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Abstract. The areal exposure of continental shelves duringl Introduction
glacial sea level lowering enhanced the transfer of erodible
reactive organic matter to the open ocean. Sea level fall alsdhe world ocean was a different environment during the
activated submarine canyons thereby allowing large rivers taylacial periods of the Pleistocene than it is today. The open
deposit their particulate load, via gravity flows, directly in the oceans with colder surface water temperatures and differ-
deep-sea. Here, we analyze the effects of shelf erosion anent ocean ventilation were likely enriched in €O0There
particulate matter re-routing to the open ocean during interdis also evidence from sediment proxies that oxygen levels of
glacial to glacial transitions, using a coupled model of the deep-sea waters were appreciably lower than today though
marine phosphorus, organic carbon and oxygen cycles. Thaot anoxic. For example, trends in authigenic uranium (U)
results indicate that shelf erosion and submarine canyon forand sedimentary molybdenum (Mo) concentrations point to
mation may significantly lower deep-sea oxygen levels, bydecreased bottom-water oxygen throughout the Atlantic and
up to 25%, during sea level low stands, mainly due to thein the Pacific, coinciding with glacial period&rancois et
supply of new material from the shelves, and to a lesser exal., 1997 Thomson et a).199Q Bertine and Turekiarl973
tent due to particulate organic matter bypassing the coastdlangini et al, 200 Dean et al.1997). In the sub-arctic Pa-
zone. Our simulations imply that deep-sea oxygen levels carific, authigenic U concentrations were higher for sediments
drop significantly if eroded shelf material is deposited to the deposited during glacial maxima, while Mo concentrations
seafloor. Thus the glacial ocean’s oxygen content could havevere not significantly higher, suggesting bottom waters oxy-
been significantly lower than during interglacial stages. Pri-genation was lower but did not reach full anoxia¢card et
mary production, organic carbon burial and dissolved phos-al., 2009. Phosphorus speciation in the North Atlantic, par-
phorus inventories are all affected by the erosion and reroutticularly the decrease of authigenic and iron bound phases
ing mechanisms. However, re-routing of the continental andduring Heinrich events 4 and 5, points to dysaerobic condi-
eroded shelf material to the deep-sea has the effect of decodions in the North Atlantic as wellTamburini et al, 2002.
pling deep-sea oxygen demand from primary productivity in Similarly, mass balance and modeling studigsy(e, 1988
the open ocean. P burial is also not affected showing a disBroecker 1982 Francois et a).1997 Peacock2006 have
connection between the biogeochemical cycles in the wateconcluded that deep-sea oxygen must have been lower during
column and the P burial record. glacial periods.

Low glacial oxygen concentrations in the deep-sea have
previously been attributed to changes in ocean circulation
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productivity in the surface ocearri(ippelli et al, 2007, by a mechanism similar to the Congo. If the fraction of con-
which increases the rate at which organic matter sinks to theinental material routed directly to the deep-sea is significant,
deep-sea, causing greater oxygen demand in deeper watetkis can have a potentially large effect on the biogeochemi-
There is, however, quite some debate about the circulatiortal functioning of the ocean, during periods of sea level low
and productivity of the ocean during glacial maxima. Recon-stand.

structions of circulation for the last glacial period range from

slower to faster than present day (see Table Tsandev et 12 The shelf nutrient hypothesis

al., 2008. Also many reports question whether productivity
was higher during glacial timéN@meroff et al. 2004 Fran-

i : . While organic-rich sediments are deposited on continental
cois et al, 1997 Dean et al.1997). Likely, primary produc- ! ganic-rl ' posi i

shelves during interglacials — with the sediments consisting

tion \:vas h||gh_er| n tsorr;e palr':s of F?e ocean, k.)Ut. lOV\ier n Otth(;of material arriving from the continents and primary produc-
ers. 'n a glacial-intergiacia’ transition scenario iImplementedy;, , o, the shelf — these same sediments are exposed as sea

in a box model for the carbon, oxygen and phosphorus Yevel recedes during glaciation. Not only does this reduce

cles in the ocearTsandev et al(2009 found global ocean the strength of the active margin sink, but it also leads to the

_productmty to dec”?‘."‘se during gla_ual st_ages_ compared toerosion of shelf sediments and their subsequent delivery to
interglacials. In addition, reduced circulation did not lead to

bV | q level the open ocearHlippelli et al., 2007). In our previous mod-
appreciably lower deep-sea gxygen eve S'_ _elling work (Tsandev et al.2008 the effect of a shrinking
Here, we explore two additional mechanisms that may, in

At ith the cl ic forci iod T shelf burial sink was considered, but that of shelf erosion on
combination with the climatic forcings studiedTisandev et 5,4 and nutrient transfer to the open ocean was not.

al. (2008, help explain the observed variations in deep-sea Erosi f lidated shelf sedi t duri lacial
oxygen levels and ocean primary production during glacial- -rosion ot unconsolidated sheft sediment during gacia
eriods has long been recognised and is based on observa-

interglacial cycles. In particular we consider two processes. . )
interglacial cy particutar w I Wo P tions of glacial sedimentBfoecker 1982 Damuth 1977

not generally included in biogeochemical models for the . ) .
glacial ocean: the transfer of suspended particulate matte'Flay’ 1994 Pollock 1997). This material was carried to the

via submarine canyons (“the river canyon hypothesis”) andcoastal ocean by rivers or runoff and exported offshore to

the erosion of recently deposited sediment from shelves exgeep-sea fans and abyssal plains by turbidity currents via

posed by sea level lowering (“the shelf nutrient hypothesis”).Smea“ne (_:anyons, where the rivers Were_ _connected to their
canyons. It is not clear whether the deposition of eroded ma-

terial was episodicHay, 1994 or continuous, spread over
thousands of year®@muth 1977). The timing and amount

At present, most rivers discharge on their adjacent shelve8f seédiment delivery to the deep-sea depends on the rate of
due to the high sea level stand. During glacial times, how-S€@ level change and other factovar{ Heijst et al.2001).

