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Abstract

The areal exposure of continental shelves during glacial sea level lowering enhanced
the transfer of erodible reactive organic matter to the open ocean. Sea level fall also
activated submarine canyons thereby allowing large rivers to deposit their particulate
load, via gravity flows, directly in the deep-sea. Here, we analyze the effects of shelf
erosion and particulate matter re-routing to the open ocean during interglacial to glacial
transitions, using a coupled model of the marine phosphorus, organic carbon and oxy-
gen cycles. The results indicate that shelf erosion and submarine canyon formation
may significantly lower deep sea oxygen levels, by up to 25%, during sea level low
stands, mainly due to the supply of new material from the shelves, and to a lesser
extent due to particulate organic matter bypassing the coastal zone. Our simulations
imply that deep-sea oxygen levels can drop significantly if eroded shelf material is
deposited to the seafloor. Thus the glacial ocean’s oxygen content could have been
significantly lower than during interglacial stages. Primary production, organic carbon
burial and dissolved phosphorus inventories are all affected by the erosion and rerout-
ing mechanisms. However, re-routing of the continental and eroded shelf material to
the deep sea-sea has the effect of decoupling deep-sea oxygen demand from primary
productivity in the open ocean. P burial is also not affected showing a disconnection
between the biogeochemical cycles in the water column and the P burial record.

1 Introduction

The world ocean was a different environment during the glacial periods of the Pleis-
tocene than it is today. The open oceans with colder surface water temperatures and
different ocean ventilation were likely enriched in CO,. There is also evidence from
sediment proxies that oxygen levels of deep-sea waters were appreciably lower than
today though not anoxic. For example, trends in authigenic uranium (U) and sedi-
mentary molybdenum (Mo) concentrations point to decreased bottom-water oxygen
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throughout the Atlantic and in the Pacific, coinciding with glacial periods (Francois et
al., 1997; Thomson et al., 1990; Bertine and Turekian, 1973; Mangini et al., 2001; Dean
etal., 1997). In the sub-arctic Pacific, authigenic U concentrations were higher for sedi-
ments deposited during glacial maxima, while Mo concentrations were not significantly
higher, suggesting bottom waters oxygenation was lower but did not reach full anoxia
(Jaccard et al., 2009). Phosphorus speciation in the North Atlantic, particularly the
decrease of authigenic and iron bound phases during Heinrich events 4 and 5, points
to dysaerobic conditions in the North Atlantic as well (Tamburini et al., 2002). Simi-
larly, mass balance and modeling studies (Boyle, 1988; Broecker, 1982; Francois et
al., 1997; Peacock, 2006) have concluded that deep sea oxygen must have been lower
during glacial periods.

Low glacial oxygen concentrations in the deep-sea have previously been attributed to
changes in ocean circulation (Mangini et al., 2001; Schroder-Ritzrau, 2003), when the
ventilation of the deep-sea is reduced, or increased primary productivity in the surface
ocean (Filippelli et al., 2007), which increases the rate at which organic matter sinks
to the deep-sea, causing greater oxygen demand in deeper waters. There is, however,
quite some debate about the circulation and productivity of the ocean during glacial
maxima. Reconstructions of circulation for the last glacial period range from slower to
faster than present day (see Table 1 in Tsandev et al., 2008). Also many reports ques-
tion whether productivity was higher during glacial time (Nameroff et al., 2004; Francois
et al., 1997; Dean et al., 1997). Likely, primary production was higher in some parts of
the ocean, but lower in others. In a glacial-interglacial transition scenario implemented
in a box model for the carbon, oxygen and phosphorus cycles in the ocean, Tsandev et
al. (2008) found global ocean productivity to decrease during glacial stages compared
to interglacials. In addition, reduced circulation did not lead to appreciably lower deep
sea oxygen levels.

Here, we explore two additional mechanisms that may, in combination with the cli-
matic forcings studied in Tsandev et al. (2008), help explain the observed variations
in deep-sea oxygen levels and ocean primary production during glacial-interglacial
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cycles. In particular we consider two processes not generally included in biogeochem-
ical models for the glacial ocean: the transfer of suspended particulate matter via sub-
marine canyons (“the river canyon hypothesis”) and the erosion of recently deposited
sediment from shelves exposed by sea-level lowering (“the shelf nutrient hypothesis”).

