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Abstract

Carbon cycling in Peruvian margin sediments’@land 12S) was examined at 16 stations
from 74 m water depth on the middle shelf down ®@4L m using a combination of in situ

flux measurements, sedimentary geochemistry andelimogl Bottom water oxygen was

below detection limit down to ca. 400 m and inceshso 53uM at the deepest station.

Sediment accumulation rates decreased sharply sgafvthe middle shelf and subsequently
increased at the deep stations. The organic cdrboal efficiency (CBE) was unusually low

on the middle shelf (< 20 %) when compared to aistey global database, for reasons
which may be linked to episodic ventilation of lomit waters by oceanographic anomalies.
Deposition of reworked, degraded material origmgtirom sites higher up on the slope is
proposed to explain unusually high sedimentaticlesraand CBE (> 60 %) at the deep
oxygenated sites. In line with other studies, CB&S wlevated under oxygen-deficient waters
in the mid-water OMZ. Organic carbon rain ratecgkdted from the benthic fluxes alluded to
efficient mineralization of organic matter in theater column compared to other oxygen-
deficient environments. The observations at the®an margin suggest that a lack of oxygen
does not greatly affect the degradation of orgamatter in the water column but promotes the

preservation of organic matter in marine sediments.
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1 Introduction

The Peruvian upwelling forms part of the boundauyrent system of the Eastern Tropical
South Pacific and is one of the most biologicallgductive regions in the world (Pennington

et al., 2006). Respiration of organic matter inssuface waters leads to the development of
an extensive and perennial oxygen minimum zone gWal981; Quifiones et al. 2010).
Bottom water dissolved oxygen {Oconcentrations have been measured to be below the
analytical detection limit from the shelf down t@ m (Bohlen et al.,, 2011). Sediments
within this depth interval display organic carboontents in excess of 15 % (Reimers and
Suess, 1983a; Suess et al., 1987; Arthur et aB8)19much higher than the average
continental margin of < 2 % (Seiter et al., 200@xygen-deficient margins like Peru have
thus been proposed to be sites of enhanced canegerpation and petroleum-source rock

formation (Demaison and Moore, 1980).

An understanding of the factors that enhance can@servation and burial in marine
sediments is critical to interpret the sedimentagord and constrain global carbon sources
and sinks over geological time scales (Berner, 200dlilmann and Aloisi, 2012). Pioneering
workers argued that carbon preservation is strodgien either by the absence of @ the
bottom water (Demaison and Moore, 1980) or by higivenary production (Pedersen and
Calvert, 1990). Since then, much work on the biahemical characteristics of sediments has
been undertaken to better disentangle these fafittedges and Keil, 1995; Arthur et al.,
1998; Hedges et al., 1999; Keil and Cowie, 199%déawiele et al., 2009; Zonneveld et al.,
2010; and many others). These studies do broadligate that organic matter under oxic
bottom waters is in a more advanced state of dafjoad compared to oxygen-deficient
waters. Investigations in the water column have alswn that respiration of organic carbon
is significantly reduced in oxygen-deficient watdesading to elevated carbon fluxes to the
sediments (Martin et al., 1987; Devol and Hartri2201; Van Mooy et al., 2002).

Rates of carbon burial and mineralization on theidan margin have been studied as part of
the Collaborative Research Center 754 (Sonderfarggdbereich, SFB 754,
www.sfb754.de/en) "Climate-Biogeochemistry Intel@as in the Tropical Ocean” (first
phase 2008-2011 and second phase 2012-2015). Térallogim of the SFB 754 is to
understand the physical and biogeochemical proseis® lead to the development and
existence of oxygen-deficient regions in the trapioceans. In this paper, in situ benthic

fluxes and sedimentary geochemical data collectgihgl two campaigns to the Peruvian
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margin at 13S and 12S are used to summarize our current understandiegrbon cycling

in this setting. We address the following questions

1) What is the rate of organic carbon mineralizatiod hurial in the sediments down through
the OMZ? Do these data point toward diminishedsrateorganic carbon mineralization in
the water column?

2) Which factors determine the carbon burial effickerat Peru and is there any marked
difference for stations underlying oxic and andxattom waters?

2 Study Area

Equatorward winds engender upwelling of nutriemtrrEquatorial subsurface water along
the Peruvian coast (Fiedler and Talley, 2006). Ulingeis most intense between 5 and35
where the shelf narrows (Quifiones et al. 2010). Sdmapling transects at ‘B and 12S are
located within the same upwelling cell (Suess ef #987). Highest rates of primary
productivity (1.8 — 3.6 g C fhd™) are 6 months out of phase with upwelling intendite to
the deepening of the mixed layer during the upwelbperiod (Walsh, 1981; Echevin et al.,
2008; Quifiones et al. 2010). Austral winter andngpis the main upwelling period with
interannual variability imposed by the El Nifio Suerin Oscillation (ENSO) (Morales et al.,
1999). The lower vertical limit of the OMZ is araiif00 m water depth off Peru {& 20
umol kg™; Fuenzalida et al. 2009). The mean depth of tieeupoundary of the OMZ on the
shelf at 1¥S and 125 is around 50 m (Gutiérrez et al., 2008), but daspo ca. 200 m or
more during ENSO years (e.g. Levin et al., 2002)th&se times, dissolved,@n the shelf
can vary between 0 and 1M within a matter of days to weeks as opposed teerse
months during weaker ENSO events (Gutiérrez eR@08; Noffke et al., 2012).

Sediments at 11 and °® are generally diatomaceous, rapidly accumulatingls (Suess et
al., 1987, and many others). Grain size analysisvshthat clay/silt fractions are highest on
the shelf and in mid-waters (> 80 %), whereas trescontent is highest (40 %) in deeper
waters (Mosch et al., 2012). The sediments can leudescribed as sandy mud to slightly
sandy mud (Flemming, 2000). The distribution ofisesht on the margin is influenced by,
resuspension, winnowing and lateral particle trartsplue to high bottom currents and
breaking of internal waves on the slope (Arthualet1998; Levin et al., 2002; Mosch et al.,
2012). Surface particulate organic carbon (POC}esunis high in mid-waters (15 to 20 %)

with lower values (5 to 10 %) on the shelf and &epl waters (Boning et al., 2004}°C
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analysis and other geochemical indicators confinat the organic matter at this latitude is
almost entirely of marine origin (Arthur et al.,%8 Reimers and Suess, 1983b; Levin et al.,
2002; Gutiérrez et al., 2009).

The sediments down to around 400 m are notablystederanging from dark olive green to
black in colour with no surface-oxidized layer (B et al., 2011; Mosch et al., 2012). The
surface is colonized by dense, centimetre-thicksmait gelatinous sheaths containing
microbial filaments of the large sulfur oxidizingadieria Thioploca spp. (Henrichs and
Farrington, 1984; Arntz et al., 1991). These baatglide vertically through the sediments to
access sulfide which they oxidize using nitrateestovithin intracellular vacuoles (Jgrgensen
and Gallardo, 2006). The bacterial density varigh wme on the shelf depending on the
bottom water redox conditions (Gutiérrez et alQ&0 Spionid polychaetes (ca. 2 cm length)
have been observed in association with the matss¢Maet al., 2012). The biomass of
macrofauna generally tends to be highest in the OME with low species richness,
dominated by polychaetes and oligochaetes (Leval. e2002). At the lower boundary of the
OMZ, high abundances of epibenthic megafauna ssabphiuroids as well as echinoderms,
pennatulaceans, porifera, crustaceans, gastropodseehinoderms have been observed
(Levin et al., 2002; Mosch et al., 2012). Sedimdrae are olive green throughout with a thin
upper oxidized layer light green/yellow in colo&ohlen et al., 2011; Mosch et al., 2012).

For the purposes of this study, we divide the Parumargin into 3 zones broadly reflecting
bottom water @distributions and sedimentary POC content: (i)rthédle and outer shelf (<

ca. 200 m, POC 5 to 10 %, @ detection limit (dl, 5uM) at time of sampling) where non-
steady conditions are occasionally driven by peciaatrusion of oxygenated bottom waters,
(i) the OMZ (ca. 200 to 450 m, POC 10 — 20 %, @edominantly < dl), and (iii) the deep
stations below the OMZ with oxygenated bottom w@C< ca. 5 % and ©> dI).

3 Material and methods

3.1 Flux measurements and sediment sampling

We present data from six stations alongSl$ampled during expedition M77 (cruise legs 1
and 2) in November/December 2008 and ten statitumgya 2S during expedition M92 (leg
3) in January 2013 (Fig. 1). Both campaigns toacelduring austral summer, i.e. the low
upwelling season, and under neutral or negative @&NSconditions
(http://'www.cpc.ncep.noaa.gov). With the excepti@mi the particulate phases, the



w

O 00 N o v b

10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32

geochemical data and benthic modelling results floen1£S transect have been published
previously (Bohlen et al., 2011; Scholz et al., BOMosch et al., 2012; Noffke et al., 2012).
Data from 12S are new to this study.

In situ fluxes were measured using data colleatexh Biogeochemical Observatories, BIGO
(Sommer et al., 2008). BIGO landers contained tiscutar flux chambers (internal diameter
28.8 cm, area 651.4 &nOne lander at £$, BIGO-T, contained only one benthic chamber.
Each chamber was equipped with an optode to modigsolved Q@ concentrations. A TV—
guided launching system allowed guided placemetiebbservatories on the sea floor. Two
hours (11°S) and 4 hours (12°S) after the landere wlaced on the sea floor, the chamber(s)
were slowly driven into the sediment (~ 30 cm)hDuring this initial period, the water inside
the flux chamber was periodically replaced with &nb bottom water. After the chamber
was driven into the sediment (~10 cm), the chami@er was again replaced with ambient
bottom water to flush out solutes that might haeerbreleased from the sediment during
chamber insertion. The water volume enclosed byb#rghic chamber ranged from 7.8 to
18.5 L and was mixed using a 5-cm stirrer bar @ i@m located 10-15 cm above the
sediment surface. During the BIGO-T experimentg, thamber water was replaced with
ambient bottom water half way through the deployrrariod to restore outside conditions

and then re-incubated.