ever, with sea level dropping as much as 120 m below preserif! @1 case, the additional supply of large amounts of reac-
levels at the last glacial maximum (LGM4irbanks 1989 tive marine orgamc—rlch_shelf sediments likely had an impact
Lambeck and ChappelP002 Siddall 2003 many of the ~ ©N the carbon and nutrient cycles of the open ocean and on
world's large rivers were likely connected to submarine d€€P-S€a oxygen levels.
canyons Fagherazzi et 812004 Damuth 1977), with valley Another effect of sea level fall and shrinking of the coastal
incisions extending as far as 200-760 km from the shelf edg&eas is that the proximal coast may disappear altogether. This
(Possamentier200%; Rabouille et al.2009. Under these allows particulate material arriving from rivers to flow di-
settings, river suspended matter can be transported directliectly into the open ocean, whereas this material would oth-
downslope via gravity driven bottom flows or turbidity cur- €rwise be trapped in proximal sediments. Hence the absence
rents to the abyssal plainklripounoff et al, 2003 Damuth of a proximal coast has a twofold effect on the deep-sea nutri-
1977 Pinet 2008. ent supply: the exposed shelf becomes a source of nutrients
One notable modern day example of this type of land toand the continental particulate material flux can arrive to the
ocean transport is the Congo river and its submarine canyorPpen ocean. Thus the open ocean (and the deep-sea, where
It is the second largest river in the worlMi{liman, 1991 canyons transport particulate matter downslope) is fertilized
Vangriesheim et al20093 and it transfers particulate mat- With new carbon and nutrients.
ter directly to the deep sea through its canyon and associated Here, we use an existing biogeochemical mass balance
channel networkRabouille et al. 2009 Babonneau et al. model to assess the impact of coastal discharge through sub-
2002. As sea level falls, as it does during glaciations, andmarine canyons and shelf erosion on the biogeochemistry of
large rivers form connections to their submarine canyonsthe glacial ocean, by incorporating these processes in the ex-
upon shrinking of the continental shelf, an increasing fractionisting glacial-interglacial climate change scenaridséndev
of the continental particulate load becomes routed directly toet al. (2008. The results imply that shelf erosion, in com-
the deep ocean, rather than passing through the coastal shddination with particulate material rerouting via submarine
filter. The continental particulate material is then delivered canyons, has the potential to significantly impact the marine

1.1 The river canyon hypothesis
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glacial oxygen and carbon cycles and that it may help explain
deep-sea oxygen depletion during glacial periods. 1

2 Model description and implementation of new
mechanisms

We start from a model of the coupled marine phosphorus, or-
ganic carbon and oxygen cycleSlgmp and Van Cappellen
2007, as adapted for a 13 kyr residence time of phospho-
rus in the ocean by'sandev et al(2008. In the model,
phosphorus is assumed to limit global ocean primary pro-
duction, which is likely the case on glacial-interglacial time
scales (yrell, 1999.

1975

Interglacial coast — all material

—>
Prox
Coast

Glacial coast (Sl) — particulate material

H_/
exposed

shelf

The model specifically accounts for the role of the coastal
ocean as a filter for river inputs and redox dependent burial of
phosphorus. It includes two coastal boxes (proximal and dis-
tal coastal zones) and a surface open ocean and deep oce:
box (Fig. 1). Particulate and dissolved material enters the
ocean via the proximal zone. However, particulate mate-
rial is assumed to mineralize (into dissolved nutrients) or get exposed
buried as proximal sediment. In the original formulation of shelf
the model bySlomp and Van Cappelle(007) these pro-
cesses that occur in the proximal zone are not explicitly mod-
eled and only a dissolved nutrient (P) flux — flux (1) in Fig. 1
- frqm the continents is implemented. Materlal from the Fig. 1. Path of material in the coastal and open ocean during glacia-
proximal coastal ocean travels along the distal waters beforgons  Transfer of dissolved material, such as dissolved riverine
gme”f?tg ':jhe Otpl)e? (:ﬁean, leth tf;?hexceptlon of duﬁt], Wr#cg';e(l), always remains the same. Particulate material can become

eposits directly to the surface of the open ocean. |he effedierouted directly to the deep-sea by submarine canyons via tur-
of changing redox conditions on the burial of reactive P andbidites or other gravity flows. In rerouting scenario Sl a proximal
preservation of organic carbon is implemented as well. zone remains to rework and trap material arriving from the conti-

In this study, we use three different model settings for re-nent. River canyons (fraction F) then shunt material from the prox-
dox dependent burial of organic and authigenic phosphorusiMal coast to the deep-sea, bypassing the distal coast. In rerouting
(1) no redox dependent burial of organic or authigenic P;s_cenarlo_ SlI, the e_ntlre coast is bypassed and major rivers (frac-
(2) Moderately redox dependent burial: 25% of the organic |:,tlon.F) discharge directly to the deep-sea .(3). Additionally surface
and 50% of the authigenic P fractions is redox dependen ediment on exposed shelves can erode into the coastal ocean (2).

) . his sediment represents labile marine organic matter deposited
(Slomp and Van Cappelle2007); (3) Highly redox depen- during previous interglacial stages. We assume it contains 2% or-

dent P burial: 75% of the organic P and 90% of the authi-ganic carbon by weight and a C/P ratio of 300. Where river canyons
genic P fractions is redox dependeiiséndev and Slomp  form, this sediment is also shunted to the deep-sea along with the
2009. The actual strength of redox dependence of reactivecontinental particulate material.
P burial is not well known quantitatively, thus varying this
parameter is important to assess its contribution to oxygen
depletion in the deep-sea. The other two reactive P phasedeglaciation that follows, all forcings are revers@dgndev
(iron bound P and biogenic P) are not varied as the completet al, 2008.
redox dependence of iron bound P burial is well established, The shelf nutrient loading and river canyon rerouting (il-
and biogenic P is a minor component of the reactive P burialustrated in Fig. 1) were then added to the other glacial forc-
in marine sediments. ings outlined above for a total of 6 environmental parame-
The above outlined model was subjected to a spin-up proters perturbed during a glacial transition: ocean mixing, con-
cedure by applying multiple glacial-interglacial cycles to the tinental nutrient flux, surface water temperature, sea level,
system, as outlined inTéandev et a).2008, until it equili- shelf erosion and river canyon rerouting comprise the new
brates with the periodically changing climate parameters. Inaugmented glacial perturbation scenario. A shelf flux (2) is
each cycle, we assume a 100 kyr period of glaciation with aadded to the displaced proximal zone, representing the or-
30% decrease in ocean mixing, 10% decrease in river supplganic material eroding from the exposed shelf. The forma-
of P, 4°C lowering of sea surface temperatures and a shrinktion of submarine canyons for major rivers is implemented
ing of the continental shelves by 50%. During the 10 kyr of by rerouting the proximal particulate organic material (POC