1.1 The river canyon hypothesis

At present, most rivers discharge on their adjacent shelves due to the high sea level
stand. During glacial times, however, with sea level dropping as much as 120 m be-
low present levels at the last glacial maximum (LGM) (Fairbanks, 1989; Lambeck and
Chappell, 2001; Siddall, 2003) many of the world’s large rivers were likely connected
to submarine canyons (Fagherazzi et al., 2004; Damuth, 1977), with valley incisions
extending as far as 200-760 km from the shelf edge (Possamentier, 2001; Rabouille
et al., 2009). Under these settings, river suspended matter can be transported directly
downslope via gravity driven bottom flows or turbidity currents to the abyssal plains
(Khripounoff et al., 2003; Damuth, 1977; Pinet, 2006).

One notable modern day example of this type of land to ocean transport is the Congo
river and its submarine canyon. It's the second largest river in the world (Milliman,
1991; Vangriesheim et al., 2009a) and it transfers particulate matter directly to the
deep sea through its canyon and associated channel network (Rabouille et al., 2009;
Babonneau et al., 2002). As sea level falls, as it does during glaciations, and large
rivers form connections to their submarine canyons, upon shrinking of the continental
shelf, an increasing fraction of the continental particulate load becomes routed directly
to the deep ocean, rather than passing through the coastal shelf filter. The continental
particulate material is then delivered by a mechanism similar to the Congo. If the
fraction of continental material routed directly to the deep sea is significant, this can
have a potentially large effect on the biogeochemical functioning of the ocean, during
periods of sea-level low stand.
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1.2 The shelf nutrient hypothesis

While organic-rich sediments are deposited on continental shelves during interglacials
— with the sediments consisting of material arriving from the continents and primary
production on the shelf — these same sediments are exposed as sea level recedes
during glaciation. Not only does this reduce the strength of the active margin sink, but
it also leads to the erosion of shelf sediments and their subsequent delivery to the open
ocean (Filippelli et al., 2007). In our previous modelling work (Tsandev et al., 2008) the
effect of a shrinking shelf burial sink was considered, but that of shelf erosion on carbon
and nutrient transfer to the open ocean was not.

Erosion of unconsolidated shelf sediment during glacial periods has long been recog-
nised (Broecker, 1982; Damuth, 1977; Hay, 1994; Pollock, 1997). This material was
carried to the coastal ocean by rivers or runoff and exported offshore to deep-sea fans
and abyssal plains by turbidity currents via submarine canyons, where the rivers were
connected to their canyons. It is not clear whether the deposition of eroded material
was episodic (Hay, 1994) or continuous, spread over thousands of years (Damuth,
1977). The timing and amount of sediment delivery to the deep-sea depends on the
rate of sea level change and other factors (van Heijst et al., 2001). In any case, the ad-
ditional supply of large amounts of reactive marine organic-rich shelf sediments likely
had an impact on the carbon and nutrient cycles of the open ocean and on deep-sea
oxygen levels.

Another effect of sea-level fall and shrinking of the coastal seas is that the proximal
coast may disappear altogether. This allows particulate material arriving from rivers to
flow directly into the open ocean, whereas this material would otherwise be trapped in
proximal sediments. Hence the absence of a proximal coast has a twofold effect on
the deep-sea nutrient supply: the exposed shelf becomes a source of nutrients and the
continental particulate material flux can arrive to the open ocean. Thus the open ocean
(and the deep-sea, where canyons transport particulate matter downslope) is fertilized
with new carbon and nutrients.
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Here, we use an existing biogeochemical mass balance model to assess the im-
pact of coastal discharge through submarine canyons and shelf erosion on the bio-
geochemistry of the glacial ocean, by incorporating these processes in the existing
glacial-interglacial climate change scenario of Tsandev et al. (2008). The results im-
ply that shelf erosion, in combination with particulate material rerouting via submarine
canyons, has the potential to significantly impact the marine glacial oxygen and carbon
cycles and that it may help explain deep-sea oxygen depletion during glacial periods.

