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Abstract. Oxygen minimum zones (OMZs), known as sub- thermal mechanisms affecting fastep @an DIC (due to
oxic layers which are mainly localized in the Eastern Bound-the carbonate buffer effect) and occurring upstream in warm
ary Upwelling Systems, have been expanding since the 20tkvaters (e.g., in the Equatorial Divergence), where the CMZ-
“high COy” century, probably due to global warming. OMZs OMZ core originates. The “carbon deficit” in the CMZ core
are also known to significantly contribute to the oceanic pro-would be mainly compensated locally at the oxycline, by a
duction of N O, a greenhouse gas (GHG) more efficient than“carbon excess” induced by a specific remineralization. In-
COy. However, the contribution of the OMZs on the oceanic deed, a possible co-existence of bacterial heterotrophic and
sources and sinks budget of gGhe main GHG, still re-  autotrophic processes usually occurring at different depths
mains to be established. could stimulate an intense aerobic-anaerobic remineraliza-

We present here the dissolved inorganic carbon (DIC)tion, inducing the deviation of C/O molar ratios from the
structure, associated locally with the Chilean OMZ and glob-canonical Redfield ratios. Further studies to confirm these
ally with the main most intense OMZs $G-20 umol kg 1) results for all OMZs are required to understand the OMZ
in the open ocean. To achieve this, we examine simultaneeffects on both climatic feedback mechanisms and marine
ous DIC and @ data collected off Chile during 4 cruises ecosystem perturbations.
(2000-2002) and a monthly monitoring (2000-2001) in one
of the shallowest OMZs, along with international DIC and
O, databases and climatology for other OMZs. 1 Introduction

High DIC concentrations %2225umolkg?!, up to
2350 umol kg!) have been reported over the whole OMZ The most intense (£<20umolkg?) and largest oxygen
thickness, allowing the definition for all studied OMZs a minimum zones (OMZs), known as suboxic layers, are
Carbon Maximum Zone (CMZ). Locally off Chile, the shal- mainly localized in subsurface of the upwelling regions in the
low cores of the OMZ and CMZ are spatially and tempo- Eastern Pacific and Northern Indian open oceans (Paulmier
rally collocated at 21S, 30 S and 38S despite different and Ruiz-Pino, 2008). OMZs can be considered as analogs of
cross-shore, long-shore and seasonal configurations. Glolthe primitive anoxic ocean associated with a high,@®no-
ally, the mean state of the main OMZs also corresponds tesphere £ 1000 ppmv: Royer et al., 2004), because of compa-
the largest carbon reserves of the ocean in subsurface watersble reduced chemical conditions and similarities between
The CMZs-OMZs could then induce a positive feedback for ancient bacteria and those living in the OMZs (e.g., Planc-
the atmosphere during upwelling activity, as potential directtomycetales: Gribaldo and Philippe, 2002). OMZs ap-
local sources of C& The CMZ paradoxically presents a pear as a refuge of abundant specific microbes capable of
slight “carbon deficit” in its core{£10%), meaning a DIC  chemolithoautrophic carbon assimilation (Walsh et al., 2009)
increase from the oxygenated ocean to the OMZ lower tharand organisms adapted to low Ce.g., zooplankton as spe-
the corresponding £decrease (assuming classical C/O mo- cific copepods and euphausiids: Wishner et al., 2008; An-
lar ratios). This “carbon deficit” would be related to regional tezana, 2009). These biological specificities and pertur-
bations, associated with shifts in animal distribution and
changes in ecosystems structure (e.g., towards gelatinous

Correspondence toA. Paulmier species as jellyfish and salps: Childress and Siebel, 1998),
BY (aurelien.paulmier@legos.obs-mip.fr)  may potentially impact the carbon export. In addition, OMZs
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are submitted to climate change (lower ventilation by strat-(ETNP) allows to study the DIC structure naturally associ-
ification and Q solubility decrease) and natural or anthro- ated with the OMZ.

pogenic fertilization (remineralization increase) through nu- In particular, the OMZ off Chile (cf. Paulmier et al.,
trient or metal inputs by upwelling, rivers or dust (Fuhrman 2006) is characterised by a shallow (5-20 m) very intense
and Capone, 1991; Naqvi et al., 2006; Rabalais et al., 2010)>1 pmol kgt m~1) and stratified oxycline associated with
In the past, OMZs have probably extended and contracted imn @ continuum from oxic (@ >200 pmolkg?l) to sub-
warm (interglacial) and cold (glacial) periods (e.g., Cannar-oxic (O, <20 pmol kg'1) and intercepting the euphotic layer
iato and Kennett, 1999; Rogers, 2000), associated with higllepth. The Chilean OMZ also presents a very low oxy-
(300 ppmv) and low (180 ppmv) atmospheric £Qansen et  genated core (§<20 pmolkg?, down to <1 pmolkg?),

al., 2007), respectively. In the present and according to thevhich is one of the thickest relative to the upper and lower
last decades observations associated with high anthropogen®, gradients (Paulmier and Ruiz-Pino, 2008), allowing a
CO, uptake by the ocean (Sabine et al., 2004), OMZs wouldsignificant denitrification (anerobic remineralization) activ-
increase or intensify (Stramma et al., 2008), or even new onegy (e.g., Graco, 2002). High DIC concentrations have been
appear locally and episodically (Chan et al., 2008). measured off Chile (e.g., Takahashi and Goddard, 1998; Tor-

OMZs are known for playing an essential role in the nitro- €S, 2001), although never related with the OMZ influence.
gen cycle, in which different autotrophic and heterotrophic At the surface, separated studies indicate intense sources
bacterial processes intervene (e.g., Arrigo, 2005) such as anff CO2 (at 23-30° S: ~+5mmolnT2d~*; Torres, 2001;
monification, nitrogen assimilation, anammox, DNRA (dis- Lefevre et al., 2002), 5 times higher than the oceanic aver-
similatory nitrate reduction to ammonia), denitrification and @ge. In addition, locally in the OMZ off Chile, Paulmier et
nitrification. As a result of these two last processes, OMZsal- (2006) suggested a specific remineralization at the oxy-
would produce up to 50% of the oceanie® (e.g., Bange, cline up to 5 times more intense than in the oxygenated
2008), a greenhouse gas;300 times more efficient than ©ocean, which consequently produces more,@an clas-

CO, (Jain et al., 2000; Ramaswamy et al., 2001). So far,sically. However, and in addition to its specificity of being

no study has investigated the direct link between OMZs ancshallow and intercepting the euphotic layer, the OMZ off
the most important greenhouse gas,,CO Chile is characterised by an important temporal variability.