river canyons

Glacial coast (Sll) — particulate material

river canyons
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and POP) to the deep-sea box for that fraction of the coast for If bypass of the coastal zone occurred for particulate ma-
which river canyons operate (F). This represents the transterial travelling via the world’s 20 major rivers (by water dis-
fer of the particulate load to the abyssal plains through tur-charge) it would represent 45% of the riverine water flux to
bidity currents in river canyons. Two different scenarios for the coastal zone (Global NEWS database;Begsen et a).
this implementation are tested: when a proximal part of the2005. We assess the potential effect of this rerouting mech-
shelf remains and separates the canyon head from the rivemism by varying the extent of continental particulate matter
outlet (SI) and when the river canyon intersects the entirererouting in the context of a glacial-interglacial cycle for both
continental shelf linking the particulate supply from exposedscenarios.
shelves (2) and from rivers (3) directly to the deep-sea (Sll). The “shelf nutrient hypothesis” is implemented by adding
We represent these end member situations, though in reality flux of particulate organic carbon to the ocean, representing
the global coast-line may have been comprised of a combinanew labile organic matter eroding from the aerially exposed
tion of such settings. The 6 environmental variables outlinedshelves into the receded coastal ocean — flux (2) in Fig. 1.
are therefore the only parameters imposed on the box model. The amount of material delivered to the sea via erosion
All other variables are allowed to vary dynamically and are of exposed shelves is estimated from the worlBodecker
considered as part of the system’s response. (1982 andHay and Southan(1977). Broecker(1982 esti-
Scenario | (SI) represents a bypass of the distal coastahates that 1.210° Tmol of carbon is transferred from aeri-
ocean for rivers which form submarine canyons. Therefore ally exposed shelves to the ocean. If we assume that this
small shallow proximal zone still remains between continen-carbon is eroded over a period of 50kyr, this is equiva-
tal particulate supply and the canyon head. Thus some filtertent to a flux of 2.3 Tmol/yr. Hay and Southan{1977)
ing of incoming material still occurs in the near shore zone,estimate an erosional flux of 1510“g sediment/yr or
namely the particulate material coming from the continents25 Tmol C/yr (at 2% C). For a 50 kyr deposition this equates
is processed and largely trapped in the proximal coast. Sceto 12.5<10° Tmol C over a full glaciation.
nario Il (SlI) represents a bypass of the full shelf (proximal Another way to estimate the erosional capacity of the
and distal zones) as is the case for the Congo. This meanshelves is to calculate their storage capacity during inter-
that the river and canyon head are connected thus completelglacials. The storage capacity of the shelves can be estimated
bypassing the continental shelf. Particulate material from thefrom the amount of material depositing during the inter-
continents now travels directly to the deep-sea as does maglacial period both from continental supply (terrestrial org C)
terial eroded off the exposed shelves. The dissolved compoand in-situ production (marine org C). The estimates of the
nent (SRP), delivered by rivers to the sea, travels the sameontinental supply of total organic carbon (TOC) to the ocean
unaltered path as the water cycle and there is no differenceange widely from 2.5 to 83 Tmol TOC/yrS¢hiinz and
between its behaviour under the standard glacial scenario anBichneider2000— see Table 1 for list of estimate sources).
Sl and Sll. In other words, there is a decoupling betweenAssuming 50% is particulate&SMmith and Hollibaugh1993
the fate of particulate and dissolved material arriving from Rabouille et al. 200]) yields 1.8—41.5 Tmol POC/yr. We
the continents, whereby dissolved nutrients travel along thegake an estimate of 25 Tmol/yr, which lies close to the POC
coastal zone, while particulate matter is able to avoid re-load of rivers estimated bitekkot (1988. During sea level
working on the coast and deposits in the deep-sea. As thaigh stands this load is almost exclusively deposited on the
coastal zone acts as a strong filter for organic material anaontinental shelvesSchiinz and Schneide200Q Bernes
nutrients, this re-routing of POC and POP has the effect 0f1982 1989 Hedges 1992. The burial of organic C on
supplying more reactive material to the deep, where it causethe shelves arising from in-situ production (marine org C)
additional oxygen demand. is taken from the box model (6.3 Tmol C/yiSlomp and Van
van Heijst and Postm@001) postulate that there is a de- Cappellen2007) and compares to the estimateRdbouille
lay between shelf emergence and connection of incisions ot al. (2001 of 8 Tmol C/yr. Therefore the combined ter-
the shelf (canyons) to the fluvial valley. We therefore inducerestrial and marine carbon storage of on the shelves dur-
a rerouting mechanism for particulate organic carbon andng sea level highstands is 31.3 TmolC/yr or a total of
phosphorus via submarine river canyons, 50 000 years afte8.1x 10° Tmol C for 10 kyr of interglacial deposition. Table 1
the onset of glaciation, when sea level has receded signifisummarizes the above data giving the possible range of par-
cantly (25% shelf loss); we assume that at that point sea leveiculate material load erodable during glacial sea level low
was sufficiently low to trigger the connection of submarine stands.
canyons to their feeding rivers. Based on observations of the The timing and manner in which shelf erosion occurs have
depositional dynamics of the Congo canyon (turbidites oc-an important effect on material delivery to the ocean. If
curring every 2-3 yeard/angriesheim et gl2009g, we can  erosion was continuou®émuth 1977 then material fluxes
assume the deposition of canyon fan sediments to the deepere likely smaller and were spread over a longer period of
ocean as being effectively quasi-continuous over glacialtime. If it was episodic lday, 1994, deposition likely oc-
interglacial timescales. curred over a short time period with large fluxes. We as-
sume here that shelf erosion occurred over the later stage of
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Table 1. Estimates of flux of organic matter eroded from exposed shelves and supplied to the ocean during sea level low stand of glacial
periods.