2 Model description and implementation of new mechanisms

We start from a model of the coupled marine phosphorus, organic carbon and oxy-
gen cycles (Slomp and Van Cappellen, 2007), as adapted for a 13 kyr residence time
of phosphorus in the ocean by Tsandev et al. (2008). In the model, phosphorus is
assumed to limit global ocean primary production, which is likely the case on glacial-
interglacial time scales (Tyrell, 1999).

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 (proxi-
mal and distal coastal zones) and a surface open ocean and deep ocean box (Fig. 1).
Particulate and dissolved material enters the ocean via the proximal zone. However,
particulate material is assumed to mineralize (into dissolved nutrients) or get buried as
proximal sediment. Thus only a dissolved nutrient (P) flux (flux (1) in Fig. 1) from the
continents is implemented. Material from the proximal coastal ocean travels along the
distal waters before entering the open ocean, with the exception of dust, which deposits
directly to the surface of the open ocean. The effect of changing redox conditions on
the burial of reactive P and preservation of organic carbon is implemented as well.

In this study, we use three different model settings for redox dependent burial of
organic and authigenic phosphorus: 1) no redox dependent burial of organic or authi-
genic P; 2) Moderately redox dependent burial: 25% of the organic P and 50% of the
antigenic P fractions is redox dependent (Slomp and Van Cappellen, 2007); 3) Highly
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redox dependent P burial: 75% of the organic P and 90% of the authigenic P fractions
is redox dependent (Tsandev and Slomp, 2009). The actual strength of redox depen-
dence of reactive 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 phases (iron bound P and biogenic P) are not varied as the complete
redox dependence of iron bound P burial is well established, and biogenic P is a minor
component of the reactive P burial in marine sediments.

The above outlined model was subjected to a spin-up procedure by applying multiple
glacial-interglacial cycles to the system, as outlined in (Tsandev et al., 2008), until
it equilibrates with the periodically changing climate parameters. In each cycle, we
assume a 100 kyr period of glaciation with a 30% decrease in ocean mixing, 10%
decrease in river supply of P, 4 °C lowering of sea surface temperatures and a shrinking
of the continental shelves by 50%. During the 10 kyrs of deglaciation that follows, all
forcings are reversed (Tsandev et al., 2008).

The shelf nutrient and river canyon mechanisms discussed earlier are then applied
to the equilibrated model as illustrated in Fig. 1. These are used to test the river canyon
and shelf nutrient hypotheses. A shelf flux (2) is added to the displaced proximal zone,
representing the organic material eroding from the exposed shelf. The formation of
submarine canyons for major rivers is implemented by rerouting the proximal particu-
late organic material (POC and POP) to the deep sea box for that fraction of the coast
for which river canyons operate (F). This represents the transfer of the particulate load
to the abyssal plains through turbidity currents in river canyons. Two different scenarios
for this implementation are tested: when a proximal part of the shelf remains and sep-
arates the canyon head from the river outlet (SI) and when the river canyon intersects
the entire continental shelf linking the particulate supply from exposed shelves (2) and
from rivers (3) directly to the deep sea (SII). We represent these end member situa-
tions, though in reality the global coast-line may have been comprised of a combination
of such settings.
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Scenario | (Sl) represents a bypass of the distal coastal ocean for rivers which form
submarine canyons. Therefore a small shallow proximal zone still remains between
continental particulate supply and the canyon head. Thus some filtering of incoming
material still occurs in the near shore zone, namely the particulate material coming
from the continents is processed and largely trapped in the proximal coast. Scenario Il
(SII) represents a bypass of the full shelf (proximal and distal zones) as is the case
for the Congo. This means that the river and canyon head are connected thus com-
pletely bypassing the continental shelf. Particulate material from the continents now
travels directly to the deep-sea as does material eroded off the exposed shelves. The
dissolved component (SRP), delivered by rivers to the sea, travels the same unaltered
path as the water cycle and there is no difference between its behaviour under the
standard glacial scenario and Sl and SlI. In other words, there is a decoupling between
the fate of particulate and dissolved material arriving from the continents, whereby dis-
solved nutrients travel along the coastal zone, while particulate matter is able to avoid
re-working on the coast and deposits in the deep-sea. As the coastal zone acts as
a strong filter for organic material and nutrients, this re-routing of POC and POP has
the effect of supplying more reactive material to the deep, where it causes additional
oxygen demand.