The primary production (0.5-20 mgCthd—1: Daneri et al.,

H , OMZ I indirect rol th - .
owever S may pay an Indirect role on e car 2000) and the sea surface biomass (0.2—1.2 mg mRaul-

bon reservoir through denitrification which converts nitrate, =" . ) .
9 qnier et al., 2006) are up to 3 times higher in summer and

one of the main oceanic nutrients, into gaseous nitroge 4 N . :
(e.g., N, N2O) lost towards the atmosphere. Indeed, accord—at the coast and in the centre (302§ than in spring and

ing to Falkowski's (1997) hypothesis, the denitrification pro- Wlnter, offshore and in the north (2.5)’ respectlvely. The
cess would decrease the oceanic nitrogen reserve and coflt -2 CQ fluxes also present a h'ghj'?a“‘“empora' mod-
sequently the total primary production reduction will limit ulation (between-3 and 25 m_mql m=d " Paulmier et al., .
atmospheric C@ sequestration by the ocean. In addition, 2008). Indged, they can shift in austral summer and win-
Koeve and Kihler (2010) show theoretically that the com- (" from an intense Csource (€.g.pCO; >1000 patm at
bined effects of the processes in the OMZ core turn out to230 S, Torres, 2001) to a strong sink (e.gGO; <150 yatm

. : : at30 S, Lefvre etal., 2002). Thus, this work presents a DIC
Ib;;:leearly heterotrophic, suggesting net direct OMZ,C& and Q dataset collected off Chile in order to study locally in

detail the same 4 cruises (Fig. 1) and monitoring the specific

The main objective of this study is, therefore, to determinepc strycture associated with an OMZ already described in
and discuss the total GQor DIC (dissolved inorganic car-  pgimier et al. (20086).

bon) structures which are forming in the OMZs, from a local
and temporal study focused in the OMZ off Chile and ex-
tended to the global ocean. 2 Methodology

Indeed, the eastern tropical south Pacific (ETSP) OMZ is
well suited for a detailed study. The ETSP presents high DICTo characterise locally the DIC structure associated with an
concentrations in subsurface2250 umol kg?; e.g., Copin-  OMZ, a high vertical resolution sampling (5-10 m), adapted
Montegut and Raimbault, 1995), mainly reported in very lo- to low O, concentrations €20 pmolkg 1), has been per-
cal areas. Because the ETSP presents the shallowest OMArmed simultaneously for DIC andxin the OMZ off Chile
(Paulmier and Ruiz-Pino, 2008), the ETSP OMZ is closelyto capture the intense biogeochemical gradients. This sam-
exposed to ocean-atmosphere LCé€xchanges, which may pling is based on 3 sites (in the North: Iquique,® 3] in
be amplified by the intense upwelling activity (Strub et al., the Centre: Coquimbo, 3@; on the continental shelf, Con-
1998). Its almost double (new and export) primary pro- cepcbn, 36 S) between 2000 and 2002 in non ERdiyears
duction (855gC m?yr—1: Chavez and Mesaj 2009) asso- during four cruises and a monthly monitoring. The four
ciated with less intense anthropogenic influence (Doney etruises have been performed af Slwith a bottom depth of
al., 2007) as compared with the eastern tropical north Pacifi@0-1880 m (09/2000, day/night station; 05/2001, cross-shore
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Fig. 1. Vertical sections along an east-west cross-shore transect on 0—100 n{#R13;: (d) and versus time on 0-50 m (DI(); Oo2: (e).
Points indicate sampling locations. Profiles of Dl& and G (f) on 0—1000 m for all stations sampled in the OMZ off Chile in 2000—
2002. Continuous thin profiles correspond to classical profiles out of the OMZ in the Eastern Equatorial Pacific (for(B)iC/iecelli,
1984; for @ on (f): Ivanoff, 1972). Continuous thick black profiles indicate representative profiles for DI€)a@nd for @ on (f). On

c andf, data from Iquique at Z1S (squares), Coquimbo at 38 (diamonds) and Concepci at 36 S (triangles). Or(c): the hatched
red area indicates Di§yz (DICcmz = DICaverage on oMz~ DICclassical out of oM2 COrresponding to the carbon maximum zone (CMZ2);
continuous thick red profile indicates the representative profile for the sum @fifGeal out of omzand local DIC production contributing
to the CMZ (DIC¢jassical out of oMzt ADIC), with ADIC the biogeochemical contribution to DIC. The points on the mg(f)imdicate the
three sampled latitudes (25; 30° S; 36 S).

transect; 04/2002, biogeochemical station) and at3@ith following Broenkow and Cline (1969), with an accuracy of
a bottom depth of 700-4000 m (04/2002, biogeochemicall umolkg ! and reproducibility of 1.8 pmol kgt (Paulmier
station). The monthly monitoring took place at°3 off etal., 2006).

g semi—gnclg(s)gg bali//l Witgoglb%ttlim dgpth o_llihQOm (frc;m To validate results obtained from a local scale off Chile
eptember to May ' station). This samp 'NGor the OMZs at the global scale (Paulmier and Ruiz-Pino,

allows for the documentation of illustrative spatiotemporal 2008), the DIC structure was determined in the permanent

variations, associated with different biogeochemical and dy-q\1-¢ iy the Tropical Pacific ocean (North — ETNP: Costa