Four (1PS) or eight (12S) sequential water samples were removed peridglicalh glass
syringes (volume of each syringe ~ 47 ml) to deteenfluxes of solutes across the sediment-
water interface. For BIGO-T, 4 water samples wakemn before and after replacement of the
chamber water. The syringes were connected to llaenlber using 1 m long Vygon tubes
with an internal volume of 6.9 ml. Prior to deplogm, these tubes were filled with distilled
water, and great care was taken to avoid enclostirair bubbles. Concentrations were
corrected for dilution using measured chloride emi@tions in the syringes and bottom
water. Water samples for gas measurementiSji®ere taken at four regular time intervals
using 80 cm-long glass tubes (internal volume da.nmil). An additional syringe water
sampler (four or eight sequential samples) was tsedtract ambient bottom water samples
from 30 — 40 cm above the seafloor. The benthinbhations were conducted for time periods
ranging from 17.8 to 33 hours. Immediately aftetriegal of the observatories, the water
samples were transferred to the onboard cool roemts the average bottom water

temperature on the margin (8°C) for further prorgsand sub—sampling. Benthic fluxes
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were estimated from linear regressions of the aunaton-time data and corrected for the
volume to surface area ratio of the chamber. THarnwe was estimated on board using the
mean height of water above the sediments in theevezed chambers.

Sediment samples for analysis were taken usingiprestorers (MUC) deployed adjacent to
the BIGO sites. Retrieved cores were immediatelgdferred to the cool room and processed
within a few hours. Sub-sampling for redox sensitoonstituents was performed under
anoxic conditions using an argon—filled glove b&gdiment samples for porosity analysis
were transported to the on shore laboratory intigit containers at 8°C. Samples for
porewater extraction were transferred into tubes-flushed with argon and subsequently
centrifuged at 4500 rpm for 20 minutes. Prior t@algsis, the supernatant was filtered with
cellulose acetate Nuclepore® filters (0.2 um) ieside glove bag. The centrifugation tubes
with the remaining solid phase of the sediment vetoeed at -20C for further analysis on
shore. Additional samples for bottom water analygese taken from the water overlying the

sediment cores.

3.2 Analytical details

Dissolved oxygen concentrations in the water columene measured using a Seabird SBE43
sensor mounted on a SeaBird 911 CTD rosette sy3teese optodes, plus the ones inside the
chambers, were initially calibrated by vigorouslybbling unfiltered seawater from the
bottom water at each station with air or argon 20r minutes.The sensors were further
calibrated against discrete samples collected filoenwater column on each CTD cast and
analyzed on board using Winkler titration with ae#ion limit of ca. 5uM. We broadly
define Q concentrations below the detection limit of thenWer analysis as anoxic, whilst
noting that sub-micromolar levels have been medsunethe OMZ using microsensors
(Kalvelage et al., 2013).

Ammonium (NH;") was measured on board using standard photontetimiques with a
Hitachi U2800 photometer (Grasshoff et al., 1999)e detection limit was 1 uM and the
precision of the analyses was 5 pM (NH Total alkalinity (TA) was determined by direct
titration of 1 ml porewater with 0.02 M HCI usingnaixture of methyl red and methylene
blue as an indicator and bubbling the titrationsedsvith Ar gas to strip Cand hydrogen
sulfide. The analysis was calibrated using IAPS@wsder standard, with a precision and
detection limit of 0.05 meqi. lon chromatography (Methrom 761) was used tordete
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sulfate (S@) in the onshore laboratory with a detection liofit< 100 pM and precision of
200 pM. Major cations were determined by ICP-AE$hva detection limit and precision as
given by Haffert et al. (2013).

Partial pressure of GQpCQ,) was analyzed in the benthic chambers 4618 passing the
sample from the glass tubes (without air contdut)ugh the membrane inlet of a quadrupole
mass spectrometer (GAM200 IPI Instruments, Bremdit)e samples were analyzed
sequentially, flushing with distilled water betwessimples. Standards of 300, 500, 1000 and
5000 ppm CQ@were prepared by sparging filtered seawater frioenbiottom water from each
station using standard bottles of £6f known concentration at in situ temperature 36r
minutes. Calibration was performed before and aftelysis of the samples from each site.

The relative precision of the measurement was <3 %.

Wet sediment samples for analysis of POC and pdaite organic nitrogen (PON) were
freeze—dried in the home laboratory and analyzeayus Carlo—Erba element analyzer (NA
1500). POC content was determined after acidifyiregsample with HCI (0.25 N) to release
the inorganic components as £QVeight percent of total carbon was determinedgisi
samples without acidification. Inorganic carbon wagermined by weight difference between
the total and organic carbon. The precision andatiein limit of the POC analysis was 0.04
and 0.05 dry weight percent (% C), respectivelye fnecision and detection limit of the
inorganic carbon analysis was 2 and 0.1 % C, réispeée Porosity was determined from the
weight difference of the wet and freeze—dried sedimValues were converted to porosity
(water volume fraction of total sediment) assumingiry sediment density of 2 g ¢in
(Boning et al., 2004) and seawater density of 1.§23i°. The analysis of total aluminium
(Al) concentrations in digestion solutions was eaout using an inductively coupled plasma
optical emission spectrometer (ICP-OES, VARIAN /&%) following the procedure
described by Scholz et al. (2011).

Additional samples from adjacent MUC liners takeoni the same cast were used for the
determination of down-core profiles of unsuppori@scess)*%Ph activity by gamma

counting. This approach includes monitoring of thain peaks of anthropogenic deposition
of **!Am during the 1950s (test of nuclear weapons) as@ependent time marker. Between
5 and 34 g of freeze-dried and ground sediment) aseraging discrete 2-cm depth intervals,
was embedded into a 2-phase epoxy resin (Westr8yate), all in the same counter-specific
calibrated disc geometry (2 inch diameter). FolloyvMosch et al. (2012), a low-background

7
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coaxial Ge(Li) planar detector (LARI, University @6ttingen) was used to measure total
2% via its gamma peak at 46.5 keV &ffRa via the granddaught&#Pb at 352 keV. Prior
to analysis?**Ra and®“Pb in the gas-tight embedded sediment were allaweshuilibrate
for at least three weeks. To determf®h,, the measured tot&l®Pb activity of each sample
was corrected by subtracting its individd&Ra activity, assuming post-burial closed-system
behaviour. Uncertainty of tHe’Ph data was calculated from the individual measuresneh
2%p and?*Ra activities using standard propagation rules. Télative error of the

measurements ¢2 ranged between 8 and 58 %.

3.3 Calculation of dissolved inorganic carbon (DIC) fluxes

DIC concentrations in the benthic chambers dS1Rere calculated from the concentrations
of TA and pCQ using the equations and equilibrium coefficienteeg by Zeebe and Wolf-
Gladrow (2001). pC® and TA concentrations increased linearly with tinmside the
chambers. Since four samples for pG&re taken using the glass tubes versus eightlsamp
for TA analysis in the syringes, each successiweghd A data were averaged for calculating
DIC. A constant salinity (35 psu), total boron centration (0.418 mM) and seawater density
(1.025 kg L") were assumed. For the shelf stations where sulfids released from the
sediment (Sommer et al., unpub. data), correctregre made for the contribution of H®

TA using the relevant equilibrium constants (Zeabe Wolf-Gladrow, 2001). DIC fluxes
were calculated from the concentrations as destabeve.

3.4 Determination of sediment accumulation rates

Particle-bound*°Phys is subject to mixing in the upper sediment laygyshe movement of
benthic fauna. The distribution of®Phs can thus be used to determine bioturbation
coefficients as well as sedimentation rates usirgpation-transport model. We simulated the
activity of ?%h in Bq g* using a steady state numerical model that includess for

sediment burial, mixing (bioturbation), compactemd radioactive decay:

0%'%Pby(x)
) ampbxs(x)_a<(1*/’(x>)'P'DB(X)'—ax ) 0 ((1-9() 05 (9-21Pbis ()
A0 p ——7——= ox ] ox
+ (1_¢(X))'p'}~'21opbxs(x) ey

In this equationt (yr) is time,x (cm) is depth below the sediment-water interfagg)

(dimensionless) is porositys(x) (cm yr?) is the burial velocity for solidg(x) (cm? yr?) is

8
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the bioturbation coefficient, (0.03114 yt) is the decay constant f6Ph, andp is the bulk
density of solid particles (2.0 g €
Porosity was described using an exponential funagsuming steady—-state compaction:

o(x) =p(L) + (p(0)— cﬂ(L))‘eXp(—Zp—X) (2)

or
wherep(0) is the porosity at the sediment—water interfage) is the porosity of compacted
sediments and,r (cm) is the attenuation coefficient. These paranselvere determined from
the measured data at each station (Table S2).
Sediment compaction was considered by allowingsédiment burial velocity to decrease
with sediment depth:
wace” (1 —¢(L))

1-¢(x)
wherew,cc corresponds to the sediment accumulation ratempacted sediments.

(3)

vs(X) =

The decrease in bioturbation intensity with depthswdescribed with a Gaussian—type
function (Boudreau, 1996):

X2
Ds(X) = De(0) -exp(-5->) (4)
S
whereDg(0) (cnf yrY) is the bioturbation coefficient at the sedimerdtev interface ands
(cm) is the bioturbation halving depth.

The flux continuity at the sediment surface seag&the upper boundary condition:

0*1°Pbys (%) ) )

d0x
where F(0) is the steady-state flux*tPh to the sediment surface (Bq émar). The influx
of 2°Phs was determined from the measured integrated gcté?-Ph. multiplied byA:

F(0) = (1 +(0))p- (vs(O)'mexs(O)-DB(O)'

) =ip [ Pbys(x(1 —p(x)) ©)

0

21%p. was present down to the bottom of the core afthen station (1%8), implying rapid

burial rates. Here, F(0) was adjusted until adfithte data was obtained.

