white circles and crosses respectively. For the oxygen 

plots continuous measurements in Chamber 1, Chamber 2 and the bottom water are 

represented by thick black, grey and thin black lines respectively. The abbreviation bdl 

indicates below detection limit. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4  
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Fig.5  
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Tables 

Table 1: Station and deployment data of the Biogeochemical Observatories I and II (BIGO) along a depth transect at 12°S off Peru  

Instrument 
a
 Date Latitude (S) Longitude (W) Depth (m) Habitat 

b
 

BIGO-I-2 15.01.2013 12°13.506’ 77°10.793’ 74 mats 

BIGO-I-5 27.01.2013 12°14.898’ 77°12.705’ 101 mats 

BIGO-II-4 20.01.2013 12°16.686’ 77°14.995’ 128 mats 

BIGO-I-1 11.01.2013 12°18.711’ 77°17.803’ 142 mats 

BIGO-I-4 23.01.2013 12°21.502’ 77°21.712’ 195 mats 

BIGO-II-2 12.01.2013 12°23.301’ 77°24.284’ 244 mats 

BIGO-II-1 08.01.2013 12°24.905’ 77°26.295’ 306 - 

BIGO-II-5 24.01.2013 12°27.207’ 77°29.517’ 409 foraminifera 

BIGO-II-3 16.01.2013 12°31.366’ 77°34.997’ 756 - 

BIGO-I-3 19.01.2013 12°34.911’ 77°40.365’ 989 - 

a
 The Roman numeral of the BIGO code denotes the lander used and the Arabic numeral is the deployment number of that lander. 

b
 Predominant biota on the sediment surface visible to the naked eye. Mats denotes the presence of sulphide oxidizing microbial mats inside the flux 

chamber, foraminifera denotes the presence of foraminiferal sands on the sediment surface, and ‘-‘ indicates plain sediment surface without 

conspicuous mats or foraminiferal communities. 
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Table 2: In situ benthic fluxes, derived fluxes of DIC and rates of ammonification (NH4
+

amm), DNRA and measured depth-integrated N2 fixation rates (N2fix) for chamber 1 (C1) 

and chamber 2 (C2) of each lander. All N-based data are in units of mmol N m
–2

 d
–1

, TOU is in mmol O2 m
–2

 d
–1 

and H2S is in mmol H2S m
–2

 d
–1

. Flux uncertainty at 12
o
S is 

given as the standard error determined from the error in the slope of the concentration time series. Negative and positive fluxes indicate uptake and release from the seabed, 

respectively. bdl = below detection limit and empty cells indicate that no measurements were made. Fluxes are not determinable (nd) if the standard error is larger than the flux 

due to very low fluxes or data scatter. 

 

Lander   Depth (m) NO3
-
 NO2

-
 NH4

+
 N2 H2S 

a
 TOU DIC 

b
 NH4

+
amm 

c
 DNRA 

d
 N2fix 

e
 

             