namical r_egimes mentionned in the Introduction and detailechica, Mexico: South — ETSP: Peru) and Northern Indian
in Paulmier et al. (2006). ocean (Arabian sea — AS; Bay of Bengal — BB), in the sea-
Total dissolved inorganic CO(DIC) samples were anal- sonal OMZs in the West Bering Sea (WBS) and the Gulf
ysed by potentiometry (Bradshaw and Brewer, 1988) withof Alaska (GA), and in the Eastern Boundary Upwellings of
the National CQ measurement Service (SNAPgQParis,  the Atlantic Ocean (Canary and Benguela/Namibia). Glob-
France) protocols (e.g., Codse et al., 2007). From 15 cer- ally, the study has been investigated mainly in the most in-
tified Dickson standards (Batches #44 and #49, SCRIPPSense OMZs in the Tropical Pacific and the Northern Indian
USA), an accuracy of-1.7 umolkg? and, a reproducibil- Oceans with @ <20 umolkg? in their core. The inter-
ity of ~2.7umolkg?, based on 16 replicates, have been national databases GLODAP (GLobal Ocean Data Analysis
determined (Paulmier et al., 2008). ,Gamples were Project; Sabine et al., 2005) for DIC and WOA2005 (World
analysed according to the Winkler method, improved andOcean Atlas 2005; Boyer et al., 2006) for @ave been
adapted to low concentration detectior,(©40 pmol kg1) used. For a more consistent comparison between DIC and
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O, data in terms of spatiotemporal coverage and samplingoroduction and @ consumption locally within the OMZ off
protocols, the analysis has been focused on the same cruis&hile. This hydrological method (e.g., Minas et al., 1986)
carried out during the WOCE program (World Ocean Cir- has already been described fog @ Paulmier et al. (2006)
culation Experiment, www.coaps.fsu.edu/woee300 tran-  and detailed in Paulmier (2005). The contribution due to
sects between 1992 and 1998). Indeed, the horizontal cownixing processes has been determined by a correlation co-
erage by WOCE cruises measuring both DIC and(Re- efficient R? of ~0.9, using potential temperature and salinity
tween 1992 and 1995, also in non EIfidi years) is very as semi-conservative parameters. The measured DIC and O
similar in the main OMZ regions of the Pacific and Indian concentrations can be expressed as the sum of a contribu-
Oceans. Both accuracy and reproducibility of the data, retion due to mixing processes (Difxing and @ mixing) and
specting WOCE standards quality (WOCE Operation Man-a contribution due only to biogeochemical processes called
ual, 1994) are~4 pmol kg! for DIC; ~2 umol kgt (with ADIC and AOs (the residuals). Positive or negativeDIC

a detection limit of~10 umol kg 1) for O.. andAQO; indicate (DIC and @) production or consumption,

In addition, sensitivity tests on DIC and,@verages have respectively. To compare the biogeochemical effect an O
been performed, taking into account the lower and upper veref the OMZ communities at each sampled profile, we chose
tical levels of the GLODAP and WOA2005 grids for each to apply our method locally to infer a local biogeochemical
OMZ limit: 137.5 and 225 m for the upper limit (175 m); 850 residual within the OMZ and in particular at the oxycline
and 1050 m for the lower limit (950 m). These tests havelevel. This implies a minor effect of the local horizontal mix-
been summarized in Table 1 for the total OMZs, each OMZing and advection which does not significantly affect the ver-
and the global ocean. In general, the average DIC concertical Oy mixing (Paulmier, 2005). The biogeochemical resid-
trations are more sensitive to the choice of the lower OMZuals can be interpreted as a resulting in situ DIC grcon-
limit and in the ETNP 4 8 umol kg™1), where the DIC con-  sumption or production of the OMZ communities for each
centrations are the highest. On the contrary, the average Oocation, depth and period.
concentrations are more sensitive to the choice of the upper
OMZ limit, corresponding to the highest,@oncentrations 3 Results

close to the saturation values. They are less sensitive in ASDIC and O datasets collected off Chile (Fig. 1) show a

‘_’I_V:h the Ipwelsé_(far concent;an%n t?]ngl'g thlzlggst OM%hcore. specific DIC structure associated with an OMZ already de-
€ maximal difierences for bo angOWer than — ¢rihed in Paulmier et al. (2006). Then, in order to determine

the dat? accuracy + reproducibility (cf. apoye), suggest tha‘Nhether the description of the DIC structure detailed locally
the choice of the upper and lower OMZ limits for the deter-

o ) ._and temporally for the OMZ off Chile can be extended to the
mination of the associated DIC structure does not have a sigy; ;o) geale, the representative DIC structure has been anal-

Egi:;ant effect on the analysis proposed in the Results sectio@Sed globally in the main most intense OMZSs.

To compare the DIC increase versus @ecrease due 10 31 Carbon maximum zone (CMZ) along the OMZ off
remineralization, which has been considered as the main Chile
mechanism responsible of the existence of alh@nima ob-
served in the ocean (Wyrtki, 1962), an index is proposed: The DIC structure, observed at 23 from the shelf to

« off-shore (lquique: Fig. 1a and c) but also at°3)(Co-

DIC”=DIC+0.69 &, (1) quimbo: Fig. 1c; stations location in Fig. 1f), corresponds to a
0.69 = 117/170 is the stoichiometric carbon to oxygen ratiopermanent structure off northern and central Chile. The DIC
C/O of Anderson and Sarmiento (1994). It corresponds tostructure at 21S shows low values (DI€2140 umol kg1)
the lowest and most commonly used C/O ratio value in thein surface, and a strong increase with depth from 20m
data analysis literature. called carboncline (by analogy with the oxycline) up to

DIC* is defined as the sum of the observed DIC and DICmaximal DIC concentrations>2300 umolkg?l) on the
produced during remineralization by,@onsumption. DIC continental shelf. The continental slope induces a 30—
can be considered as an analogue of the nitrogen deficitinde#0 m shoaling of the carboncline (cf. DIC isolines be-
(e.g.: NO of Broecker, 1974; Nof Gruber and Sarmiento, tween 2200 and 2275 umolkg) and of the maximal DIC
1997) or P (Deutsch et al., 2007). DiGshould be conserva-  (>2250 pmolkg?: in red-white, Fig. 1a). This shoal-
tive if no physico-chemical and/or biological mechanisms areing follows the oxycline and OMZ core shoaling (cf. the
affecting DIC and @ concentrations other than remineraliza- 20 uM G, isoline, Fig. 1d). The DIC structure at 2%
tion and/or photosynthesis with the same C/O stoichiometry(~2300 pmolkg?! on average on the core) presents higher
The accuracy and reproducibility of DIC and @easure-  concentrations than at 36 by ~50 umolkg?! (Fig. 1c),
ments lead to an accuracy and reproducibility for Di@ver also associated with a less intense OMZ at Coquimbo from
than 4.5 umol kg™. ~40 umolkg? (Fig. 1f). At 36°S on the shelf (Concep-

A water mass analysis based on an inverse method is pecion Bay), DIC concentrations are much more variable than
formed to estimate the biogeochemical contributions for DICat 21° S and 30 S, with the highest concentrations reported

Biogeosciences, 8, 23952 2011 www.biogeosciences.net/8/239/2011/
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Table 1. Averaged DIC and @concentrations in a mean layer intercepting the core of all main OMZs (175-950 m), and sensitivity tests (in
italics; commented in §3.2) on upper (for 137.5 and 225 m) and lower limits (for 850 and 1050 m) from GLODAP and WOA2005 databases.
Averages are given for tropical OMZs together (ETSP + ETNP + AS + BB) and separately, and for the global ocean. ETNP: Eastern Tropical
North Pacific; ETSP: Eastern Tropical South Pacific; AS: Arabian Sea; BB: Bay of Bengal.