van Heijst and Postma (2001) postulate that there is a delay between shelf emer-
gence and connection of incisions on the shelf (canyons) to the fluvial valley. We there-
fore induce a rerouting mechanism for particulate organic carbon and phosphorus via
submarine river canyons, 50000 years after the onset of glaciation, when sea level
has receded significantly (25% shelf loss); we assume that at that point sea level was
sufficiently low to trigger the connection of submarine canyons to their feeding rivers.
Based on observations of the depositional dynamics of the Congo canyon (turbidites
occurring every 2—3 years; Vangriesheim et al., 2009a), we can assume the deposition
of canyon fan sediments to the deep ocean as being effectively quasi-continuous over
glacial-interglacial timescales.
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If bypass of the coastal zone occurred for particulate material travelling via the world’s
20 major rivers (by water discharge) it would represent 45% of the riverine water flux
to the coastal zone (Global NEWS database, see Beusen et al., 2005). We assess the
potential effect of this rerouting mechanism by varying the extent of continental partic-
ulate matter rerouting in the context of a glacial-interglacial cycle for both scenarios.

The “shelf nutrient hypothesis” is implemented by adding a flux of particulate organic
carbon to the ocean, representing new labile organic matter eroding from the aerially
exposed shelves into the receded coastal ocean (flux (2) in Fig. 1).

The amount of material delivered to the sea via erosion of exposed shelves is esti-
mated from the work of Broecker (1982) and Hay and Southam (1977). Broecker (1982)
estimates that 1.2x10° Tmol of carbon is transferred from aerially exposed shelves to
the ocean. If we assume that this carbon is eroded over a period of 50 kyr, this is equiv-
alent to a flux of 2.3 Tmol/yr. Hay and Southam (1977) estimate an erosional flux of
150x10'* g sediment/yr or 25 Tmol C/yr (at 2% C). For a 50 kyr deposition this equates
to 12.5x10° Tmol C over a full glaciation.

Another way to estimate the erosional capacity of the shelves is to calculate their
storage capacity during interglacials. The storage capacity of the shelves can be esti-
mated from the amount of material depositing during the interglacial period both from
continental supply (terrestrial org C) and in-situ production (marine org C). The es-
timates of the continental supply of total organic carbon (TOC) to the ocean range
widely from 2.5 to 83 Tmol TOC/yr (Schlinz and Schneider, 2000 — see Table 1 for
list of estimate sources). Assuming 50% is particulate (Smith and Hollibaugh, 1993(@;
Rabouille et al., 2001) yields 1.8—41.5 Tmol POC/yr. We take an estimate of 25 Tmol/yr,
which lies close to the POC load of rivers estimated by Ittekkot (1988). During sea
level high stands this load is almost exclusively deposited on the continental shelves
(Schliinz and Schneider, 2000; Berner, 1982, 1989; Hedges, 1992). The burial of or-
agnic C on the shelves arising from in-situ production (marine org C) is taken from the
box model (6.3 Tmol C/yr — Slomp and Van Cappellen, 2007) and compares to the es-
timate of Rabouille et al. (2001) of 8 Tmol C/yr. Therefore the combined terrestrial and
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marine carbon storage of on the shelves during seal level highstands is 31.3 Tmol C/yr
or a total of 3.1x10° Tmol C for 10 kyrs of interglacial deposition. Table 1 summarizes
the above data giving the possible range of particulate material load erodable during
glacial sea-level low stands.