Low end estimate  Carbon storage on shelves High end estimate
(Broecker 1982 during interglacial KHay and Southanl977)
shelf sed. eroded (g) 18020 1.88x 1070 7.5x 1070
org C (%) 1% 2% 2%
c/p 300* 300* 300*
org C () 1.5¢10'8 3.8x10'8 15x10!8
org C (Tmol) 1.10° 3.1x10° 12.5x10°
org C (Tmolfyr)** 2.3 6.3 25
* C/P ratio used in box model.
** Based on delivery over 50 kyr.
glaciation and the LGM, when continental shelves were most sl

No rerouting

exposed. We implement continuous moderate erosion — tota o
particulate load delivered over the last 50 kyr of glaciation _
— which could represent slow uninterrupted erosion and de- s
position or very frequent and rapid depositional pulses suchi

as seen in the Congo faRgbouille et al. 2009, on time
scales much shorter than glacial transitions. We note how-—

a (uM)

45% rerouting,
Sl

[0;] de:

No Redox Dependence

ever, there are other possible erosion scenarios, such as ir — Moderate Redox Dependence
. . — High Redox Dependence
terspersed pulses of shelf sediment slumping to the sea a o
various points during glaciation. However, since we do not 0 20 40 6 80 100 0 4E¥5  BEY5  1EY6
have good constraints to define such a scenario we test thc % rerouting Tmol POC eroded from shelves

simplified version detailed above. ) o ) ]
Fig. 2. Effect of submarine river canyon formation (and rerouting

of particulate material) and shelf erosion on deep-sea oxygen con-
3 Results and discussion centrations at the last glacial maximum (LGM). Left hand side plot:

rerouting of particulate material past the coast via submarine river
The connection of river canyons to their rivers upon sea levefFanyons. Light gray lines represent a system where organic and
low stand, thus rerouting the particulate load directly to theuthigenic P burial are not redox dependent. Dark grey lines rep-
deep-sea, has some effect on deep-sea oxygen levels (Fig. étﬁsent a moderate redox dependence (25% in organic P, 50% in au-

Rerouting scenario Sl, where a proximal filter still exists, has 'genic P) as described in Slomp and Van Cappellen (2007). Black

| ’ ff . icul he di IIine represents high redox dependent burial of P (75% in organic P,
only a minor effect — rerouting particulates past the dista 90% in authigenic P) as implemented in Tsandev and Slomp (2009)

coastal zone lowers deep-sea oxygen levels by a few UM & anoxic settings. Both rerouting scenarios detailed in Fig. 1 are
most, even if all of the continental rivers were connected tOplotted. Right hand side plot: a shelf erosion flux is applied as an

submarine canyons of this form. This is likely due to the fact event in the late glacial stage (50 kyr) leading to the LGM. Results
that in our model the proximal zone is an efficient filter of are shown both for shelf erosion without river canyon rerouting and
incoming continental material. Most of the continental load with rerouting according to scenario SlI. The results for Sl lie within
of POC and POP is assumed to be buried or decomposeiie plotted range.
in the proximal coast (where oxygen demand is not calcu-
lated as it is assumed shallow enough to be equilibrated with
the atmosphere). Therefore, river canyons which do not by- Rerouting scenario Sll, on the other hand, where river
pass the proximal zone play a minor role in fertilizing the canyons shunt the particulate load from rivers — flux (3) in
deep-sea as their input is filtered by a proximal coast whichFig. 1 — directly to the deep-sea, is a much more efficient
is very effective in processing and burying particulate mate-way to fertilize the deep ocean and increase its oxygen de-
rial. Furthermore, the distal coastal zone is already signif-mand. Once the trapping ability of the proximal coast is by-
icantly decreased during glacial times due to receding se@assed, the particulate load of C and P arriving to the abyssal
level; thus bypassing an already shrinking sink has a smalplains is significantly increased. The net effect is that, the
effect on open ocean dynamics. absence of an active proximal zone filter allows the deep-sea
nutrient supply to increase significantly and oxygen demand

www.biogeosciences.net/7/1973/2010/ Biogeosciences, 7, 1983-2010
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180 Combining the effects of shelf erosion and the rerouting
of particulate material to the deep-sea has even stronger ef-
fects (Fig. 2). In the case of rerouting scenario Sll, when

2 160 the continental particulate load is augmented with material
3 eroded from the exposed surrounding shelf, deep-sea oxygen
% levels can drop below 80 uM. Even if this synergy of shelf
3 erosion and deep-sea deposition does not occur throughout
= 140 _ , : . S o
o) No erosion, No rerouting the entire continental coastline, it could cause significantly
—— 6.3 Tmol Clyr, Sl - 45% of coast depleted deep-sea oxygen zones in some areas where both
—— 6.3 Tmol Clyr, SlI - 45% of coast mechanisms are at play. One example of this interplay could
120 be the anomaly of 15-20 uM of oxygen near the outlet of the
100000 70000 40000 10000 Congo canyon at 4000 nvéngriesheim et al20098).
Time before present (years) When we examine the temporal variation in deep-sea oxy-

. . . ~gen throughout the glacial-interglacial transition (Fig. 3) we
Fig. 3. The evolution of deep-sea oxygen concentrations during asee that the oxygen levels under a shelf erosion flux deviate
glacial-interglacial cycle in the model. The light gray line repre- ¢ 4 those of the glacial-interglacial scenario of Tsandev et
sents a glacial interglacial climate change scenario as detailed i : . .