Meteor cruise M92, 12°S, Jan/Feb 2013 

BIGO-I-2 C1 74 bdl bdl 18.2±1.5 0.4 13.7±2.0 bdl 86.4±0.7 9.33 8.8 0.15 

 C2  bdl bdl 21.2±1.5 0.6 11.3±1.1 bdl 45.3±0.5 4.89 16.1  

BIGO-I-5 C1 101 bdl nd 
f
 7.1±0.7 -0.8 5.3±0.3* bdl 23.4±0.5 2.48 4.6  

 C2  bdl nd 
f
 5.3±0.9 0.8 4.3±0.4* bdl 31.8±0.5 3.37 1.9  

BIGO-II-4 C1 128 nd 
g
 -1.80±0.2 8.1±1.2 0.2 4.2±1.6* bdl 13.9±0.4 1.33 6.7  

 C2  nd 
g
 -1.50±0.1 4.6±0.4 0.0 nd bdl 26.9±0.5 2.58 2.0  

BIGO-I-1 C1 142 -2.9±0.24 -0.94±0.03 1.5±0.1 0.4 bdl bdl 8.5±0.2 0.85 0.3 0.30 

 C2  -3.3±0.1 -1.14±0.1 2.0±0.1 nd bdl bdl 7.6±0.2 0.76 0.9  

BIGO-I-4 C1 195 -1.3±0.08 -0.78±0.05 2.9±1.0 2.4 bdl bdl 1.9±0.3 0.18 2.8  

 C2  -1.3±0.05 -0.69±0.04 2.6±1.4 1.6 bdl bdl 4.5±0.1 0.43 2.2  

BIGO-II-2 C1 244 -2.3±0.1 0.18±0.03 1.7±0.14 nd bdl bdl 6.2±0.1 0.60 0.7 0.41 

 C2  -2.5±0.3 0.63±0.15 1.3±0.17 4.6 bdl bdl 3.3±1.1 0.32 0.6  

BIGO-II-1 C1 306 -1.5±0.06 -0.05±0.01 0.21±0.08 4.4 bdl bdl 2.8±0.1 0.26 nd  

 C2  -1.6±0.10 nd nd 3.8 bdl bdl 2.6±0.02 0.23 nd  

BIGO-II-5 C1 409 -1.6±0.09 0.08±0.02 bdl 1.4 bdl bdl 2.5±0.2 0.22 nd 0.01 

 C2  -1.8±0.25 0.06±0.01 bdl 3.0 bdl bdl 1.9±0.3 0.17 nd  

BIGO-II-3 C1 756 -0.75±0.22 bdl bdl 2.0 bdl -0.5 nd nd nd 0.05 

 C2  -0.71±0.14 bdl bdl 2.0 bdl -1.4 5.6±0.4 0.49 nd  

BIGO-I-3 C1 989 -0.49±0.18 bdl nd 1.2 bdl -1.6 1.3±0.5 0.11 nd 0.01 

 C2  0.23±0.10 bdl nd 0.8 bdl -1.1 1.1±0.1 0.09 nd  

 

Meteor cruise M77, 11°S, Nov/Dec 2008 
h
 

BIGO 5  85 -0.9 -2.15 4.0 1.4  bdl 8.2 0.94 2.7  

BIGO T6  259 -3.4 0.15 3.5 1.2  bdl 7.7 0.74 2.9  

BIGO 1  315 -3.2 -0.11 2.2 2.0  bdl 5.9 0.67 1.4  

BIGO 3  397 -2.8 0.05 0.7 2.0  bdl 4.0 0.45 0.5  

BIGO 2  695 -0.7 0.03 -0.05 0.7  -0.5 1.7 0.17 0  
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BIGO 6  1005 -0.3 0.01 0 0.5  -1.6 2.1 0.20 0  
a
 Values marked with an asterisk are potential rates, calculated from the increase in H2S when NO3

-
 and NO2

-
 became depleted inside the chamber (see text). 

b
 DIC fluxes are from Dale et al. (2015). 

c
 Calculated using carbon degradation rates based on DIC fluxes and the C/N ratio of organic matter at the sediment surface. 

d
 DNRA = NH4

+
 flux – NH4

+
amm – N2 fix. Values for N2 fixation were set to zero if data were unavailable. 

e
 From Gier et al. (2015). Average integrated N2 fix rates (0 -20 cm sediment depth) were measured in sediments retrieved by a multiple corer at water depths of 70, 144,  

  253, 407, 770 and 1025 m. 
f
 NO2

-
 inside the chamber decreased to ambient values (ca. 0.3 μM) to below detection limit by the second syringe sample (ca. 4 h). 

g
 NO3

-
 inside the chamber decreased to ambient values (ca. 3 μM) to below detection limit by the second syringe sample  (ca. 4 h). 

h
 Measured DIN, NO3

-
 fluxes at 11°S are from Bohlen et al. (2011) and Glock et al. (2013); remaining data are model results from Bohlen et al. (2011) 
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Highlights 

 

 

Sulphidic event on the shelf resulted in a temporal imbalance of the benthic N cycle 

 

Bacterial NOx storage is a major source of oxidative power during euxinia 

 

Peruvian shelf and upper slope sediments are strong recycling sites of fixed N  
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