The timing and manner in which shelf erosion occurs have an important effect on
material delivery to the ocean. If erosion was continuous (Damuth, 1977) then material
fluxes were likely smaller and were spread over a longer period of time. If it was
episodic (Hay, 1994), deposition likely occurred over a short time period with large
fluxes. We assume here that shelf erosion occurred over the later stage of glaciation
and the LGM, when continental shelves were most exposed. We implement continuous
moderate erosion — total particulate load delivered over the last 50 kyrs of glaciation —
which could represent slow uninterrupted erosion and deposition or very frequent and
rapid depositional pulses such as seen in the Congo fan (Rabouille et al., 2009), on
time scales much shorter than glacial transitions. We note however, there are other
possible erosion scenarios, such as interspersed pulses of shelf sediment slumping
to the sea at various points during glaciation. However, since we do not have good
constraints to define such a scenario we test the simplified version detailed above.

3 Results and discussion

The connection of river canyons to their rivers upon sea level low stand, thus rerouting
the particulate load directly to the deep sea, has some effect on deep sea oxygen levels
(Fig. 2). Rerouting scenario Sl, where a proximal filter still exists, has only a minor effect
— rerouting particulates past the distal coastal zone lowers deep sea oxygen levels by
a few uM at most, even if all of the continental rivers were connected to submarine
canyons of this form. This is likely due to the fact that in our model the proximal zone is
an efficient filter of incoming continental material. Most of the continental load of POC
and POP is assumed to be buried or decomposed in the proximal coast (where oxygen
demand is not calculated as it is assumed shallow enough to be equilibrated with the
atmosphere). Therefore, river canyons which do not bypass the proximal zone play a
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minor role in fertilizing the deep-sea as their input is filtered by a proximal coast which
is very effective in processing and burying particulate material. Furthermore, the distal
coastal zone is already significantly decreased during glacial times due to receding
sea level; thus bypassing an already shrinking sink has a small effect on open ocean
dynamics.

Rerouting scenario Sll, on the other hand, where river canyons shunt the particulate
load from rivers (flux (3) Fig. 1) directly to the deep sea, is a much more efficient
way to fertilize the deep ocean and increase its oxygen demand. Once the trapping
ability of the proximal coast is bypassed, the particulate load of C and P arriving to the
abyssal plains is significantly increased. The net effect is that, the absence of an active
proximal zone filter allows the deep-sea nutrient supply to increase significantly and
oxygen demand to increase as well, causing oxygen levels to drop by up to 50 uM.

The erosion of shelf sediment during sea level recession (flux (2) Fig. 1) has a po-
tentially significant effect on the oxygen demand in the deep sea. The range of shelf
erosion estimates, detailed in Table 1, shows that such a flux can potentially cause
severe oxygen depletion in deep sea waters (Fig. 2). Deep-sea oxygen levels can drop
below 100 uM during glaciations as opposed to 170 uM during interglacials.

Given the relatively low oxygen concentrations attained when higher sediment loads
are delivered to the ocean, we also examined the role of redox dependent burial of
phosphorus. Redox dependent burial of reactive P can accentuate the effect of shelf
erosion; when the redox sensitivity of P recycling from sediments is high, the recycled
P fertilizes the surface ocean and creates greater respiratory demand from the settling
POC. The difference between considering highly redox sensitive P burial and no re-
dox sensitive P burial is negligible at low erosion fluxes but could result in ca. 40 uM
difference in deep-sea oxygen levels for high erosion fluxes. This is because in well
oxygenated deep-sea environments (when carbon respiration demands are low) redox
dependent P burial is not significant mostly because it is not observed. However, once
oxygen levels drop (under higher carbon respiration demands), an accurate description
of the redox dependence of reactive P burial becomes increasingly more important.
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Combining the effects of shelf erosion and the rerouting of particulate material to
the deep-sea has even stronger effects (Fig. 2). In the case of rerouting scenario
Sll, when the continental particulate load is augmented with material eroded from the
exposed surrounding shelf, deep-sea oxygen levels can drop below 80 pM. Even if this
synergy of shelf erosion and deep-sea deposition does not occur throughout the entire
continental coastline, it could cause significantly depleted deep-sea oxygen zones in
some areas where both mechanisms are at play. One example of this interplay could
be the anomaly of 15-20 uM of oxygen near the outlet of the Congo canyon at 4000 m
(Vangriesheim et al., 2009b).