A zero gradient (Neumann) condition was imposethatlower boundary at 50 cm (100 cm
for the shallowest stations at°8). At this depth, alf*®h will have decayed for the burial
rates encountered on the Peruvian marghe model was initialized using low and constant
values for*Ph in the sediment column. Solutions were obtainédgughe numerical solver

NDSolve in MaTHEMATICA 9 with a mass conservation > 99 %.
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The adjustable parameter&af, Ds(0), X) Were constrained by fitting th&Ph, data.
Unsupported®b measurements were not made at the 101 and 2€tion (12S) and
sedimentation rates here were estimated from aufjestations. Parameters and boundary
conditions for simulating*°Phs at 12S are given in Table S2 and in Bohlen et al. (2dad)
11°S. For some cores, the subsampling strategy revéatedetection of the anthropogenic
enrichment peak of nuclid®’Am (co-analysed on 60 keV). This provides an indeleat
time marker in the profiles and potential validatiof the radiometric age model deduced

from the?!%Ph.<based sediment accumulation rates.

3.5 Diagenetic modelling of POC degradation

A steady-state 1-D numerical reaction—transportehwags used to simulate the degradation
of POC in surface sediments at all stations. Theehdeveloped for IS is based on that
used to quantify benthic N fluxes at°Slby Bohlen et al. (2011) with modifications to

account for benthic denitrification by foraminifgi@lock et al., 2013).

The basic model framework follows Eq. (1). Solutese transported by molecular diffusion,
sediment accumulation (burial) and non-local transpby burrowing organisms
(bioirrigation). Solid transport by burial and hidbation was parameterized using the results
of the ?*Phs model. Model sensitivity analysis based on solfitekes showed that

bioirrigation rates were very low in oxygenatediseghts below the OMZ.

The model includes a comprehensive set of redatices that are ultimately driven by POC
mineralization. POC was degraded by aerobic resmira denitrification, iron oxide
reduction, sulfate reduction and methanogenesisngsi@aese oxide reduction was not
considered due to negligible total manganese isdldément (Scholz et al., 2011). The rate of
each carbon degradation pathway was determined Michaelis—Menten kinetics based on
traditional approaches (e.g. Boudreau, 1996). BI@roduced by POC degradation only, that

is, carbonate dissolution or precipitation areinoluded (see Results).

The total rate of POC degradation was constrais@tgua nitrogen-centric approach based on
the relative rates of transport and reactions fhratduce/consume NA The procedure
follows a set of guidelines that is outlined fuity Bohlen et al. (2011). The modelled POC
mineralization rates for £ were constrained using both porewater conceniralata and in
situ flux measurements of NQ NO,” and NH". Dissolved Q flux data were used as an
additional constraint at the deeper stations. TBE Rlegradation rates at “®were further

10
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constrained from the measured DIC fluxes. The modgut includes concentration profiles,

benthic fluxes and reaction rates which are assumée in steady state. Note, however, that
the bottom waters on the middle shelf aiS @ere temporarily depleted in NCand NQ™ at

the time of sampling. Although this leads to unaiaties in the rate of nitrate uptake by

Thioplocg POC degradation rates remain well-constraineah fitte DIC fluxes.

The model was solved in the same way as descrimet!®Ph,. The sediment depth was

discretised over an interval ranging from 50 to t@® depending on the station (Boudreau,
1996). Measured solute concentrations and knowestmated particulate fluxes to the sea
floor served as upper boundary conditions (Bohleale 2011). At the lower boundary, a

Neumann (zero flux) boundary was generally implet®@én A steady-state solution was
obtained (invariant concentrations with time andirment depth) with a mass conservation >
99 %.

3.6 Pelagic modelling of primary production

Primary production was estimated using the higloltg®n physical-biogeochemical model
(ROMS-BIOEBUS) in a configuration developed for tBastern Tropical Pacific (Montes et
al., 2014). It consists of the hydrodynamic mod€NRS (Regional Ocean Model System;
Shchepetkin and McWilliams (2003)) coupled with BiI®geochemical model developed for
the Eastern_Bundary_Wpwelling Systems (BioEBUS, Gutknecht et al., 2013). BioEBUS
describes the pelagic distribution of @nd the N cycle under a range of redox conditions
with twelve compartments: phytoplankton and zooktian split into small (flagellates and
ciliates, respectively) and large organisms (diaocmnd copepods, respectively), detritus,
NOs, NO,, NH,4", dissolved organic N and a parameterization t@rdghe nitrous oxide
(N2O) production (Suntharalingam et al., 2000; 2012).

The model configuration covers the region betwedh and 20°S and from 90°W to the west
coast of South America. The model horizontal resmuis 1/9° (ca. 12 km) and has 32
vertical levels that are elongated toward the serta provide a better representation of shelf
processes. The model was forced by heat and fréshWaxes derived from COADS ocean
surface monthly climatology (Da Silva et al., 1990d by the monthly wind stress
climatology computed from QuikSCAT satellite sceiteeter data (Liu et al., 1998). The
three open boundary conditions (northern, westecdh sbuthern) for the dynamic variables
(temperature, salinity and velocity fields) weretragted from the Simple Ocean Data

11
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Assimilation (SODA) reanalysis (Carton and Giese0®). Initial and boundary conditions
for biogeochemical variables were extracted froem@EIRO Atlas of Regional Seas (CARS
2009; for N@Q and Q) and SeaWiFS (O'Reilly et al., 2000; for chloroibhg). Other
biogeochemical variables were computed followingk@acht et al. (2013) and Montes et al.
(2014). Monthly chlorophyll climatology from SeaVW8Fwvas used to generate phytoplankton
concentrations which were then extrapolated vdlyidaom the surface values using the
parameterization of Morel and Berthon (1989). Basedkoné et al. (2005), a cross-shore
profile following in situ observations was appligxlzooplankton, with higher concentrations

near the coast.

The simulation period was 18 years. The first 18rgeconsidered the hydrodynamics only
and then the biogeochemical model was coupledhferfollowing five years. The coupled
model reached a statistical equilibrium after fgears. The data presented here correspond to
the final simulation year. Details of model configiion and validation are described by
Montes et al. (2014).

Primary production (PP) was computed as the sutheoproduction supported by N@nd
NO, uptake and regenerated production of,Ntptake by nano- and microphytoplankton
(Gutknetch et al., 2013). Rates (in N units) weakewated for the station locations listed in
Table 1 by integrating over the euphotic zone. Bb@mic Redfield C:N ratio (106/16,
Redfield et al., 1963) was used to convert PPgatbon units.

4 Results

4.1 Sediment appearance

Bottom sediments at 12 were very similar to those at°Bl(see Section 2). The sediments
down to ca. 300 m were cohesive, dark-olive anoxic (Gutiérrez et al., 2009; Bohlen et
al., 2011; Mosch et al., 2012). Porosity was hightbe shelf and in the OMZ (>0.9)
deceasing to <0.8 at the deepest stations (Fign8II'able 1). Porewater had a strong sulfidic
odour, especially in the deeper layers. Shelf aMZ@ediments were colonized by mats of
large filamentous bacteria, presumablfioploca spp. (Gallardo, 1977; Henrichs and
Farrington, 1984). Surface coverage by bacterigbmas 100 % on the shelf and decreased
to roughly 40 % by 300 m where the bacteria forrpatthes several decimetres in diameter.
Mat density was much lower at °Bl not exceeding 10 % coverage (Mosch et al., 2012)
Thioplocatrichomes extended 2 cm into the overlying watesidcess bottom water NCc.f.
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Huettel et al.,, 1996) and were visible down to gtdeof ca. 20 cm at the mat stations.
Polychaetes and oligochaetes were also presertteoshelf, but not at the deeper stations
within the OMZ. Despite anoxic bottom waters, notsnaere visible at St. 8 (409 m,°8).
Sediments here consisted of hard grey clay unadeylgi 2 — 3 cm porous surface layer that
was interspersed with cm-sized phosphorite nodilles.upper layer contained large numbers
of live foraminifera that were visible to the nakeyk (J. Cardich et al., unpub. data). Similar
foraminiferal ‘sands’ containing phosphorite grassuivere noted at 13, in particular below
the OMZ (Mosch et al., 2012). Phosphorite sandshenPeruvian margin are found in areas
of enhanced sediment reworking by bottom currentstae breaking of internal waves on the
seafloor (Suess, 1981; Glenn and Arthur, 1988; Most al., 2012). Below the OMZ,
macrofauna were more prevalent and included hagosat$, amphipods, oligochaetes and

large polychaetes.
4.2. Sediment mixing and accumulation rates

At most stations,”*°Ph distributions decreased quasi-exponentially andwsd little
evidence of intense, deep mixing by bioturbatioiy.(2 and Bohlen et al., 2011); a feature
that is supported by the lack of large bioturbatorganisms in and below the OMZ. The
highest bioturbation coefficient determined by thedel was 4 cfmyr® for St. 3 at 1%
(Table S2).

Mass accumulation rates (MAR) derived frdMiPbs modelling (Fig. 3a) were similar to
values reported previously (Reimers and Suess, 98ates were extremely high at the
shallowest stations (1200 and 1800 g i at 11 and 1%5, respectively). These are a factor
of 2 — 3 times higher than measured elsewhere etraéinsects and 3 — 4 times higher than the
global shelf average of 500 g “myr® (Burwicz et al., 2011). They corresponded to
sedimentation ratesofc) of 0.45 and 0.3 cm yr(Table 2). Beyond the middle shelf, MAR
decreased sharply to 132 and 44 gyri* at St. 2 (19S) and St. 8 (°8), respectively. These
latter values are associated with measurdfihs in the upper 3 cm only and thus indicative
of sediment winnowing or resuspension as menti@iee. A relatively low MAR of 128 g
m? yr! was also determined for St. 4 a32Zompared to the neighbouring stations. MAR
and wacc tended to be higher at the deep oxygenated ssatiompared to the OMZ stations,
With wacc of 0.06 cm yi* at St. 10 (125) and 0.05 cm ¥rat St. 5 (13S). Aluminium
accumulation showed similar trends to MAR, with Hegt values on the shelf and a

pronounced increase below the OMZ (Fig. 3b). Foneaores, peaks iff’/Am activities
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could be detected which provide independent vatidabf wacc derived from the”%Ph
systematics (Fig. 2 and Appendix A).