Averaged layer 175-950m | 137.5-950m| 225-950m | 175-850m | 175-1050m| Maximal differencesin
the 175-950 m layer
Parameters (umolkgl) | DIC O, | DIC O, | DIC O, | DIC O, | DIC 0O, | DIC 0,
Total OMZs 2284 22 | 2279 24 | 2289 20 | 2277 21| 2289 23| 47 +2
ETSP 2285 22| 2283 22 | 2287 22| 2282 19| 2288 26 | +3 +4
ETNP 2286 24 | 2280 26 | 2292 22 | 2278 24| 2292 25| 48 +2
AS 2276 12 | 2273 13 | 2279 12 | 2272 12 | 2280 13 | +4 +1
BB 2278 20| 2274 20 | 2281 20| 2274 18| 2282 22 | +4 +2
2203 157| 2199 159 | 2208 155| 2196 159| 2209 155| +7 +2
Global ocean Averages on the whole water column for: ‘
DIC: 2255 Q:176 \

off Chile (>2500 umol kg in spring 2000; Fig. 1b and c). Although the CMZ defined here and the OMZ off Chile are
The highest DIC concentrations-2250 umol kg?: in red, relatively well correlated in terms of position and thickness,
Fig. 1b) appear from the bottom-60 m depth) up to 10m some differences appear, especially between the carboncline
depth in austral spring-summer (October to March), associand the oxycline. The carbonclines start from the surface, at
ated with the OMZ establishing ¢G<20 uM from20to 50 m  shallower depths than the oxyclines (from 5-10m). In ad-
in white: Fig. 1e). The DIC maximumx(2250 pmol kg?) dition, the carbonclines are associated with some extreme
starts to settle in spring during the high upwelling activity DIC peaks (up to>2350 pmol kg?l), whereas smooth low
period, simultaneously with the OMZ core. In fall (April- Oy profiles can be observed at the oxycline.

May), the 2175 pmol kg* DIC isoline extends from 5 m near

the surface to the bottom (Fig. 1b), indicative of a homoge-3.2 Towards a validation of the CMZ existence at a

nized water column with lower DIC. It is coincident with the global scale

complete OMZ destruction (Fig. 1e). In the OMZ off north- ) _
emn and central Chile, the DIC maximum appears spatially T n€ hypothesis of the CMZs existence at a global scale for all
and temporally collocated with the;@ninimum of the OMz ~ Most intense OMZs is tested with GLODAP and WOA2005

core, despite differences in the OMZ intensity and shape bedatasets. S _
tween each site (Fig. 1f). Vertically, the DIC distributions in the OMZs in the east-
Considering all sampled data in the OMZ off Chile €M tropical south and north Pacific (ETSP and ETNP), in the
(Fig. 1), the whole DIC and @profiles confirm a similar Arabian Sea (AS) and in the Bay of Bengal (BB), are low
DIC structure associated with the OMZ: low concentrationsi" Surface (between 1900 and 2100 umotkgand increase
in surface waters and an increase with depth, as in the oxyWith depth up to 2300 umol kgt (from Fig. 2a). As observed
genated ocean (cf. classical profile out of the OMZ: Fig. 1c).in the OMZ off Chile, all these OMle present high DIC
However, on average, the observed increase off Chitesis ~ concentrations (always2225 umol kg, Fig. 2a) over their
times stronger than the usual increase. DIC concentration§Ore depths on average betweed75 and~950m depth
reach values as high as 2380 pmol kg™ at 50—100 m. (Fig. 2b). These high DIC concentrations in the OMZ cores
Usually for the same area but out of the OMZ, these high?'€ associated vvlith a large DIC relative maximum, higher
DIC are observed at 1000 m and deeper (WOCE 1992-95than 100 umolkg" as compared to the global averaged DIC
Takahashi and Goddard, 1998). In addition, DIC concentraProfile (continuous profile in Fig. 2a). These large DIC rel-
tions in the OMZ off Chile remain high=(2250 umol kg1) ative maxima suggest the existence of CMZs in all main
on the whole core thickness §@ninimum between 30 and OMZs, as defined for the OMZ off Chile.
750m). Thus, as compared with a representative classical 1The CMZs are the most intense in ETNP (BIC

DIC profile out of the OMZ, the OMZ off Chile presents a 2300 umol kgl'l) and the least intf“j'se in AS and BB, up to
relative maximum of DIC (hatched in red: Fig. 1c). This 150 Hmolkg~and~100umolkg = higher than the average

DIC maximum, defined by DIGyz=DICaverage on oMz — for the global ocean, rgspectively (Fig.'2a). This is likely a
DICcassical out of oMz iS called, by analogy with the OMz, consequence of the higher accumulation of DIC along the
a carbon maximum zone (CMZ). Conveyer Belt in the ETNP CMZ than for the CMZs in

the Northern Indian Ocean. In particular, the CMZ in BB

www.biogeosciences.net/8/239/2011/ Biogeosciences, 825292011
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Fig. 2. Vertical profiles of DIC(a) and & (c) on 05500 m for the main most intense OMZs in the open ocean from GLODAP and WOA2005
databases. The continuous profiléagand(c) corresponds to a mean global profile from the all available datasets both in and out the OMZs.
Vertical dashed line ifc) corresponds to ©= 20 pmol kg1 (upper G concentrations of the OMZs core), and horizontal continuous lines in
(aandc) correspond to the mean upper (175 m) and lower (950 m) depths of the OMZs core. Meén) Bitd & (d) distribution average
inumol kg1 on the 175-950 m, a layer intercepting the core of all main tropical OMZs (cf. Table 1). For ETNP, ETSP, AS and BB, same
abbreviations than in Table 1 caption.

presents, for the whole regional bay, the lowest DIC con-4 Discussion
centrations near the surface (D¥2800 umol kg?! from the , )
mean BB profile), probably due to the advection of important ' N€ €xistence of CMZ, reported locally and temporally in
riverine freshwaters (e.g., Brahmaputra, Gange). _the OMZ off _Chlle (Fig. 1), has be_en validated globally
Horizontally, the analysis has been illustrated on DIC and" &ll the main OMZs on both vertical mean profiles for
0, fields over the 175 and 950 m layer, intercepting the core€ac OMZ (Fig. 2a, c) and horizontal distribution (Fig. 2b,
of all main tropical OMZs (Fig. 2b and d). The highest DIC d_)' The CMZs-OMZs, blec_ause of the accumglatlon of
concentrations %2225 umol kg'': in red-orange, Fig. 2b) high DIC (>2225umolkg) in subsurface, coqstltute the
are found in the tropical eastern north (ETNP) and southlargest reserves o_f carbon near the surface in the global
(ETSP) Pacific and northern Indian Oceans (AS; BB), and®c€an.~570PgC, i.e., a comparable stock to the total at-

at high latitude around BN in the northern Pacific. These MOSPheric C@ content. This simple calculatlion is based
regions correspond to the most intense €20 pmol kg1) on a mean DIC concentration 62225 pumol kg -, reported
OMZs and to the seasonal OMZs of the West Bering Ve 940m of the OMZ thickness between 10 and 950 m,