Tsandev et al. (2008) without modifications. It corresponds to the%I' (2.008) (“.ght gray I|ne).. Oxygen concentratlons atthe last
glacial maximum (LGM) in the standard scenario are com-

oxygen profile of Fig. 6 in Tsandev et al.2008. The dark gray , ) .
line corresponds to the same glacial scenario with an additional qu)parabIe to today’s levels (167 pM — from Fig. 3) while the

of material eroded from exposed shelves (Table 1) and the forma®Xygen levels when shelf Qrosion is present are not_iceably
tion of submarine canyons for major rivers (for 45% of the coast lower (Qark gray and black lines). _|f weuse the organic mat-
ocean) according to routing Sl. The black line corresponds to theter sedimented on the shelves during an interglacial as the es-

glacial scenario plus a flux of material eroded from exposed shelvesimate of the amount of labile organic matter that could have
and the formation of submarine canyons for major rivers (45% of eroded during glaciation (3><]_’|_0'5 Tmol C — Table 1) and we
coastal ocean) according to routing scenario SllI. All runs assume g@eliver such a load to the sea during glaciation (6.3 Tmol C/yr
moderate redox dependence in P burgib(p and Van Cappellen  gyer 50 000 yr), the deep ocean can reach oxygen levels near
2007). 125 uM. If more labile organic matter underlies the material
deposited during the previous interglacial still further oxygen
to increase as well, causing oxygen levels to drop by up tadepletion is possible.
50 uM. Given the impact of shelf erosion and submarine river
The erosion of shelf sediment during sea level recessiortanyons on deep-sea oxygen levels, we look at the cor-
— flux (2) in Fig. 1 — has a potentially significant effect on responding effect on the other associated biogeochemical
the oxygen demand in the deep-sea. The range of shelf er@ycles in the context of glacial-interglacial climate change
sion estimates, detailed in Table 1, shows that such a flux caFig. 4). We examine the effect of augmenting the glacial-
potentially cause severe oxygen depletion in deep-sea wanterglacial changes implemented in Tsandev et al. (2008)
ters (Fig. 2). Deep-sea oxygen levels can drop below 100 pMwith both rerouting mechanisms by river canyons, shelf ero-
during glaciations as opposed to 170 uM during interglacialssion, and their combined effects. Reservoir and flux values
Given the relatively low oxygen concentrations attained for the biogeochemical cycles of P and C at the last glacial
when higher sediment loads are delivered to the ocean, wenaximum (LGM) are compared to the standard glacial-
also examined the role of redox dependent burial of phosinterglacial scenario implemented in Tsandev et al. (2008)
phorus. Redox dependent burial of reactive P can accentuaidight gray bars). The net effect of all the mechanisms is
the effect of shelf erosion; when the redox sensitivity of P re-some ocean fertilization. Dissolved reactive P (SRP) in-
cycling from sediments is high, the recycled P fertilizes the creases in the deep-sea and correspondingly so does primary
surface ocean and creates greater respiratory demand froproduction. Rerouting scenario S| has a negligible effect
the settling POC. The difference between considering highlywhile shelf erosion and rerouting scenario Sll have a more
redox sensitive P burial and no redox sensitive P burial ispronounced effect. The combination of shelf erosion and
negligible at low erosion fluxes but could result in ca. 40 uM river canyon rerouting has the greatest impact on the fertil-
difference in deep-sea oxygen levels for high erosion fluxesity of the open sea. However, as primary production is 11%
This is because in well oxygenated deep-sea environment®wer during the LGM than during the interglacial period (re-
(when carbon respiration demands are low) redox dependersult of Tsandev et al., 2008 — Fig. 6), this fertilisation only
P burial is not significant mostly because it is not observed.brings the production in the ocean at the LGM close to inter-
However, once oxygen levels drop (under higher carbon resglacial levels but not much above them. Thus the net trend
piration demands), an accurate description of the redox deef a low production ocean during glacial times still remains
pendence of reactive P burial becomes increasingly more imeespite greatly increased oxygen demand in the deep-sea.
portant.
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Fig. 4. Effect of shelf erosion and rerouting of particulate material during glaciations on the biogeochemical cycling of the open ocean at
the last glacial maximum (LGM). Light gray bars represent the values of biogeochemical variables (dissolved P reservoir (SRP), primary
production, respiration demand, organic C and reactive P burial) at the LGM for the standard glacial-interglacial scenario used in Tsandev
et al. (2008). Dark gray bars illustrate the change of value in these variables under different scenarios implemented in this paper. The
5 scenarios include the standard glacial scenario of Tsandev et al. (2008) plus formation of submarine canyons according to scenario Sl anc
formation of submarine canyons according to Sll, the erosion of 6.3 Tmol C/yr over 50 kyr (shelf erosion), and a combination of the above.
In all cases, moderate redox dependent burial of organic and authigenic P is assumeslampeand Van Cappellgj2007).

An interesting result is the respiration demand created inlabile material supplied from the shelves, deep-sea P burial
the open ocean. While the oxygen demand roughly followsincreases by no more than 4%. This is because, as oxygen
the primary production trend it is actually higher for rerout- levels fall, P is actively recycled to the water column. There-
ing scenario Sll than for shelf erosion. Also, while primary fore the fertilization of the ocean by labile organic material
production remains relatively low (only 7% higher) under from land and coast goes unrecorded in the buried P record.
Sll, oxygen demand increases (10% higher) and similarlyOur finding that P burial records do not change significantly
when erosion and Sll are combined. This implies that, inover glacial time scales is in accordance with observations
the case of routing scenario SlI, the rerouting of material tofor sediments from various ocean regions publisheddm-
the deep-sea has the effect of decoupling deep-sea oxygdsurini and Blimi (2009. In contrastFilippelli et al. (2007
levels from the biogeochemical activity of the ocean, mak-finds increased P burial at several high production sites in
ing low oxygen levels possible even for an ocean which isthe Southern Ocean. Note, however, that our box model re-
not fertilized enough to create a high oxygen demand fromsults refer to a total ocean average where productivity was
in-situ primary production. not greater during glaciation and direct comparison to spe-