When we examine the temporal variation in deep-sea oxygen throughout the glacial-
interglacial transition (Fig. 3) we see that the oxygen levels under a shelf erosion flux
deviate from those of the glacial-interglacial scenario of Tsandev et al. (2008) (light
gray line). Oxygen concentrations at the last glacial maximum (LGM) in the standard
scenario are comparable to today’s levels (167 uM — from Fig. 3) while the oxygen lev-
els when shelf erosion is present are noticeably lower (dark gray and black lines). If
we use the organic matter sedimented on the shelves during an interglacial as the es-
timate of the amount of labile organic matter that could have eroded during glaciation
(3.1 x10° Tmol C — Table 1) and we deliver such a load to the sea during glaciation
(6.3 Tmol C/yr over 50 000 yrs), the deep ocean can reach oxygen levels near 125 uM.
If more labile organic matter underlies the material deposited during the previous inter-
glacial still further oxygen depletion is possible.

Given the impact of shelf erosion and submarine river canyons on deep-sea oxy-
gen levels, we look at the corresponding effect on the other associated biogeochem-
ical cycles in the context of glacial-interglacial climate change (Fig. 4). We examine
the effect of augmenting the glacial-interglacial changes implemented in Tsandev et
al. (2008) with both rerouting mechanisms by river canyons, shelf erosion, and their
combined effects. Reservoir and flux values for the biogeochemical cycles of P and
C at the last glacial maximum (LGM) are compared to the standard glacial-interglacial
scenario implemented in Tsandev et al. (2008) (light gray bars). The net effect of all
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the mechanisms is some ocean fertilization. Dissolved reactive P (SRP) increases in
the deep-sea and correspondingly so does primary production. Rerouting scenario Sl
has a negligible effect while shelf erosion and rerouting scenario Sll have a more pro-
nounced effect. The combination of shelf erosion and river canyon rerouting has the
greatest impact on the fertility of the open sea. However, as primary production is 11%
lower during the LGM than during the interglacial period (result of Tsandev et al., 2008
— Fig. 6), this fertilisation only brings the production in the ocean at the LGM close to
interglacial levels but not much above them. Thus the net trend of a low production
ocean during glacial times still remains despite greatly increased oxygen demand in
the deep-sea.

An interesting result is the respiration demand created in the open ocean. While the
oxygen demand roughly follows the primary production trend it is actually higher for
rerouting scenario Sl than for shelf erosion. Also, while primary production remains
relatively low (only 7% higher) under Sll, oxygen demand increases (10% higher) and
similarly when erosion and Sll are combined. This implies that, in the case of routing
scenario Sll, the rerouting of material to the deep sea has the effect of decoupling
deep-sea oxygen levels from the biogeochemical activity of the ocean, making low
oxygen levels possible even for an ocean which is not fertilized enough to create a high
oxygen demand from in-situ primary production.

The variable most affected by river canyons and the particulate load from the conti-
nents and shelves is organic carbon burial in the deep-sea which increases twice as
much as the dissolved phosphate reservoir. Therefore, most of the carbon arriving from
the continent is buried in ocean sediments, which helps explain why ocean productivity
can remain relatively low despite high loads of labile organic material. Phosphorus
burial on the other hand is nearly unaffected by the resulting ocean fertilization; even
with large amounts of labile material supplied from the shelves deep-sea P burial in-
creases by no more than 4%. This is because as oxygen levels fall P is actively recycled
to the water column. Therefore the fertilization of the ocean by labile organic material
from land and coast goes unrecorded in the buried P record. This is an important
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finding, as it shows that phosphorus burial cannot be readily used as a proxy for ocean
productivity or organic matter flux to the seafloor; P burial is dependent on redox con-
ditions in the sediment which can change the trend in burial irrespective of the activity
of the overlying water column and decouple the P record from the productivity of the
ocean.