Sea and the Gulf of Alaska, respectively (in bme_purp'e'multiplied b%/ the total area of the trqpicgl shallow OMZs
Fig. 2d). The Canary and Benguela upwelling systems and22-2 16 km?: from Paulmier and RU'Z'Pl'nO' 2008). The
the China Sea, corresponding to the least intensen®- high DIC concentrations of2225 pmol kg - are considered

ima (O >40 pmol kg™l Karstensen et al., 2008; Chen et on both the carboncline-oxycline (10-175m, as reported

al., 1995: respectively) also correspond to high DIC (maximaffom local cruises: cf. Fig. 1c) and CMZ cores (175-950m,
as reported from global databases: cf. Fig. 2a). The existence

around 2225 pmol kgt), albeit lower concentrations than for ; .
the Pacific and Indian OMZs. All main OMZs appear, thus, ©f Such CMZ explains why the OMZ can be an intense GHG

as potential CMZs. The reciprocal is not true, since the high®c€anic local source of not only® but also CQ (e.g., off
DIC concentrations averaged between 175 and 950 m deptfyhile: Paulmier etal., 2008).

south of 50 S in the Southern Ocearn2250 pmol kgt) are The mechanisms responsible for the carbon maximum
not correlated with an OMZ. These high DIC concentrationsstructure (CMZ) associated with the OMZ are discussed. We
are mainly associated with the deepest maximal mixed layeVill first examine the physico-chemical mechanisms induc-

depths £250 m: De Boyer Moritgut et al., 2004). ing a differential CQ accumulation and deoxygenation in
the CMZ-OMZ core. We will then focus our attention on

more local and biogeochemical processes, associated with
remineralization and carbon to oxygen molar ratio (C/O) at
the carboncline-oxycline of the Chilean OMZ.
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Fig. 3. Vertical profiles of DIC (= DIC + 0.69 Q: cf. Methodology and the comments provided for Eq. 1) for the main OMZs from
GLODAP and WOA2005 databases on 0-550(a) with a zoom in the layer intercepting the core of all considered Offt¥sand from

all stations sampled in the OMZ off Chile in 2000—20@2. Continuous profile ing andc) corresponds to a mean profile for the global
ocean and for the oxygenated Pacific out of the OMZ, respectively. Rectangkearidlf) indicate the OMZ core. For ETNP, ETSP, AS
and BB, same abbreviations than in Table 1 caption.

4.1 Differential regional physico-chemical CQ boundary upwelling in both the Atlantic and Pacific Oceans.
accumulation and deoxygenation in the CMZ-OMZ  The upwelling activity (intensity; typology of cells: Endoh,
core 1976) and undercurrents transport (intensity, depth), as well

as mixed-layer depth, affect the position of the CMZ-OMZs
d in subsurface (Paulmier and Ruiz-Pino, 2008). In particular,
the upwelling explains why the DIC maximum starts shal-
lower (<175m) in the CMZ-OMZs than in the rest of the
ocean on average (Fig. 2b, d).

It is in no way surprising to find DIC maxima associate
with O minima in subsurface, since remineralization de-
grading organic matter into Gccurs mainly in subsurface
layer and is classically aerobic, i.e., consuming OMZ in
the OMZ is, thus, a logical consequence of remineralization However, despite similarities and co-localization of CMZ
end-products accumulation, agreeing with subsurface fieldand OMZ, some differences appear. Let's assume that the
of nitrate, phosphate and silicate at the depth of the OMZdynamical transport and accumulation of DIC produced by
core. This accumulation of remineralization end-productsremineralization is the only cause explaining the CMZ exis-
is not distributed uniformly horizontally (Fig. 2b) and ver- tence in an OMZ, then the DIC increase should be propor-
tically (Fig. 2a). It mainly occurs in privileged zones, in tional to the Q decrease. The proportionality factor should
particular the OMZs in the top 1000 m. The same dynam-be the C/O stoichiometric coefficient, if the molar C/O ratio
ical mechanisms acting at different scales, already proposedf remineralization is constant. In this case, values of DIC
for the OMZ formation (e.g., Paulmier and Ruiz-Pino, 2008; (= DIC + 0.69 Q; Eq. 1) should be similar in the oxygenated
Karstensen et al., 2008), contribute to the CMZ formation.ocean and in the OMZs. But, asillustrated in Fig. 3a—b, DIC
At a global scale, DIC accumulation occurs in the oldest wa-averages on OMZs core (Dfgmz) are slightly lower than
ters, following the Conveyer Belt (Broecker and Peng, 1982)the average on the global ocean (Dippa) for the same
with the highest concentrations in Northern Pacific (the seadepth layer, by a significant difference-e1.0-20 pmol kg
sonal West Bering Sea and Gulf of Alaska OMZs). Low ranging from 7 (ETNP) up to 25 (AS) umolkd. The
subsurface ventilation of shadow zones (Luyten et al., 1983DIC deficit in the global mean CMZ-OMZ core thick-
and confinement in regions surrounded by continents explaimess is much clearer for the AS CMZ around 1000 m deep
why CMZ-OMZs are located in the eastern Pacific and in thesince the AS OMZ core is~20% deeper than the other
Northern Indian Ocean rather than in the Western Pacific andMZ cores (Paulmier and Ruiz-Pino, 2008). Anyway, this
in the Southern Indian, respectively. The location of tropical difference is higher than DIC* uncertainty (cf. Methodol-
shadow zones with older waters @000 years: Karstensen ogy). This difference suggests that the CMZ core exhibits
et al., 2008) explains why the DIC maximum ang @ini- a slight DIC deficit compared to the DIC expected max-
mum are found in the equatorwards subsystems of the easteimum, i.e., the DIC produced by a remineralization (Re)
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Fig. 4. DIC (a), Oy (b) and DIC* (c) mean concentrations for global ocean, equatorial regions (Indian and Pacific only, where the main
intense OMZs are located; betweer? Nand 10 S; between 175 and 950 m, in the same depth layer than the subsurface OMZ core), and
CMZs-OMZs. In dashed arrows, the remineralization effect from the global ocean towards the Equatorial regions and the CMZs-OMZs. In

thick grey arrows, the temperature effect mainly decreasing the solubility, not visible otaPib@cause of the buffer effect, but on (b)
and DIC® (c) only.