The Variabie most aﬁected by river Canyons and the par.CifiC sites is difficult as local parameters often influence be-
ticulate load from the continents and shelves is organic carhaviour. Our finding that phosphorus burial cannot be readily
bon burial in the deep-sea which increases twice as muchised as a proxy for ocean productivity or organic matter flux
as the dissolved phosphate reservoir. Therefore, most of tht the seafloor is an important one; P burial is dependent on
Carbon arriving from the Continent iS buried in ocean Sedi_l’edOX Conditions in the Sediment Wthh can Change the trend
ments, which helps explain why ocean productivity can re-in burial irrespective of the activity of the overlying water
main relatively low despite high loads of labile organic ma- column and decouple the P record from the productivity of
terial. These model results are supported by observations df€ ocean.
elevated organic matter burial in glacial sediments for various
locations, including the Amazon fa6fi , 1997), the Gulf
of Mexico (Newmann et a).1973 and the continental mar-
gins of Africa and South AmericaMollenhauer et a 2004).

Phosphorus burial on the other hand is nearly unaffected by
the resulting ocean fertilization; even with large amounts of
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4 Conclusion and implications A boost of organic matter to the ocean invariably creates
a higher nutrient load in the open ocean and increases pri-
The effect of rerouting particulate material to the deep oceammary production and burial of carbon. Thus the ocean can
via submarine river canyons promotes lower oxygen levelshecome somewhat fertilized without invoking fertilization by
during sea level low stands. More importantly, it also decou-micronutrients such as iron. And deep-sea oxygen levels can
ples deep-sea oxygen content from the productivity of thebe lowered without invoking any further slowdown in circu-
surface ocean. That is, the open ocean does not need to We&tion or drastic increases in primary production. Therefore,
very active in terms of primary production to cause oxygenerosion processes on the continent and shelves can help ex-
demand in the deep-sea during glaciations. However, thiglain low oxygen levels in the deep-sea at the LGM in addi-
effect is only felt strongly when the coast is completely by- tion to previous proposals that circulation slowdown or iron
passed by canyon incisions all the way into the river mouthfertilization caused the oxygen demand in the deep-sea at
and much less so if a proximal coastal filter remains betweergylacial times.
the rivers and their submarine canyons. Though this result For an ocean already depleted in oxygen, the redox depen-
may be surprising, giving the amount of reactive material thatdent burial of calcium associated phases and organic phases
is being shunted to the open ocean, it is not as surprising if phosphorus becomes increasingly important as it is a pos-
the context of a glacial scenario. Rerouting of the particulateitive feedback, fueling further oxygen depletion by recycling
matter delivered by major rivers, occurs in the late stage ofP from sea sediments. For moderately oxygenated deep-sea
glaciation when sea level is already low. Continental shelvesyaters & 100 uM [Q]), the role of redox dependent P burial
(the distal zone) are already shrunk by 25% and another 25%n oxygen depletion is small (Fig. 2). As Fig. 4 shows, the
is lost as the major rivers begin to form canyons and dis-redox dependent nature of P burial can leave the reactive P
charge particulate material to the deep. Thus, removing theeservoir in sediments quite insensitive to even major alter-
distal zone for half of the continental supply has a reducedations of the marine biogeochemical cycles. It is therefore
effect, as the already shrinking continental shelves play arparamount that more investigations are done on the mecha-
increasingly smaller role towards the end of the glacial pe-nisms by which P is recycled from sediments under changing
riod. In the presence of a proximal shelf, there will always redox conditions and a better quantitative relationship be es-
be significant trapping of material in the coastal ocean thugablished between oxygen in overlying waters and reactive
dampening the effect of submarine canyons. P burial.

If large amounts of organic matter were available on con- In summary, we show that the erosion of shelf sediments
tinental shelves and became eroded during sea level lovand formation of submarine canyons by large rivers have a
stands, the glacial ocean’s oxygen would be markedly dif-potentially significant impact on ocean oxygen levels during
ferent at the LGM. We do not know exactly what amounts glacial transitions. The continental shelves, which during in-
of erodible labile shelf sediment are most likely, but within terglacial stages act as sinks of carbon and phosphorus com-
the range of values suggested in the literature we already sdag from land, can turn into sources of those elements and
an impact on the ocean’s oxygen levels during sea level lonthe shunting of labile material to the deep-sea can decouple
stands. The arrival of extra particulate organic matter fromthe deep-ocean’s oxygen demand from the primary produc-
the erosion of exposed shelves, constitutes a supply of newion of the overlying surface ocean. We also show that under
labile material to the ocean. As sea level continuously re-declining redox conditions the P burial record is completely
cedes during glaciation, more and more shelves become exdecoupled from the other biogechemical cycles as the redox
posed to erosion and, through that erosion, the coast becometgpendent nature of P burial becomes increasingly impor-
a source of carbon and nutrients to the ocean, rather than tant when bottom water oxygen levels drop near and below
filter (which is its role during interglacial stages). Depending 100 uM.
on the amount of material being supplied and the manner in
which it is delivered, this mechanism can have a potentia||yAcknowIedgementsThis research was m_ade possi_ble_t?y financial
great impact on open ocean processes. If, late in the g|aci&gupport from the Netherlands Organisation for Scientific R_esea_rch
period, the sediment deposited on shelves during interglacialY!P! @nd van Gogh grants to C. P. Slomp) and Utrecht University
sea level high-stands (3<ILCP Tmol C) becomes eroded and HiPo grant to C. P. Slomp). C. _Rabounle t_hanks the Blo_zalre

. . rogramme and the CHACCRA-RIOMAr project, who provided
_dellvered to the ocean, the oxygen demand in the deep-s%nding_ This is LSCE contribution 4212.
increases enough to draw deep-sea oxygen levels down to
values near 125 uM. Edited by: K. Kisel

Therefore, although we cannot say that there was enough
shelf organic matter to drive complete oxygen depletion in
the deep-sea during glaciations, we can say that there was at
least enough organic matter on the shelves to cause signifi-
cant oxygen demand and do so without affecting the fertility
of the open ocean to the same extent during glacial times.