4.3 Geochemistry

Dissolved Q concentrations in the water column reveal theicarextent of the OMZ and
the presence of oxygen-deficient water overlying tipper slope sediments at both latitudes
(Fig. 1). Qualitatively, geochemical solute prddilen the sediments from 11 and°$2are
typical for continental margin settings (Bohlenagt 2011; Fig. 4). The model was able to
accurately simulate the geochemical profiles albath transects (Fig. 4 and Bohlen et al.,
2011). Sediment porewater concentrations of,Nathd alkalinity were highest on the shelf
and decreased with water depth. Conversely,*Si2pletion was more extensive at the
shallower stations. S also showed a much stronger depletion on the sielt?S
compared to 1°B, leading to the formation of a methanogenic layelow 65 cm. These
trends confirm general expectations that less irgaotganic material reaches the sea floor as

water depth increases (e.g. Suess, 1980; Levin, 2082).

4.4 Organic carbon distributions and burial rates

Surface POC content at °®2was lowest (ca. 5 %) on the middle shelf andveetee OMZ
(Fig. 4). At these stations, POC decreased in gpeiul0 cm and reached asymptotic values
at around 10 cm where refractory component domih#te mixture (Reimers and Suess,
1983a). PON showed the same qualitative trends.iiveXPOC contents of ca. 17 % were
measured inside the OMZ and are typical for thei#an margin (Suess, 1981). Here, POC
showed a marked change at around 15 to 20 cm dEmh4). This may reflect the regime
shift in the Peruvian OMZ during the Little Ice Ageca 1820 AD caused by a northward
displacement of the Intertropical Convergence Z(Betiérrez et al., 2009). These features
were also present at St. 4 and 5 on the outer.shiedf steady-state model does not capture
centennial changes in OMZ conditions suggestedhbyROC profiles. Very similar trends
were observed at 13, implying that organic matter distributions arealitatively and
guantitatively driven by the same first-order pisses at both latitudes.

POC accumulation rates for the middle shelf angdeations were calculated from the mass
accumulation rates and POC content at 10 cm (T2pl®ue to recent variations in POC

content for the OMZ stations, the average POC anitethe upper 10 cm was used instead.
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For St. 8 at 125 (409 m), POC accumulation was calculated at 3sicroe the underlying
sediment was old, non-accumulating clay. Highedbtaa accumulation rates were calculated
for the middle shelf at £3 (60 g rif yr'; Table 2). POC accumulation generally decreased
with increasing water depth at®®with relatively low values at St. 4 (11 ¢’ngr'*) and St. 8

(2 g m? yr). Accumulation rates were more variable for théSlttansect.

Cumulative POC burial rates across the margin ¢n 5b were calculated by integrating the
measured POC accumulation at each station ovedithence between stations in Fig. 5a.
POC burial increased sharply on the middle shetital00 m at both latitudes, at which point
the rates diverged to give higher burial af2own to the lower edge of the OMZ. Burial at
11°S amounted to 254 kmol Chyr? (per meter of coastline). A lower value of 181 kr@o
m* yr! was calculated for £3, possibly due to the steeper slope down to d30 bl Mean
POC burial on the margin, calculated by dividing tbtal cumulative burial by the transect
length, was 6.8 (£8) and 6.8 mmol C thd™* (12°S). This compares to a range of 1.2 to 2.9
mmol C m? d* for the average continental margin (Table 3).

4.5 DIC fluxes

Measured DIC fluxes were high on the middle st&%9 mmol rif d*) and decreased quasi-
exponentially with depth (Table 2). DIC fluxes wéoev in the OMZ at 125 (2.2 — 4.7 mmol
m? d%) and similar to the deep sites (1.2 — 2.8 mmdl drl). Measured DIC in the benthic
chambers was assumed to originate entirely from P@@ralization. There was no clear
increase or decrease in tand Md* concentration in the benthic chambers that would
indicate an important role for carbonate preciptadissolution (data not shown). This is
also inferred from porewater gradients of’Cand Mdg* (Fig. S3). C&" and Md" fluxes
show that the potential contribution of carbonatecpitation was < 5 % of the DIC flux
across all stations. This is well within the erobithe DIC flux (Table 2), such that carbonate

precipitation can be ignored for all practical pasps.

Modelled DIC concentrations inside the benthic chars at 125 showed good agreement
with those calculated from measured TA and pCGncentrations (Fig. S2). Measured and
modelled fluxes agreed to within + 50 %, but mdatiens were simulated to within £ 20 %
or better (Fig. 6a). It should be remembered thatbodel is not only constrained by the DIC
fluxes but also by porewater distributions and benDIN and Q fluxes (Bohlen et al.,

2011). Thus, whilst the modelled DIC fluxes cousditmproved, they form only one aspect of
15
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the overall goodness-of-fit to the observed databhs general, the agreement between the
modelled and measured DIC fluxes affords confidencthe modelled DIC fluxes at i3
where in situ pC@measurements were not made (Table 2). The sinduls@ fluxes at 13S
showed the same trends a8g,2although the flux on the middle shelf (8.2 mmA d*) was

a factor of 8 smaller (Table 2).

4.6 Organic carbon burial efficiency (CBE)

At each station, CBE (%) was calculated as POCraatation rate + (POC accumulation rate
+ DIC flux) x 100 % (Table 2). Measured and model@BE at 12S showed very good
agreement (Fig. 6b). Low CBEs of 19 + 6 % to 282t% were derived for St. 1 to 4 on the
shelf. This contrasts with the elevated POC accatiar rates, but is in agreement with the
high DIC fluxes (Fig. 6a). Low CBE of 19 + 6 % wealso observed at the 409 m site where
winnowing is suspected to occur. Relatively highESBvere calculated at St. 5 to 7 in mid-
water depth range of ca. 200 to 300 m (55 + 23 9%4ta 37 %) and at the deep oxygenated
sites (46 + 48 % to 64 + 19 %). At °8, model-derived CBE showed broadly similar trends,
although the CBE at the shelf station was high&r %¢). The highest CBE of 81 % was
calculated for the 695m station {8) in oxygen deficient waters §G 20 uM) below the
OMZ. A detailed discussion of the uncertaintiestire CBE estimates is provided in

Appendix A.

4.7 Primary production and organic carbon rain rate

Primary production (PP) estimates from the ROMSHBUWS model for 11 and 18 are
shown in Fig. 7. The data represent the annual mesd. for the locations close to where
BIGO landers were deployed. Diatoms dominated tReaP both latitudes PP, with rates
decreasing offshore from ca. 110 mmof oi* at the shallowest site to ca. 80 mméf ot at
the deepest site. The model revealed a much laryaannual variability ranging from ca. 70

to 170 mmol nf o with highest values in austral summer (see Fiy. S4

Organic carbon rain rates to the seafloor (RRPO€&¥Ewalculated as the sum of the benthic
carbon oxidation rate (i.e. DIC flux) and POC acailation (Table 2). For the 13 and 125

transects, the modelled and measured DIC fluxes weed, respectively. RRPOC showed a
rapid decrease on the shelf stations 461&ith a more attenuated decrease with depth (Fig.

7a). Station 8 (409 m) at 4R is again an exception due to the low POC accuinnléhere.
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At 11°S the trends were not so obvious due to fewer sagptations (Fig. 7b). The fraction
of PP reaching the sediment was highest at théosbest station at S (65%), decreasing to
<12 % at the OMZ and deep stations (Fig. 7¢).

5 Discussion

5.1 Spatial patterns of organic carbon preservation

Fine-grained continental margin sediments in theleno ocean (<1000 m) account for 70 -
85 % of global POC burial (Hedges and Keil, 199&yd8ge, 2007). The mean POC burial
flux on the margin (1.2 to 2.9 mmol Co?) is equivalent to around 3 % of primary
production (Table 3). Although the POC burial flar the Peruvian margin is far higher, it
accounts for a similar fraction of primary prodocti thus implying a lack of preferential
carbon burial compared to the average continentatgim. However, the CBE reveals
interesting spatial trends in carbon preservatiwat &ire not discernible by comparison of

mean burial fluxes.

Previously-published CBEs for a range of marineiremwnents show a positive dependency
on sedimentation accumulation rate (Fig. 8). Thisea because sediment accumulation is
intrinsically linked to carbon burial flux, whiclself is strongly tied to rain rate (Muller and
Suess, 1979). In addition, sediments underlyinggerydeficient waters (< 20uM) appear

to have a higher CBE than those deposited undeyemated bottom waters. Data from Peru
seaward of the shelf agree with this idea (redsstaig. 8). However, the CBE above and
below the OMZ is inconsistent with the existingatsse. Firstly, CBEs for the anoxic shelf
(blue stars) plot within the range for normal oganditions instead of >50 % expected for the
oxygen-depleted conditions encountered. The 195tenlgcated on the shelf break is an
exception, although the CBE does have high unceytér4 + 37 %). In agreement, Reimers
and Suess (1983a) also estimated a rather low GBE t 38 % on the outer shelf break at
11°S (186 m depth). Secondly, sediments underlyinggergited bottom waters {6 20uM)
below the OMZ have a higher-than-expected CBE (gstars) and plot alongside those from
oxygen-deficient and euxinic waters. These disarelgs are the focus of the following

discussion.