consuming the entire £2amount necessary to form the OMZ and equatorial regions, and for a standard mean salinity of 35
and following the chosen constant C/O stoichiometry. Es-(CARS database, 2009), would decrease ths@ubility by
timating a DIGge of ~93 pmolkg! (=0.69:(157-22) from  >10% (Weiss, 1970). A similar additional effect is occurring
05 omz = 22 umol kgt and G Giobal ocear= 157 pmol kg'L; on dissolved C@(Weiss, 1974), but it remains negligible be-
Table 1), the DIC deficit is accounting arousd 0% of the  cause of the buffer effect due to the €@issociation &£1%;
total DIC produced by remineralization. Note that for all Lewis and Wallace, 1998).
DIC* calculations presented here, sensitivity tests were per- The global dataset analysis confirms that the differential
formed, especially with a higher C/O value (the canonical CO, accumulation and deoxygenation is occurring upstream
C/O = 106/138 from Redfield et al., 1963). These tests didin the regions where the CMZs-OMZs water are pre-formed,
not change the conclusions. mainly in the equatorial regions (Fig. 4). In the subsur-
Theoretically, the history of the water masses which giveface layer (175-950m) corresponding to the CMZs-OMZs
origin to the CMZ-OMZ wiill affect the DIC and @valuesin  depths, DIC is decreasing from the global ocean to the equa-
addition to the strict biological effect. Water masses formingtorial regions by~10 pmolkg ! (Fig. 4c), whereas DICis
the CMZ-OMZs cores come from surface equatorial and/orsimilar in the CMZs-OMZs and in equatorial regions. For
tropical warm waters. In the Pacific, CMZs-OMZs waters Chile, OMZ DIC and Q concentrations in PCU confirm this
mainly originate from the Pacific equatorial waters advectedresult, since PCU is advecting waters poorer gn(Baulmier
through zonal equatorial undercurrents (e.g., Tsuchiya, 1981et al., 2006) than richer in DIC, inducing a lower DICThe
Karstensen et al., 2008): (i) from the Equatorial SubSur-differential thermal effect on DIC andQs needed to explain
face Water through the Peru-Chili undercurrent (PCU) forwhy DIC* decreases from the global ocean (GO) to Equato-
the ETSP (Strub et al., 1998; Paulmier et al. 2006); (ii) from rial regions (ER), from a DIC value of 2311 umolkg* to
the SubTropical Underwater Water formed near the Equato® DIC* value of 2300 pmolkg! (Fig. 4c). Let us use the
for the ETNP (O’Conner et al., 2002; Maske et al., 2010). DIC* definition and the decomposition of DICDIC and
The AS CMZ-OMZs waters originate from the Red Sea andOz into the physical and biogeochemical components. Let
Persian Gulf (Morrison et al., 1999) and the BB subsurfaceus assume that the thermal effect (Th) and remineralization
waters come from the surface equatorial Indian ocean (Ra¢Re) can be associated with the physical and biogeochemical
et al., 1996; Sarma et al., 1998). The equatorial regions ar€omponents in subsurface waters, respectively.
net & sinks, despite a thermaloGource effect (Najjar and
Keeling, 2000), which tends to diminish the surfaced®n-
centration, thereby affecting DfCSince DIC* =DIC + 0.69
O3, a decrease of DICis expected in the warm regions due
to the higher temperature lowering the gas solubility. Indeed,
an increase of temperature from°16 25°C, corresponding
to the mean subsurface and surface temperatures for tropical
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DICEo — DICER= (DICEo 1 + DICEo RO 4.2 Local remineralization and biogeochemical C/O

variations at the carboncline-oxycline
— (DICgR 1 + DICER ge N . . , o
In addition to regional physico-chemical contribution to the

Because DIgq ge — DICER re = 0 by definition DIC deficit of the CMZ-OMZ core, specific local mech-
. . . . anisms could affect C/O in OMZs and, thus, help to
DICgo—DICERr=DIC;o 1~ DICER 1h explain why DIG,,, is different from DIGy ., Off
Chile (Fig. 3c), the CMZ-OMZ core also presents a DIC
= (DICco T+0.69 Q2 co v (~2225 umol kg?l) lower than in oxygenated waters, by a
difference up to~60 pmol kgt and ~20 umolkg* on av-
—(DIC 0690, ERTH
(DlCer T+ R ) erage similar to those discussed from the global dataset
— (DICGo Th— DICER Th) +0.69 (O2 6o Th— O2 ER TH) (Fig. 3a—b). On the contrary, above the core, at the

carboncline-oxycline depths between 10 and 175 m depend-
Considering here DI€o th— DICer Th ~ 0.01 (CQ o Th ing on the site, DIG,,;. is much higher by-80 umol kglon
— COy gr Th) With a constant C@ buffer effect of 1% and  average than in oxygenated waters and in the core (Fig. 3c).
a negligible temperature effect on this Revelle factor of The highest variability (up to~750 umolkg!) and con-
0.01 (Lewis and Wallace, 1998), and assuming>@Q th centrations (DIC >2500 umolkg?!) correspond to 36S

—CO er Th &~ 02 go Th— O ER Th (Similar solubility vari-  (Fig. 3c), the shallowest site on the continental margin as-
ation for CQ and Q): sociated with a seasonal CMZ-OMZ (Fig. 1 b and e). The
variation of DIC' can be due to the local deviation of the
DICGo— DICER=0.01(O2 go Th—O2 Er TH) C/O in the CMZ-OMZ from the fixed value chosen for the
global scale analysis. Indeed, a plot of (DIC) ovep)@r
+0.69(02 60 Th—Oz2ER ™) the global ocean (85 650 data points from the WOCE cruises;

Fig. 5a) indicates that a linear regression leads to a slope
of 0.7 very close to C/O = 0.69 (Anderson and Sarmiento,
1994) chosen for our DICcomputation. This plot strongly
presents higher and lower deviations from a linear regression,

=0.70(02 co Th—O2 ER TH)

With O2 go Th—O2 ER Th

= (02 go— 02 ER) — (02 co Re— O2 ER RO and indicated by a low coefficienk? = 0.25. Thus, we investi-
gated for local C/O deviations, especially at the carboncline-
(02 6o Re— O2 ER R9 = —(DICG0 rRe— DICER Re)/0.69% oxycline. To study the potential influence of the high rem-
ineralization on DIC production contributing to the CMZ for-
—(DICgo— DICER)/0.69 mation, we evaluated the biogeochemical DIC production.
Results of the hydrological method provide generally posi-
O2 o Th— 02 er Th= (02 60—~ O2 ER) tive A DIC = DICmeasuredD!Cmixing, indicating a net “new”

DIC production by biogeochemical processes (Fig. 1c), in

DI —DiI .69=77—-61/0. - . .
+(DICco—DICgR)/0.69 61/0.69 opposition with an “old” DIC advected in the CMZ-OMZ.