Biogeosciences, 7, 1978982 2010 www.biogeosciences.net/7/1973/2010/



I. Tsandev et al.: Glacial deep-sea oxygen 1981

References Hedges, J. I.: Global biogeochemical cycles: progress and prob-
lems, Mar. Chem., 39, 67-93, 1992.
Babonneau, N., Savoye, B., Cremer, M. and Klein, B.: Morphology Ittekkot, V.: Global trends in the nature of organic matter in river
and architecture of the present canyon and channel system of the suspensions, Nature, 332, 436-438, 1988.
Zaire deep-sea fan, Mar. Petrol. Geol., 19(4), 445-467, 2002. Jaccard, S. L., Galbraith, E. D., Sigman, D. M., Haug,
Berner, R. A.: Burial of organic carbon and pyrite sulfur in the  G. H., Francois, R., and Pedersen, T. F.: Subarctic Pa-
modern ocean: its geochemical and environmental significance, cific evidence for glacial deepening of the oceanic respired
Am. J. Sci., 282, 451-473, 1982. carbon pool, Earth Planet. Sc. Lett, 277(1-2), 156-165,
Berner, R. A.: Biogeochemical cycles of carbon and sulfur and  doi:10.1016/j.epsl.2008.10.017, 2009.
their effect on atmospheric oxygen over phanerozoic time, Pa-Khripounoff, A., Vangriesheim, A., Babonneau, N., Crassous,

leogeogr. Paleoclimatol. Paleoecol., 75, 97-122, 1989. P., Dennielou, B., and Savoye, B.: Direct observation of in-
Bertine, K. and Turekian, K. K.: Molybdenum in marine deposits,  tense turbidity current activity in the Zaire submarine val-
Geochim. Cosmochim. Ac., 37, 1415-1434, 1973. ley at 4000 m water depth, Mar. Geol., 194(3-4), 151-158,

Beusen, A. H. W., Dekker, A. L. M., Bowmann, A. F., Lun- doi:10.1016/S0025-3227(02)00677-1, 2003.
wig, W., and Harrison, J.: Estimation of global river transport Lambeck, K. and Chappell, J.: Sea level change through the last
of sediments and associated particulater C, N, and P, Global glacial cycle, Science, 292(5517), 679-685, 2001.
Biogeochem. Cy., 19(4), GB4S05, doi:10.1029/2005GB002453,Mangini, A., Jung, M., and Laukenmann, S.: What do we learn

2005. from peaks of uranium and of manganese in deep-sea sedi-
Boyle, E. A.: Vertical oceanic nutrient fractionation and glacial in-  ments?, Mar. Geol., 177, 63—78, 2001.

terglacial CQ cycles, Nature, 331(6151), 55-56, 1988. Milliman, J. D.: Flux and fate of fluvial sediment and water in costal
Boyle, E. A.: Quaternary deep-water paleoceanography, Science, seas, in: Ocean Margin processes in global change, edited by:

249(4971), 863-870, 1990. Mantoura, R. F. C., Martin, J.-M., and Wollast, R., Wiley and
Broecker, W. S.: Glacial to interglacial changes in ocean chemistry, Sons, New York, 69—91, 1991.

Prog. Oceanogr., 11, 151-197, 1982. Mollenhauer, G., Schneider, R. R., Jennerjahn, T., Muller, P. J.,
Damuth, J. E.: LAte Quaternary sedimentation in the western equa- Wefer, G.: Organic carbon accumulation in the South Atlantic

torial Atlantic, Geol. Soc. Am. Bull., 88, 695-710, 1977. Ocean: its modem, mid-Holocene and last glacial distribution,

Dean, W. E., Gardner, J. V., and Piper, D. Z.: Inorganic geo- Global Planet. Change, 40(3—4), 249-266, 2004.
chemical indicators of glacial-interglacial changes in productiv- Miiller, P. J. and Suess, E.: Productivity, sedimentation rate and sed-
ity and anoxia on the California continental margin, Geochim.  imentary organic matter in the oceans: I. Organic carbon preser-
Cosmochim. Ac., 61(21), 4507-4518, 1997. vation, Deep-Sea Res., 26, 1347-1362, 1979.

Fagherazzi, S., Howard, A. D., and Wiberg, P. L.: Model- Nameroff, T. J., Calvert, S. E., and Murray, J. W.: Glacial-
ing fluvial erosion and deposition on continental shelves dur- interglacial variability in the eastern tropical North Pacific oxy-
ing sea level cycles, J. Geophys. Res., 109(F3), F03010, gen minimum zone recorded by redox-sensitive trace metals,
doi:10.1029/2003JF000091, 2004. Paleoceanography, 19(1), PA1010, doi:10.1029/2003PA000912,

Fairbanks, R. G.: A 17000 glacio-eustatic sea level record — in- 2004.
fluence of glacial melting rates on the Younger Dryas event andNewman, J. W., Parker, P. L., and Behrens, E. W.: Organic carbon
deep-ocean circulation, Nature, 342(6250), 637-642, 1989. ratios in Quaternary cores from the Gulf of Mexico, Geochim.

Filippelli, G. M., Latimer, J. C., Murray, R. W., and Flo- Cosmochim. Ac., 37, 225-238, 1973.
res, J. A.. Productivity records from the Southern OceanPeacock, S., Lane, E., and Respero, J. M.: A possible sequence
and the equatorial Pacific Ocean: Testing the glacial Shelf- of events for the generalized glacial-interglacial cycle, Global
Nutrient Hypothesis, Deep-Sea Res., 54(21-22), 2443-2452, Biogeochem. Cy., 20(2), GB2010, doi:10.1029/2005GB002448,
doi:10.1016/j.dsr2.2007.07.021, 2007. 2006.

Francois, R. Altabet, M. A., Yu, E. F.,, Sigman, D. M., Bacon, M. Pinet, P. R.: Marine sedimentation, in: Innovation to Oceanography,
P., Bohrmann, G., Bareille, G., and Labeyrie, L. D.: Contribu- 4 edition, Jone and Bartlett Publishers, London, 95-135, 2006.
tion od Southern Ocean surface-water stratification to low atmo-Pollock, D. E.: The role of diatoms, dissolved silicate and Antarctic
spheric CQ concentrations during the last glacial period, Na-  glacial/interglacial climatic change: A hypothesis, Global Planet.
ture, 389(6654), 929-935, 1997. Change, 14(3-4), 113-125, 1997.