5.1.1. Low CBE on the shelf
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Our low calculated shelf CBEs imply that POC isferentially degraded there relative to
deeper sites. Trends in sediment grain size and égd&nt support this basic idea. The fine-
grained sediment fraction (clay plus silt) af31s >80 % on the shelf and decreases to ca. 60
% below the OMZ due to increasing fractions of seamparticles (Mosch et al., 2012). Given
that POC content correlates inversely with graire sjMayer, 1994; Bergamaschi et al.,
1997), higher contents would be predicted on tledf shlative to the OMZ. In reality, POC is
<5 % in shallower waters and >15 % in the OMZ (Hig We can therefore assume that the
ratio of organic carbon to particle surface are&/&A) is likely to be lower on the shelf
compared to the OMZ. Low OC/SA ratios indicate miganatter in a more advanced state of
diagenetic alteration, possibly by sorptive preagon or physical protection within
mesopores (Keil et al., 1994, Mayer, 1994; Hedged.£1999). We can be confident that the
OC/SA ratio is largely unaffected by differencesthie structural composition and reactivity
of POC, since organic matter on the margin is atneosirely marine-derived (Arthur et al.,
1998; Reimers and Suess, 1983b). The evidence stsgipat benthic mineralization is more
complete on the shelf compared to the OMZ.

Results from biochemical studies dovetail with tidisa. Spatial differences in the quality of
organic matter on the shelf and slope have beetrided (Levin et al., 2002; Niggemann and
Schubert, 2006; Lomstein et al., 2009). These wsrkaund the highest amino acid content
of sedimentary organic matter (i.e. ‘fresher’ mairon the outer shelf and within the OMZ
(ca. 130 — 360 m). Relatively low values were régubifor the middle shelf, indicating more
degraded material. Sediments from the Arabian & @re also enriched in high-quality
hydrolysable amino acids (Koho et al., 2013). Santyl, more extensive diagenetic alteration
of organic matter on the Peru shelf relative to@MZ has been inferred from the amino acid
degradation index (Lomstein et al., 2009). Enhancadbon preservation in the OMZ has
been noted previously, and detected as the formaifoinsoluble humin termed ‘proto-
kerogen’ (Reimers and Suess (1983a,b). Considéniege results collectively, the low POC
content and CBE on the shelf seem to be rootdaeimtiality of buried material.

Prolonged exposure of sediments te ©&trongly modulates amino acid and aldose
distributions in sediments, thereby decreasing dhality and quantity of buried material

(Hedges et al., 1999). Furthermore, OC/SA ratias @GBE are inversely correlated with the
oxygen exposure time (OET) of organic matter (Hatttiet al., 1998; Hedges et al., 1999).

Whilst the significance of bottom water, @n carbon preservation remains controversial
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(Demaison and Moore, 1980; Pedersen and Calve®0); ®anfield, 1994; Hedges and Keill,
1995; Hulthe et al., 1998; Burdige, 2007), the pneg of Q could explain the low OC/SA
ratios and CBEs on the Peruvian shelf in a simiay as described for the Arabian Sea OMZ
(Keil and Cowie, 1999). Although shelf bottom watevere anoxic at the time of sampling,
periodic intrusions of oxygenated water occasigniaihd to a deepening of the upper edge of
the OMZ to 200 m or more (e.g. Levin et al., 200)e frequency and duration of these
episodes can be several months, driven by seasamdl sub-seasonal anomalies in
oceanographic conditions such as positive ENSQgerand the passage of coastal trapped
waves (Gutiérrez et al., 2008). During these evésddom water @concentrations can vary
by several tens qfM within days or weeks (Gutiérrez et al., 2008adimg to an increase in
the OET of organic matter.

Oxygenation is followed by an increase in macrosmbhos species richness, density,
bioturbation potential, and the construction of isesht burrows and galleries that could
further increase the OET of organic matter (Tarazetal., 1988; Gutiérrez et al., 2008). This
has been observed offshore Chile, where prolongedilation leads to a switch in the
polychaete assemblage from tube-dwelling, interfieealers to burrowing, deposit feeders
(Gutiérrez et al., 2008’; Sellanes et al., 200 HisTsequence of events likely explains the non-
zero bioturbation coefficients on the shelf (Tal®@@). It also fits with the previous
biochemical data since sediments with episodic sum to Q tend to display
biogeochemical characteristics of permanently eeitings (Aller, 1994). Redox oscillations
caused by the arrival of burrowing animals mayhertenhance mineralization of refractive
organic compounds via priming or co-oxidation padlg; leading to a further reduction in
CBE (Aller, 1998; Canfield, 1994; Hulthe et al.,9B). On the basis of the information
currently available, therefore, we argue that doced bathing of shelf sediments with
oxygenated bottom waters is a determining, if nmiihating, factor driving the low CBE

observed there.
5.1.2. High CBE below the OMZ

Oceanographic conditions below the OMZ are relativpiiescent and more conducive to
steady state diagenesis (Scholz et al., 2011).QEE of organic matter in sediments at the
deepest sites was calculated by dividing thep®netration depths by tHe’Ph<-derived

sediment accumulation rates. Penetration depthi=ulesééd using the relation of Cai and
Sayles (1996) were 4 mm at°81(St. 6) and 7 mm at i2 (St. 10). The corresponding OETs
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are 8 and 12 years (respectively). An empiricadtrehship between CBE and OET derived
for a range of marine settings predicts a CBE otiad 20 % for these OETs (Hartnett et al.,
1998). This is similar to the normal oxic settings Fig. 8 and much lower than the

determined value of >60 %. Hence, factors othem tha OET of carbon in the sediment must

influence the CBE at the deep sites.

Our CBE calculations at the deep sites may be enfted by lateral particle transport and
sediment mobilization by current-induced resuspmnsihe increase in sediment mass and
aluminium accumulation below the OMZ suggests ttaatestrial lithogenic material is
preferentially deposited there. The shelf area betws and 1% is a major area of sediment
reworking and winnowing by the poleward-flowing &ddndercurrent with average near-
bottom velocities of 8-9 cni’s(Suess et al., 1987; Chaigneau et al., 2013).-giamed
biogenic debris from this area may undergo multg@osition/resuspension cycles as it is
redistributed down the slope in the benthic boupdyer in a southerly direction (Krissek et
al., 1980; Suess et al., 1987; Kim and Burnett,8198rthur et al., 1998). Furthermore,
sediment winnowing at 11 and °®occurs in discrete depth intervals in the deptige
between 400 and 800 m due to the presence of niiaaictopographic slopes (e.g. Mosch et
al., 2012). At near critical slopes, internal wawean resuspend sediment through the
generation of bores from internal tides which ignthtransported upslope or downslope
(Hosegood and van Haren, 2004; Martini et al., 20IBis is identifiable from the low mass
accumulation rates at St. 8 at’$Table 2) and the characteristic presence offmiferal
sands and phosphorites that form under these comsli{Glenn and Arthur, 1988; Reimers
and Suess, 1983Db; Arthur et al., 1998; Mosch et28l12). Non-linear internal wave trains
have also been observed on the shelf at 11°S &8I ddising short pulses of elevated near-
bottom velocities (Sommer et al., 2014). It is tet unreasonable to argue that sediment
winnowing higher up on the slope contributes to slediment that accumulates below the
OMZ. In that case, the OET of organic matter wduddenhanced during transit in the benthic
boundary layer. Consequently, POC deposited ati¢leper sites investigated in this study is
likely to be in a more advanced state of degradatian particles that settle vertically,
thereby leading to CBE that are apparently elevaieithur et al. (1998) argued along similar
lines to explain the presence of highly degradegamic matter at sites close to ours.
Unusually high CBEs in the southern California Basisuggest that particle transport
mechanisms may play wider role in carbon presesmgtatterns in slope sediments (Berelson

et al., 1996).
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5.2 Carbon mineralization in the water column

A comparison of the rain rate and PP estimates fterROMS-BioEBUS model shows that
only a minor fraction of PP reaches the seaflogohd the middle shelf (Fig. 7c). The true
fraction may be even lower since modelled PP ig 2 times below the range of 250 to 400
mmol m? d* reported previously (Walsh, 1981; Quifiones e2@10 and references therein).
Robust PP estimates close to the coastline arededpby the relatively coarse spatial
resolution (1/9°) in the model which cannot acceisatresolve nearshore processes. The
model also represents climatological conditions. (interannual steady state), whereas PP
during neutral or cold (La Nifia) ENSO phases (ghigly) may deviate from the mean value
(Ryan et al., 2006). Nonetheless, based on theiddg. 7c, it appears that the Peruvian
margin broadly behaves as an open ocean settingy wompared to existing empirical
relationships relating PP to rain rate (e.g. Bettel., 1984).

The rate at which organic matter is respired dutiagsit through the water column is usually
calculated using sediment trap data (Martin et1#887). The unrespired fraction of export
production has been widely described using thefahg function:

F(2) / EP= (2100)" (7)

where EPis the export production, typically defined at 100 F(2) is the sinking flux at
depth,z (m), below 100 m, and is the dimensionless attenuation coefficient (\Maet al.,
1987). Lowb indicates slow degradation in the water column ardgh fraction of export
production reaching the sediment and vice-versanéanb of 0.86 for oxic open-ocean
waters was derived by Martin et al. (1987), whilsimilar to 0.82 + 0.16 quoted by Berelson
(2001) for a range of marine settings. Primeau §2@doposed a lowdy of 0.70 + 0.08 based
on a reanalysis of Berelson’s data. A recent studghe North Atlantic using free-drifting

sediment traps also reported af 0.70 (Giering et al., 2014).