=16 pmolkg? Note that this approach provides a time-integrated informa-
tion for the biogeochemical contribution to DIC concentra-
(from the dashed arrows: Fig. 4a-b), and R - tion: A are expressed in terms of concentration (umotig
DICE, = 0.70x16~11 umol kgt as expected from the di- @nd notin terms of rate.
rect calculation. In this study, no direct in situ measurement of any bacterial

Therefore, the temperature effect on the solubility ap-activity has been performed along the Chile OMZ allowing
pears to be the mechanism decreasing thed@hcentration  to identify microbial organisms and to prove the existence of
in the CMZs-OMZs originating regions, and mainly driv- biogeochemical processes. However, from theoretical sto-
ing and explaining the slightly lower DiCobserved in the ichiometric equations for the known biogeochemical pro-
CMZs-OMZs (Fig. 3). In particular, the faster air-sea ex- cesses, although under-constrained and taking into account
changes for @ than for CQ should explain why carbon- the uncertainties in the inverse method, it is possible to de-
clines start slightly shallower (by 5-10 m) than oxyclines, tect the “signature” of different dominant processes on both
in addition to the photosynthesis effect in surface depletingDIC and Q. For example, aerobic remineralization produces
more DIC than the supersaturating @.g., Minas et al., DIC (ADIC>0) and consumes £0A0, <0), and inversely
1986). Our approach only demonstrates that a DIC deficitfor photosynthesis. Anaerobic remineralization (e.g., deni-
(DIC* <DICgypap could be due to physico-chemical mech- trification, or even DNRA) produces DICGADIC>0) with-
anisms prior to the complete CMZ-OMZ formation, since out consuming @ AO; ~0) by definition. Bacteria involved
dynamical connection between equatorial waters and OMZn the autotrophic processes such as nitrification and anam-
cores is complex, indirect and still not very well known. mox should consume DIC (carbon source for assimilation;
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Fig. 5. (a) DIC-O, diagram for the global ocean (all WOCE data with both DIC anda@ailable). (b): ADIC- AO, diagram (from all

stations sampled in the OMZ off Chile in 2000—2002, mainly focused in the oxycline)aldhe grey line corresponds to classical linear
regression, with N = 85 650 data and a regression coeffiétérdf 0.25: DIC =—0.7 Oy + 2330. For(b), ADIC and AO5 correspond to

the biogeochemical contribution to DIC ang @espectively, using an inverse method (cf. Methodology). Each symbol corresponds to one
dominating biogeochemical process, which has been suggested and identified indirectly from theoretical chemical reactions: aerobic reminer-
alization (small squares); nitrification (triangles); anaerobic remineralization (diamonds, mainixD&2+A O, ~(0,0)); photosynthesis

(large squares); anammox (circles). Crosses correspond to non determined process. Accuracy and reproducibility on D0 @elad
uncertainty on the\ of ~4 umol kg™ (cf. Paulmier et al., 2006). (C/Q) corresponds to the reference molar ratio for this study of 117/170
(Anderson and Sarmiento, 1994).

ADIC<0), but do AO, <0) and do not AO, ~0) con- Net heterotrophy (remineralization) appears to be coexis-
sume Q as aerobic and anaerobic process, respectively. Altent with net autotrophy (e.g., mainly nitrification but also
computed ADIC, AO») for our sampling off Chile are re- anammox and photosynthesis: Fig. 5b), as suggested by
ported in the carboncline-oxycline (Fig. 5b) where Rjg. chemolithoautrophic evaluations for the same sampling lo-
appears the highest and most variable. Here, AlHC- cation than this study at 3G (Fafas et al., 2009). How-
AQOy diagram (Fig. 5b) can only provide qualitative infor- ever, net heterotrophyADIC>0) corresponds to most sit-
mation, since each point corresponds to the predominancaations &50% of the points in Fig. 5b), compared to net
of a given process, and a large spatiotemporal variability isautotrophy ADIC<0). In aerobic configurationg\O, <0),
expected (e.g., between shelf and open ocean). Each sitiet heterotrophy would induce higher DIC production versus
uation corresponding theoretically to one dominant identi-O, consumption than expected from reference ge/@atio,

fied biogeochemical process (Fig. 5b) has been already obwith mainly 110> ADIC>40umolkg?, whereas net au-
served off Chile and/or in other global OMZs. Indeed, for the totrophy corresponds mainly te40< ADIC <0 pmol kg .
same sites and/or periods off the Chilean OMZ, denitrifica-This suggests a potential predominance of heterotrophy ver-
tion (Graco, 2002), anammox (Thamdrup et al., 200646al sus autotrophy foADIC, which would lead to higher C/O

et al., 2009) and nitrification (Molina et al., 2007) were ob- at the oxycline, and explaining the high Di(;. Oxycline
served to occur and tend to confirm the results of our simplecompared to the oxygenated ocean reported in Fig. 3c.
biogeochemical approach. The reportédXC, AOy) cor- This heterotrophy predominance would also be associ-
respond to a net biogeochemical contribution, which is theated with predominance of net aerobic (the high&&tlC

net result of different superimposed processes. In particueorrespond to the most negativ&O,: <20 umol kg1)

lar, the situationsADIC>0, AO; >0), because of unknown over net anaerobic (anammox and denitrification with
biogeochemical process, could be interpreted as the supetew ADIC: <40pmolkg?® on axis AO, = 0) activity
imposition of remineralization processes and photosynthesigFig. 5b).  Referring to Paulmier et al. (2006), het-
One needs to be very cautious concerning the indirect ananmerotrophy and autotrophy would correspond to active and
mox detection, because anammox would correspond to twgassive OMZ phases, with highAXO| >20 umol kg 1)
groups of ADIC, AOy) points: ADIC~ —70 pumol kg1, and low (AO,| <20 umolkg?l) O, consumption, respec-
anda —300 umol kg '. Note also that DIC and§xanbe af- tively.  The transition from active to passive phases
fected not only by biogeochemical processes occurring in thesuggests the importance of a potential coupling between
water column, but also by sedimentary mechanisms (respiramechanisms for C/O variations: heterotrophic-autotrophic
tion), particularly active off the semi-enclosed Bay of Con- (e.g., remineralization-photosynthesis); aerobic-anaerobic
cepcbn as early diagenesis (e.g., Graco, 2002). Especially ife.g., aerobic remineralization-denitrification; nitrification-
non El Nifio periods, bottom waters are influenced by a ben-anammox, cf. Lam et al.,, 2007); but also photic-aphotic
thic organic remineralization (e.g., Graco et al., 2006) and(photosynthesis-nitrification). Local high DIC production
then could produce DIC. contributing to CMZ formation4DIC up to 110 umol kg?)
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would be associated with higho@onsumption, stimulated |ADIC|max/|AO2|max ratio in the carboncline-oxycline is ab-