Goii, M. A.: Records of terrestrial organic matter composition in Possamentier, H. W.: Lowstand alluvial bypass systems: Incised
Amazon Fan sediments, in Proceedings of the Ocean Drilling vs. unincised, Am. Assoc. Petr. Geol. B., 85(10), 1771-1793,
Program, Scientific Results, vol. 155, edited by: Flood, R. W.,  2001.

Piper, D. J. W,, and Peterson, L. C., Ocean Drill. Program, Col-Rabouille, C., Mackenzie, F. T., and Ver, L. M.: Influence of the
lege Station, Texas, 519-530, 1997. human perturbation on the carbon, nitrogen and oxygen bio-

Hay, W.: Pleistocene-Holocene fluxes are not the Earth’s norm, in:  geochemical cycles in the global coastal ocean, Geochim. Cos-
Material fluxes on the surface of the Earth, National Academy mochim. Ac., 65(21), 3615-3641, 2001.

Press, Washington, DC, 15-27, 1994. Rabouille, C., Caprais, J.-C., Lansard, B., Crassous, P., Dedieu,

Hay, W. and Southam, J. R.: Modulation of Marine sedimentation K., Reyss, J. L., and Khripounoff, A.. Organic matter
by the continental shelves, in: Marine Science 6. The fate of budget in the Southern Atlantic continental margin close to
fossil fuel CQ in the oceans, Plenum Press, New York, 596— the Congo canyon: In situ measurements of sediment oxy-
604, 1977. gen consumption, Deep-Sea Res. Pt. Il, 56(23), 2223-2238,

www.biogeosciences.net/7/1973/2010/ Biogeosciences, 7, 1982-2010



1982 I. Tsandev et al.: Glacial deep-sea oxygen

doi:10.1016/j.dsr2.2009.04.005, 2009. Tsandev, I., Slomp, C. P., and Van Cappellen, P.: Glacial-

Smith, S. V. and Hollibaugh, J. T.: Coastal metabolism and the interglacial variations in marine phosphorus cycling: Implica-
oceanic organic carbon balance, Rev. Geophys., 31, 75-89, 1993. tions for ocean productivity, Global Biogeochem. Cy., 22(4),

Schider-Ritzrau, A., Mangini, A., and Lomitschka, M.: Deep-sea  GB4004, doi:10.1029/2007GB003054, 2008.
corals evidence periodic reduced ventilation in the North Atlantic Tsandev, |. and Slomp, C. P.: Modeling phosphorus cycling and
during the LGM/Holocene transition, Earth Planet. Sc. Lett.,, carbon burial during Cretaceous Oceanic Anoxic Events, Earth
216(3), 399-410, doi:10.1016/S0012-821X(03)00511-9, 2003.  Planet. Sc. Lett., 286, 71-79, doi:10.1016/j.epsl.2009.06.016,

Schiinz, B. and Schneider, R. R.: Transport of terrestrial organic 2009.
carbon to the oceans by rivers: re-estimating flux- and burialTyrell, T.: The relative influences of nitrogen and phosphorus on
rates, Int. J. Earth Sci., 88, 599-606, 2000. oceanic primary production, Nature, 400, 525-531, 1999.

Siddall, M., Rohling, E. J., Almogi-Labin, A., Hemleben, C., Meis- Vangriesheim, A., Khripounoff, A., and Crassous, P.. Tur-
chner, D., Schmelzer, I., and Smeed, D. A.: Sea level fluctua- bidity events observed in-situ along the Congo subma-
tions during the last glacial cycle, Nature, 423(6942), 853-858, rine channel, Deep-Sea Res. Pt. Il, 56(23), 2208-2222,
doi:10.1038/nature01690, 2003. doi:10.1016/j.dsr2.2009.04.004, 2009.

Slomp, C. P. and Van Cappellen, P.: The global marine phosphoru¥angriesheim, A., Pierre, C., Aminot, A., Metzl, N., Bau-
cycle: sensitivity to oceanic circulation, Biogeosciences, 4, 155— rand, F., and Caprais, J.-C.: The influence of Congo
171, doi:10.5194/bg-4-155-2007, 2007. River discharges in the surface and deep layers of the

Tamburini, F., Huon, S., Steinmann, P., Grousset, F. E., Adatte, Gulf of Guinea, Deep-Sea Res. Pt. Il, 56(23), 2183-2196,
T., and Flimi, K. B.: Dysaerobic conditions during Hein- doi:10.1016/j.dsr1012.2009.1004.1002, 2009.
rich events 4 and 5: Evidence from phosphorus distributionvan Heijst, M. W. I. M. and Postma, G.: Fluvial response to sea
in a North Atlantic deep-sea core, Geochim. Cosmochim. Ac., level changes: a quantitative analogue, experimental approach,
66(23), 4069-4083, 2002. Basin Res., 13(3), 269-292, 2001.

Tamburini, F. and Bllmi, K. B.: Phosphorus burial in the ocean van Heijst, M. W. I. M., Postma, G., Meijer, X. D., Snow, J. N.,
over glacial-interglacial time scales, Biogeosciences, 6, 501- and Anderson, J. B.: Quantitative analogue flume-model study
513, doi:10.5194/bg-6-501-2009, 2009. of river-shelf systems: principles and verification exemplified by

Thomson, J., Wallace, H. E., Colley, S., and Toole, J.: Authigenic the Late Quaternary Colorado river-delta evolution, Basin Res.,
Uranium in Atlantic sediments of the last glacial stage — a di- 13(3), 243—-268, 2001.
agenetic phenomenon, Earth Planet. Sc. Lett., 98(2), 222-232,

1990.

Biogeosciences, 7, 1978982 2010 www.biogeosciences.net/7/1973/2010/