We estimated by fitting the calculated rain rates at®$land 12S to the following function
analogous to Eq. (7):

RRPOCY) / EPg) = (z101)" (8)

The EP at each station was determined by multiglytre PP estimate from the pelagic model
by the ratio of particle export to primary prodocti(pe ratio, Dunne et al., 2005). Thee
ratio was assumed to be constant across the mamgdinvas calculated as PP / RRPOC using
data from St. 2 (1°5). This station was taken as the reference paiceshe water depth
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(101 m) is approximately 100 m. The deriegratio was 0.26; consistent with observations
that most PP in the Humboldt system is mineralipeithe surface mixed layer under non-El-
Nifio conditions (Quifiones et al. 2010 and refersriberein). The two shallowest stations
with water depth < 101 m were excluded from thelyawms in addition to St. 8 since, as

mentioned, we suspect that sediment resuspensidmothym currents is important there. To
offset the potential bias in our RRPOC estimates thu seasonal variability in primary

production, the PP was averaged over the perioggmonding to the cruise and one month

previous (see Appendix).

The best fit to Eq. (8) shown in Fig. 9 was obtdimgth b = 0.54 £ 0.14 onlinearModelFit
function in MAaTHEMATICA). Theb value considering data from °®only is 0.85 * 0.25 (the
result for 12S is not statistically significant at the 95 % IBv®ur derivedb coefficients thus
tend toward the higher open-ocean composite estsradtMartin (1987) and Primeau (2006).
Yet, previous studies indicate that respirationogjanic matter is significantly reduced in
oxygen-deficient water columns (Martin et al., 19B&vol and Hartnett, 2001; Van Mooy et
al., 2002). For example, la of 0.32 was determined for the Peruvian OMZ &iS16sing
sediment trap data (Martin et al., 1987). Devol bfadtnett (2001) calculated a value of 0.36
for the Mexican margin using benthic carbon oxiglatrates and burial fluxes. This agrees
with 0.40 derived using moored sediment trap daten fthe same location (Van Mooy et al.,
2002). These workers supported their fieldwork waboratory experiments showing that
natural particulate material collected at the bakehe euphotic zone was degraded less
efficiently under anoxic versus oxic conditionsnAtable exception to these studies istihe
value of 0.79 derived for the Arabian Sea OMZ ussagliment traps (Berelson, 2001).
Nonetheless, based on these findings, a much lbweeefficient for our composite data set

may have been expected.

We propose that the high determined in this study is attributed to the mpidt
resuspension/deposition of slope sediments bynatevaves discussed above. Resuspension
enhances the particle residence time in the watkemm and shifts the site of labile POC
mineralization away from the sediments. This wellluce the benthic DIC flux and thus lower
the calculated RRPOC. This explanation is condistéth unusually high CBE below the
OMZ. The low rain rate calculated for St. 8 af3Zurther exemplifies the importance of
sediment reworking on the calculated rain rateg.(B). By implication, particle transport

through the water column on the Mexican margin ahthe deep offshore station at Peru
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(15°S) is more controlled by vertical settling, resudtiin shorter residence times and
enhanced carbon preservation. The good agreemémédie theb coefficients determined
independently by traps and benthic data from Mesigpports this idea (Devol and Hartnett,
2001; Van Mooy et al., 2002). In contrast, thetlatinal differences i at Peru (this study;
Martin et al., 1987) could simply reflect bias fraaomparing benthic- and pelagic-derived
rain rates from a complex margin system displayimgp temporal variability in productivity
(Walsh et al., 1981).

5 Conclusions

Fieldwork undertaken on the fascinating Peruviamgmahas improved our understanding of
POC cycling in anoxic margin sediments and expartdedexisting CBE database. Our key
findings are: (1) Low CBE in shelf sediments isvdn by the episodic intrusion of
oxygenated waters. This is consistent with thetexjsCBE database if the shelf can be
geochemically classified as a ‘normal’ setting diesfluctuating bottom water Olevels.
Previous biochemical analyses suggest that thikdscase. (2) High CBE in oxygenated
waters (Q >20uM) below the OMZ is caused the deposition of revedrkdegraded material
originating from sites higher up on the slope. Tlag, therefore, not representative of
oxygenated sediments. (3) Low oxygen concentratisnghe OMZ below 200 m are
associated with the preservation of POC in sedisjealthough the redistribution and
accumulation of reworked sediments at these depghds to be more clearly examined. (4)
POC rain rates are not overly enhanced by low axygencentrations compared to other

oxygen-deficient environments.

Our conclusions regarding this last point requivethfer validation with particle fluxes
measurements from sediment traps. Trap data maalréwwer rates of POC mineralization
in the water column, as observed in other low-oxrygettings. If this turns out to be the case,
it would imply either that POC fluxes are eithebget to high temporal variability or that a
fraction of labile material resuspended from tha Bed is degraded in the benthic boundary
layer and exported down the slope. The increasedimentation rates and high CBE below
the OMZ supports the latter alternative. Thesestigations would benefit from an improved
understanding of particle disaggregation by zodgtam and subsequent stimulation of the

microbial loop (Giering et al., 2014).
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A major outstanding barrier for deriving annuallbmar and nutrient budgets on the Peruvian
margin is the uncertainty associated with non-stesdte conditions. Inter- and intraannual
oceanographic anomalies dictate the depth andsityenf oxygen-deficiency, nutrient levels
and Thioploca spp. biomass (Gutiérrez et al., 2008). Conseqyetite contribution of the
sediments to primary production on short (e.g. dayeeks) and long (e.g. months, years)
time scales is completely unknown. This is a tap@at could be tackled by incorporating
benthic processes into the pelagic model ROMS-Bld&BModel predictions would be
strengthened with benthic flux data collected dyrthe low productivity season (austral

winter).
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Appendix A: Uncertainties in CBE calculations

The burial efficiency of carbon is the basic quititve metric which allows comparisons of
carbon preservation at different locations. Quasiifon of the CBE requires at least two of
the following three pieces of information, (i) then rate of organic carbon to the sediment,
(ii) the rate of carbon burial at the sediment Hdephere POC content remains constant, and
(i) the depth-integrated rate of organic carbomdation (Burdige, 2007). That is, at steady-
state, (i) = (ii) + (iii). They are typically quahéd using (in the same order) (i) sediment trap
particle fluxes, (ii) sedimentation rates (usinglioactive isotopes) combined with carbon
content measurements, and (iii) stoichiometric nedances, diagenetic models or benthic

fluxes. Each of these approaches integrates thmrdtux over very different time scales;
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from days to weeks for traps to hundreds or thodsar years for burial (Burdige, 2007).
This temporal decoupling creates uncertainty winely affect CBE estimates.

Our calculated CBE rely on the use of benthic daly (i.e. (i) and (iii) above) as opposed to
sediment trap fluxes. It is well known that seditné&map data have multiple sources of
uncertainty (Buesseler et al., 2007). Traps onlgtw® the settling flux on time scales of
deployment, typically days to weeks, which may Imsufficient to capture temporal
variability (Haake et al., 1992). Traps may alsdenestimate the particle flux in water depths
< 1500 m due to high lateral current velocities @&tual., 2001), potentially leading to an
overestimate of fluxes further offshore. This effescexacerbated over the shelf and upper
slope where particles are transported in the bertibundary layer (Jahnke et al., 1990).
These dynamics may be particular pertinent for Beeu margin where sediments are
frequently resuspended by bottom currents and pgrated down the slope (Reimers and
Suess, 1983c). Nonetheless, sedimentation rateabdn oxidation rate calculations are not

free from their own uncertainties, as discussaténsubsequent paragraphs.

Benthic chambers are arguably the best tools tmat# the exchange of solutes between the
sediments and the water column (Tengberg et a0520ret, as for traps, DIC flux may
display short-term (sub-annual) variability via obas in productivity and thus not truly
reflect the long-term mean degradation rate. MeRre&timates using the pelagic model do
reveal substantial intraannual variability on therlPmargin (Fig. S4). Both campaigns at
11°S and 125 took place toward the end of austral summer, ithathe high productivity
season, which suggests a bias in our DIC fluxesitdsvhigher values (Echevin et al., 2008).
However, because benthic carbon mineralizationsrai@ not respond quantitatively and
synchronously to changes in rain rate, it is nasgae to accurately ascertain if this timing
adversely affects our assumption that the meadDr€dflux accurately represents the mean
flux. The time scale of the bulk organic carbon enatization is determined by the reactivity
of the individual biomolecules which vary over maasders of magnitude (Middelburg,
1989). Experiments with fresh phytoplankton havevanthat approximately 50 % of organic
carbon degrades rapidly within 1 month of depositom the seafloor with the other 50 %
requiring many months or years to degrade (Westinth Berner, 1984). This implies that
variability in the measured benthic DIC fluxes wiirgely reflect the previous month of
deposition of the labile POC fraction. In that neahe benthic DIC flux provides a more

attenuated estimate of changes in rain rate thdimsat trap data. Based on the modelled
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primary production rates during the sampling montiisich were around 25 % higher than
the annual mean (Fig. S4), we tentatively estintiaae the measured DIC fluxes at°$2are
roughly 25 % higher than the long-term average. @halytical error on the DIC flux
calculation from TA and pCOmeasurements is negligible by comparison. Corrgcthe
DIC flux for seasonal variability would increaser d@BE estimates by around 4 to 5 % on the
shelf and 5 to 7 % in deeper waters. Strictly, glguhe mean DIC flux for the last ca. 100
years would be required to be consistent with timeabdata.