by O, availability in the oxycline rather than surface biomass normally variable. HighADIC and | ADIC|mnax/| AO2|max
availability (Paulmier et al., 2006). This DIC production could theoretically and locally result from higher rates of
would be encouraged by specific characteristics of the shalbIC production. They could also derive from a more com-
low oxycline (e.g., large range of Qconcentrations; well-  plete degradation of highly carbonated organic matter (OM)
lit; stratified) allowing a potential co-existence of different and different OM stoichiometries (cf. Van Mooy et al., 2002;
bacterial processes (Fig. 5b) which usually do not occur atPaulmier et al., 2009). Abnormality GADIC|nax/| AO2|max

the same depth. This high DIC production could be also asimolar ratios reported here in the OMZ off Chile suggests a
sociated with a sedimentary potential effect and with pos-perturbation of the ecosystem as compared to the oxygenated
sible effect of carbonate dissolution as an additional DICocean, and could provide some information about molar ra-
source. In fact, together with high particulate organic mat-tios of the primitive anoxic ocean.

ter sinking along these productive areas, calcium carbonate

may also be produced in the euphotic layer (e.g., coccol- _

ithophorids in the upwelling regions: Giraudeau et al., 1993).> Conclusions

The high DIC in the OMZ may, thus, be produced not only
by high organic carbon remineralization but also probably by
relatively high carbonate dissolution. The carbonate dissolu
tion could be higher within than outside of the OMZs due to
both growth of calcifying plankton (e.g., coccolithophorids

This study has shown that the OMZ off Chile is as-
sociated with very high DIC concentrations (mean of
2330+ 60 pmol kgl) at depths from~175-950m. These

high DIC concentrations, corresponding to a local DIC max-

. . : : . . imum as compared to the oxygenated ocean, allow us to
and foraminifera) in the euphotic layer and high dlssolutlonOlefine a carbon maximum zone (CMZ) over the whole

favoured in the subsurface (Wollast and Chou, 1998). Thes%)MZ thickness, including a carboncline associated with

diffierent hypotheses have to be tested, since, as jooD- the oxycline. At a global scale, all OMZs form CMZs

S“mp"o’." mtenge Dic prodgchons_ estmated at th_e OXyC“.ne(DIC>2225 pumol kg1), with comparable vertical and hori-
agree with previous works in configurations of oxic-anoxic

oscillation (e.g., Abril et al., 1999, 2010) and other experi- ZO_?Lael S;)r(lgeurrliz a:)r;dcsl\l/lr;llsa;g;%%(ia;tc:;eva;tc:halaﬁr %rslcztgrglc_s.
mental works (e.g., Sun et al., 2002). In addition to the net 9

heterotrophy of the suboxic OMZ core, demonstrated by Ko-ge.)StS that remineralization angl/or accgmglation of remi_ner-
eve and Khler (2010), the oxycline would highly contribute alized gnd—products are not uniformly distributed, but mainly
to the CMZ formation. occur in the OMZs. _CMZ and OMZ are_probably form—
DIC production and consumption at the oxycline can af- N9 S|multaneou.sly with th? same dyljamlcal (Iow vgntl_la-
fect C/O molar ratios but also C/N ratios. HereDIC/AO, tion and upwelling) and biogeochemical (remineralization

) T Producing DIC and consumingAp mechanisms. However
corresponds to drawdowns from a superimposition of severaand aradoxically, CMZs exhibit a “carbon deficit’ (DIC
processes with different molar biomass ratia.DIC/AO» P Y,

. . : in their core of~10% of the remineralized DIC. This “car-
do not exactly correspond to strict C/O Redfield ratios (RR) bon deficit” can be related to the physico-chemical (thermal

e e 81t 10 P10t geness of CME-OME cote fomupsian (0., o
g 9 torial) waters. Locally, the “carbon deficit” in the CMZ

ratios to biological processes (Redfield et al., 1963). In the . \
. . core appears to be compensated by a “carbon excess” at
oxycline, we havelADIC|mnax/| AO2|max Varying from 0.6 . . . . .
7 ; the carboncline-oxycline, induced by an intense aerobic-
to 1.5, andADIC|max/| ANO3 |max Varying from~0 to 16, . . N . . . o
. . anaerobic remineralization. This specific remineralization is
quite concomitantly (data not shownADIC|max/| AO2|max . . : :
a X X due to a potential net heterotrophic co-existence of differ-
and|ADIC|max/| ANOj |max differ from the classical canon- X ! ;
. . ent bacterial processes usually occurring at different depths.
ical RR of 106/138:0.8 and 106/1&6.6, respectively. On . . .
: : . This co-existence contributes to a shallow and strong CO
average for the whole dataset in the oxycline off Chile,

| ADIC |mad| AOalmax (1.1 0.3) are twice as high as the RR production easy to be released toward the atmosphere, and

Z . . may induce C/O ratio deviation from canonical Redfield

0,
;r§|ADIC|max/|ANO3 Imax (8.4 4.5) is 20% higher than ratios. However, if OMZs are associated with high rem-
Iﬁ OMZs, anomalous low N/P<(10 instead of 16) have ineralization activity, phytoplankton in surface could benefit

been classically reported as, for example, off Peru (Codis-from an "OMZ-regenerated” primary production after an up-

poti and Christensen, 1985). Abnormally high C/O-ef 1 welling episode, inducing a negative feedback effect on the

(Millero et al., 1998) and C/N of 7-8 (Graco, 2002) have oceanic CQ release. Indeed, Q.MZS highly recycle-nutri-
already been,observed as well, but in iron fértilization ex- ents such as phosphates and silicates, much less nitrate due

periment (IRONEX II, Indian Ocean) and anoxic sediments.to denitrification and anammox. Reduced conditions created

(on the shelf off Chile), respectively. The OMZ specific rem- in OMZs could also be favourable to greater bio-availability

ineralization associated with the coexistence of different bac-f or metals such as iron.

terial processes should be a key-element to understand why
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