Artifacts in flux estimates due to enclosure oftbot water by benthic chambers have been
discussed extensively in the literature (e.g., Hamdnet al., 1996; Tengberg et al., 2005).
Uncertainty in chamber volume, leakage and imprafteration of the hydrodynamic regime
inside the chambers all influence our confidencany particular concentration measurement
or flux estimate. We can be reasonably confideat thakage through the bottom of the
chambers in contact with the sediments did not o@&uthe sampling stations. Silicate
(assumed conservative tracer) angl (Qptode) concentration gradients inside the chasbe
were linear and showed no evidence of infiltratadnchamber water by the outside bottom
water (Sommer et al., unpub. data). Furthermore,stirface sediments were cohesive and
porous along the whole margin (Table 1), allowieggtration of the benthic chambers to 8 to
10 cm below the sediment surface and renderinggakinlikely. Yet, we cannot rule out the
possibility that the measured DIC fluxes deviatexhT the true fluxes due to changes in water
flow across the sediment-water interface. This facteis mostly prominent in sandy
sediments where current-driven advection throughstirface layers contributes significantly
to solute exchange between sediments and seawatarkg et al., 2000). The cohesive and
fine-grained sediments (sandy mud to slightly samayd) at Peru typically have low
permeability where molecular diffusion dictates tenthic flux (Huettel et al., 1996). Thus,
error in the DIC flux due to chamber artifacts asllvas seasonal variability is likely to be
much smaller than the difference in DIC flux measum the two chambers during each
lander deployment, that is, due to seafloor hewmegy (Table 2).

Our POC accumulation rates have a relative errtaroéned by the uncertainty m,ccand

POC content. The uncertainty in POC content wasnaed to be + 20 %, mainly due to data
scatter. Whilst this is realistic for most of sitesestigated here, productivity and sediment
POC content have increased on the Peruvian mangthe last 200 years coincident with

expansion of the OMZ driven by a northward disphaept of the Intertropical Convergence
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Zone (Gutiérrez et al., 2009). This is clearly seethe upper 10 cm of the outer shelf and
OMZ sediments (Fig. 4) and undermines our abilityatcurately define the depth where the
POC content shows little change with sediment deftle regime shift is not recorded at the
middle shelf sites because the high sedimentatites restrict the observable archive to the
last 100 years. Similarly, the deep stations belewvOMZ are presumably beyond the sphere
of influence of short-term climactic variations. éde sites show the expected decrease in
POC for sediments undergoing steady-state minetadiz with very little mixing by
bioturbation. For the stations affected by the megshift (St. 4 to 7), we calculated the CBE
based on the average POC content in this receat lapper ~10 cm) where 0dt%®Ph
measurements were made. A 50 % decrease in POEéntantthese stations would lower the
CBE by 20 to 40 %. Note that higher POC mineraiizatates associated with the increase in
POC content over recent centennial time scalesl@h@uaccurately reflected in the DIC flux.
Diffusive path lengths calculations (Lasaga andi&ial, 1976) show that DIC concentrations
in the upper 10 cm will adjust to new depositiooahditions at the sediment surface within a

few years only.

Sediment accumulation rates.) were constrained usifd®Phs data (half-life of 22 yr)
using a model that utilizes a widely used empirg@scription of bioturbation intensity with
sediment depth (Christensen, 1982). We estimatsdotly. are accurate to within £ 20 % for
the derived bioturbation coefficients (Table S2pn@nuously supplied tracers such as the
1% radioisotope have a characteristic time scalel@quebout 5 half-lives, that is, ca. 110
yr. Therefore, our accumulation rates correspondet®ent sediments deposited since the
Little Ice Age and are of the same order as thaddighed previously for the same area
(Reimers and Suess, 1983c; Kim and Burnett, 1988inLet al., 2002; Gutiérrez et al., 2009).
They are not applicable to the older underlyingreedt, where mass accumulation rates are
lower and have undergone hiatuses in the past @siand Suess, 1983b; Gutiérrez et al.,
2009; Schonfeld et al., 2014). However, sedimemtaéind bioturbation rates inferred from
radioisotopes with vastly different half-lives afteliffer by an order-of-magnitude or more
(e.g. Smith et al., 1993). Bioturbation coefficienf ca. 100 chyr*were derived fron¥**Th
(half-life 24 d) distributions below the OMZ on tReru margin (Levin et al., 2002), which is
four orders-of-magnitude higher than we determinesing *%h.. Given the low
sedimentation and bioturbation rates at the desfa¢ions, thé'%h, distributions may thus
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indicate higher rates of sediment mixing and log&dimentation rates than derived with the

model.

We used the anthropogenic enrichment peak of tdidel?*’Am as an independent time
marker to validate the lead chronology (Fig. ZJAm originates from nuclear tests in the
southern hemisphere beginning in the early 195@d0é stationswacc Was estimated by
dividing the depth of th&*'Am peak by 60 years without correcting for compagtiresulting
in rates of 0.15 cm yrat St. 5, and 0.05 cm Yt St. 4, 7, and 9. NG'Am was detectable at
the other stations. These rates agree witlffiRh values to within 10 to 50 % (Table 2).
Although w,cc estimated this way are only approximate, they iconthe order-of-magnitude
values determined by thé°Phs model. Furthermore, it is obvious that th&Th-derived
bioturbation coefficient of 100 ciryr® does not capture the activity of th€Ph data (red
curve, Fig. 2). The higf**Th-derived coefficient is very likely a model aaiit caused by the
use of short-lived radioisotopes to infer mixingesain weakly mixed sediments (Lecroart et
al., 2010).

Clearly, there are multiple potential sources ofartainty in CBE estimates based on DIC
fluxes and POC burial fluxes. Yet, whilst conceramain regarding both short- and long-
term variability in fluxes, we believe our deriv€edBEs are robust on decadal time scales. The
mean relative error in CBE across all stationsrasiad 40 % (at 1%5); a fair representation

of the combined uncertainties.
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Table 1: Stations and instruments deployed on thenan margin. Water depths were
recorded from the ship’s winch. Bottom water terapgne and dissolved oxygen are CTD
measurements. Surface (0.5 cmS;10.25 cm, 175) porosity values are also given.

. Latitude Longitude Depth Temp. Porosity O,°

Station  Instrumerit Date S) W) (m) °C) O °C)
11°S

1 BIGO 5 15.11.2008 11°00.02' 77°47.72' 85 12.7 | bd
MUC 52 12.11.2008 10°59.99' 77°47.40' 78 0.93

2 BIGO-T6¢ 29.11.2008 10°59.80 78°05.91" 259 12.2 0.95 bdl

3 BIGO 1 05.11.2008 11°00.00' 78°09.92' 315 11.6 d b
MUC 19 03.11.2008  11°00.01' 78°09.97' 319 0.95

4 BIGO 3 20.11.2008  11°00.02' 78°15.27" 397 9.6 | bd
MUC 33 06.11.2008  11°00.00' 78°14.19' 376 0.93

5 BIGO 2 05.11.2008  11°00.01' 78°25.55' 695 6.7 2 6.
MUC 25 04.11.2008  11°00.03' 78°25.60' 697 0.84

6 BIGO 6° 29.11.2008  10°59.82' 78°31.05' 978 4.7 40.3
MUC 53 13.11.2008 10°59.81" 78°31.27 1005 0.78
12°s

1 BIGO I-lI 15.01.2013 12°13.506' 77°10.793' 74 014. bdl
MUC 13 11.01.2013 12°13.496' 77°10.514' 71 0.96
MUC 39 25.01.2013  12°13.531' 77°10.061' 72 0.96

2 BIGO I-V 27.01.2013 12°14.898" 77°12.70% 101  813. bdl
MUC 16 12.01.2013 12°14.897" 77°12.707" 103 0.97

3 BIGO lI-IV 20.01.2013 12°16.689' 77°14.995' 128 3.7 bdl
MUC 46 27.01.2013  12°16.697' 77°15.001' 129 0.98

4 BIGO Il 11.01.2013 12°18.711" 77°17.803' 142  413. bdl
MUC 10 09.01.2013 12°18.708'  77°17.794' 145 0.96

5 BIGO I-IV 23.01.2013 12°21.502' 77°21.712' 195 .013 bdl
MUC 45 27.01.2013 12°21.491' 77°21.702' 195 0.96

6 BIGO II-l 12.01.2013  12°23.301" 77°24.284' 244 2.4 bdl
MUC 5 07.01.2013 12°23.329' 77°24.18%' 253 0.96
MUC 34 23.01.2013  12°23.300" 77°24.228' 244 0.96

7 BIGO II-I 08.01.2013 12°24.905' 77°26.295' 306 12.5 bdl
MUC 9 08.01.2013 12°24.894' 77°26.301' 304 0.95
MUC 36 24.01.2013 12°25.590" 77°25.200" 297 0.95

8 BIGO II-V 24.01.2013 12°27.207" 77°29.517" 409 10.6 bdl
MUC 23 15.01.2013 12°27.198' 77°29.497' 407 0.90
MUC 24 15.01.2013 12°27.195'  77°29.483'" 407 -

9 BIGO -l 16.01.2013 12°31.366' 77°34.997' 756 5.5 19
MUC 17 13.01.2013 12°31.374" 77°35.183" 770 0.84

10 BIGO Il 19.01.2013 12°34.911' 77°40.365' 989 4.4 53
MUC 28 19.01.2013 12°35.377" 77°40.975' 1024 0.74

® The first Roman numeral of the BIGO code fof9 2enotes the lander used and the second
to the deployment number of that lander. FoPSlithe Arabic number refers to the
deployment number. The lander at St. 2 is denot&DBT (see text).
® hdl = below detection limit (EM).
¢ These deployments occurred during leg 2 of criM3@. All others from 1S took place
during leg 1.
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Table 2. Measured and modelled carbon fluxes andlt®fficiencies.

Middle shelf Outer shelf oMz Below OMZ
12°S transect St. 1 St. 2 St. 3 St. 4 St. 5 St.6 t.7S St. 8 St. 9 St. 10
Measured data
Water depth, m 74 101 128 142 195 244 306 409 756 989
Sediment accumulation rate ), cm yr** 0.45 0.32 0.20 0.04 0.10 0.07 0.05 0.011 0.038.06
Mass accumulation rate (MAR),rg? yr*® 1800 768 600 128 320 182 150 44 259 540
POC content at 10 cm (PQ{;% ¢ 3.3 3.8 7.2 8.6 12.8 14.2 15.5 5.2 4.0 1.8
POC accumulation rate at 10 cm (PRG), g Cm?yr° 60 29 34 11 41 26 23 2 10 10
Benthic DIC flux {p,c), mmol m2d+e 65.9+21 27.9+4.2 20.4+7 8.0+0.4 3.2#1 4.7¢1 2T 2.2+0.3 2.8+3 1.240.1
POC rain rate (RRPOC), mmolfm ™' 79.5+#33 34.2+11 28.2+12 10.5#3  12.546 10.6+4 0+8.  2.7+1 5.2+5  3.4#1
Carbon burial efficiency at 10 cm (CBE),%% 1747 1946 28+12 24+7 74+37 55423 66119 19+6 48 64+19
Modelled data
POC accumulation rate at 10 cm, grG yr " 59 29 34 9 38 27 26 2 11 12
Benthic DIC flux, mmol ri¥ d™* 61.8 27.9 18.0 8.4 5.2 4.9 4.0 2.2 3.3 1.7
POC rain rate, mmol thd™! 75.3 34.5 25.9 10.6 13.9 111 10.0 2.6 5.8 4.4
Carbon burial efficiency at 10 cm, % 18 19 30 20 62 56 60 15 43 61
Primary production from ROMS, mmolfu™* 122 115 110 107 101 96 92 87 77 73
11°S transect St. 1 St. 2 St. 3 St. 4 St.5 .6St
Measured data
Water depth, m 85 259 315 397 695 978
Sediment accumulation rate ), cm yr*™ 0.3 0.06 0.05 0.05 0.08 0.052
Mass accumulation rate (MAR),mg? yr*° 1200 132 150 370 464 343
POC content at 10 cm (PQ{; %" 2.4 14.2 15.3 12.6 6.8 3.8
POC accumulation rate at 10 cm (PRG), g Cm?yr™° 29 19 23 46 32 13
Modelled data
POC accumulation rate at 10 cm, gré yr " 31 16 17 44 32 16
Benthic DIC flux, mmol rt d™*? 8.2 7.7 5.9 4.0 1.7 2.1
POC rain rate, mmol tThd™" 15.3 11.4 9.8 14.0 9.0 5.9
Carbon burial efficiency at 10 cm, % 47 32 40 71 81 64
Primary production from ROMS, mmolhu™ 112 94 91 88 80 76
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2 Determined fron?*%Ph (see Table S2 in the Supplement). Sedimentatites @t St. 2 (101 m) and St. 6 (250 m) were notsorea and
instead estimated from the neighbouring statiaRs.has a 20 %uncertainty.

b Calculated agace X (1 —¢(L)) % p x 10000 f = dry solid density, 2 g ci).

 For St. 8 at 1%5 (409 m) the content at 3 cm was used since tHerlying sediment is old, non-accumulating clayr fie OMZ stations the

mean POC content in the upper 10 cm was usedwidssapproximated as follows: PQC%) :%folo POC(x) dx where POC) is in %.

¢ Calculated as MAR x PQg/ 100.

¢ Mean fluxes calculated from the in situ TA and pG@easurements in two benthic chambers. No p@@asurements were made afSL1
Errors represent 50 % of the difference of the fiwges.

" Calculated as PQ@1o (in mmol m? d™) + Jpic

9 Calculated as PQ@&1o (in mmol m? d™?) / RRPOC x 100 %. Errors were calculated usingdsted error propagation rules assuming a 20 %
uncertainty inw,cc and POG.

h Calculated analogously to footnote d using modedlata.

I Calculated analogously to footnote f using modketiata.

k Calculated analogously to footnote g using modedlata.

™ Determined fronf*%Phs modelling (See Bohlen et al., 2011).

" For the OMZ stations, the mean POC content irufhpger 10 cm was used (see footnote c).

P Calculated as the depth-integrated POC degradatter(Bohlen et al., 2011).
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Table 3. Mean rates of organic carbon accumuladimh primary production on the Peruvian
margin from this study compared to global averdge®8urdige (2007) and Sarmiento and
Gruber (2006). Units: mmol thd™.

Burdige Sarmiento and

[0}
1's 12s (2007)*  Gruber (2006
POC accumulation
Shelf (0 — 200 m) 138 9.9 4.0 -
Upper slope (200 — 1000 m) 7.2 2.8 1.0 -
Total margin (O — 1000 m) 6.8 6.1 29(1.2) 14
Primary production (0 — 1000 m) 250 — 400 - 71

% From Table 4 and 5 in Burdige (2007) based ongelaumber of independent studies. The
number in parenthesis considers low POC buriasratsandy sediments.

® From Table 6.5.1 in that study.

¢ Range based on previous reports (Walsh, 1981;dQa#iet al. 2010 and references therein).
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Figure 1. Slope bathymetry (contours in m) and ftuersampling stations on the Peruvian margin at
11°S and 12°S (left). The two panels on the righows cross-sections of dissolved oxygen
concentrations (UM) measured using the CTD seraibrated against Winkler titrations (detection
limit 5 uM). The station locations are indicated by the kla@ngles and the CTD stations used to

make the plots are indicated by the grey diamonds.
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Figure 2. Measured (symbols) and modelled (cur?®Bp at 12S (see Bohlen et al. (2011) for
2%ph, at 1FS). Vertical error bars span the depth intervainfiwhere the sample was taken, whereas
horizontal error bars correspond to the analyticatertainty. Derived upper boundary fluxes and
bioturbation coefficients are listed in Table SBeTred arrows indicate the profile steps reflecthng
detection of*’Am and indicating the depth-position of the peakwectivities as follows: St. 4 = 3.7

+ 1.0 Bq kg', St. 5=5.8 + 0.99 Bq Kg St. 7 = 6.6 + 0.95 Bq Kg St. 9 = 2.2 + 0.68 Bq kg The
accuracy of the peak depth is defined by the sagpksolution. The red curve at St. 10 shows the
results of a model simulation using tA8Th-derived bioturbation coefficient of 100 emr’ (see

Appendix A).
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Figure 3. (a) Bulk sediment mass accumulation rates (b) aluminium accumulation rates af9.1
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Figure 4. Dissolved and solid phase biogeochemitzah for sediment cores from °® (filled

symbols) with model simulation results (red curvéjur sites are chosen to exemplify the general
trends on the middle shelf (St. 1, 74 m), outetfg|s. 5, 195 m), OMZ (St. 6, 244 m) and below the
OMZ (St. 10, 989 m). The full set of data and maesults is given by Dale et al. (unpub. data)oAls
shown (open symbols) are data from three sitesgaldf§ (St. 1 (85 m), 3 (315 m) and 6 (978 m);

Bohlen et al., 2011). For clarity, the simulatiames from 11S have been omitted and are presented

in Bohlen et al. (2011). POC and PON distributisrese not shown in that study and are shown for

the first time here.
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Figure 5. (a) Distance from the coastline versutemdepth, and (b) cumulative organic carbon burial

at 10 cm depth, (PQg; measured data, Table 2) along the two trans€besgrey shade highlights the
OMZ stations (ca. 200 to 450 m).
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Figure 6. Measured versus modelled (a) DIC fluxas @) carbon burial efficiencies (CBE) at®$2
The error bars are the uncertainties in Table 2.thick solid line is the 1:1 curve. The thin sdlites
and dashed lines denote + 25 % and + 50 % limitdherl:1 correlation, respectively. The uncertainty
in the measured DIC fluxes is equal to 50 % ofdifference of the two fluxes measured during each
lander deployment, that is, due to seafloor hetamegy (Table 2). This leads to a mean relativererr
in DIC flux of 20 to 30 % at I’°&. The uncertainty in the CBE is calculated by pgation of errors in
DIC flux and POC burial (Table 2).
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Figure 7. (@) Mean annual primary production (#) $odl the 12S transect calculated by the ROMS-
BioEBUS model (diamonds). Rain rates to the seaflsquares) and POC accumulation rates at 10
cm (stars) were estimated using the benthic meamms (Table 2). The solid line is a power law
regression through the PP data. (b) As (a) fdS1&xcept that rain rate is the modelled data. (c)
Fraction of PP that reaches the seafloor calculayedividing the rain rate by the PP calculatedrfro
the regression curve. The solid line is the predictin rate fraction at 1 according to the empirical
function of Betzer et al. (1984). The predictectfian for 1FS differs by a few percent only (omitted
for clarity). The grey shade highlights the OMZtitas (ca. 200 to 450 m).
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Figure 8. Carbon burial efficiency versus bulk seelit accumulation rate in contemporary ocean
sediments. Open and filled circles represent &ites studies with bottom water,620 uM and <20
LM, respectively; the former enclosed by the slitid (Canfield, 1993, 1994; Burdige, 2007; Hartnett
and Devol, 2003; Reimers et al., 1992). Euxinidirsg$ are also indicated. Stars are data from this
study for 12S (modelled data) and %2 (measured data). Blue stars indicate sites oshél, which
mostly have lower-than-expected CBE compared toettisting database. Green stars correspond to

the deep oxygenated sites, ®©20uM) with higher-than-expected CBE.

52



RRPOC / EP

0 0.5 1
0 ‘ |
200 -
400 - @
&
E i
S 600 -
(@)
800 -
| 0.54 (Th_is study)
1000 - J— Y e
------- 0.32 (Peru, 15°S)

Figure 9. Fraction of export production reaching siea floor at 11 and 3 (circles) referenced to the
datum at 101 m, where RRPOC = DIC flux + POC buridle black line is the best-fit curve (Eq. 8)
with an attenuation coefficient df = 0.54. The datum from St. 8 (circled) is not umgd in the
regression (see text). The blue and red lines shevopen-ocean attenuation coefficients derived by
Primeau (2006) and Martin et al. (1987), whereasdashed red line corresponds to sediment trap
data offshore of Peru at % (b = 0.32, Martin et al., 1987), all normalized tatynThe grey shade
highlights the OMZ stations (ca. 200 to 450 m).
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