4 Discussion and conclusions

The effect of rerouting particulate material to the deep via submarine river canyons
promotes lower oxygen levels during sea-level low stands. More importantly, it also
decouples deep-sea oxygen content from the productivity of the surface ocean. That
is, the open ocean need not be very active in terms of primary production to cause
oxygen demand in the deep-sea during glaciations. However, this effect is only felt
strongly when the coast is completely bypassed by canyon incisions all the way into
the river mouth and much less so if a proximal coastal filter remains between the rivers
and their submarine canyons. Though this result may be surprising, giving the amount
of reactive material that is being shunted to the open ocean, it is not as surprising in
the context of a glacial scenario. Rerouting of the particulate matter delivered by major
rivers, occurs in the late stage of glaciation when sea level is already low. Continental
shelves (the distal zone) are already shrunk by 25% and another 25% is lost as the
major rivers begin to form canyons and discharge particulate material to the deep.
Thus, removing the distal zone for half of the continental supply has a reduced effect,
as the already shrinking continental shelves play an increasingly smaller role towards
the end of the glacial period. In the presence of a proximal shelf, there will always
be significant trapping of material in the coastal ocean thus dampening the effect of
submarine canyons.
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If large amounts of organic matter were available on continental shelves and became
eroded during sea level low stands, the glacial ocean’s oxygen would be markedly
different at the LGM. We do not know exactly what amounts of erodible labile shelf
sediment are most likely, but within the range of values suggested in the literature we
already see an impact on the ocean’s oxygen levels during sea level low stands. The
arrival of extra particulate organic matter from the erosion of exposed shelves, consti-
tutes a supply of new labile material to the ocean. As sea level continuously recedes
during glaciation, more and more shelves become exposed to erosion and, through
that erosion, the coast becomes a source of carbon and nutrients to the ocean, rather
than a filter (which is its role during interglacial stages). Depending on the amount
of material being supplied and the manner in which it is delivered, this mechanism
can have a potentially great impact on open ocean processes. If, late in the glacial
period, the sediment deposited on shelves during interglacial sea level high-stands
(3.1x10° Tmol C) becomes eroded and delivered to the ocean, the oxygen demand in
the deep sea increases enough to draw deep-sea oxygen levels down to values near
125 uM.

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 significant oxygen
demand and do so without affecting the fertility of the open ocean to the same extent
during glacial times.

A boost of organic matter to the ocean invariably creates a higher nutrient load in
the open ocean and increases primary production and burial of carbon. Thus the
ocean can become somewhat fertilized without invoking fertilization by micronutrients
such as iron. And deep-sea oxygen levels can be lowered without invoking any further
slowdown in circulation or drastic increases in primary production. Therefore, erosion
processes on the continent and shelves can help explain low oxygen levels in the deep
sea at the LGM in addition to previous proposals that circulation slowdown or iron
fertilization caused the oxygen demand in the deep-sea at glacial times.
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For an ocean already depleted in oxygen, the redox dependent burial of calcium
associated phases and organic phases of phosphorus becomes increasingly important
as it is a positive feedback, fueling further oxygen depletion by recycling P from sea
sediments. For moderately oxygenated deep-sea waters (> 100 uM, O2), the role of
redox dependent P burial on oxygen depletion is small (Fig. 2). As Fig. 4 shows, the
redox dependent nature of P burial can leave the reactive P reservoir in sediments
quite insensitive to even major alterations of the marine biogeochemical cycles. It is
therefore paramount that more investigations are done on the mechanisms by which P
is recycled from sediments under changing redox conditions and a better quantitative
relationship be established between oxygen in overlying waters and reactive P burial.

In summary, we show that the erosion of shelf sediments and formation of submarine
canyons by large rivers have a potentially significant impact on ocean oxygen levels
during glacial transitions. The continental shelves, which during interglacial stages act
as sinks of carbon and phosphorus coming from land, can turn into sources of those
elements and the shunting of labile material to the deep sea can decouple the deep-
ocean’s oxygen demand from the primary production of the overlying surface ocean.
We also show that under declining redox conditions the P burial record is completely
decoupled from the other biogechemical cycles as the redox dependent nature of P
burial becomes increasingly important when bottom water oxygen levels drop near and
below 100 pM.
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Low end estimate Carbon storage on shelves

(Broecker, 1982)

High end estimate

during interglacial (Hay and Southam, 1977)

shelf sed. eroded (g) 1.5x10%°
org C (%) 1%
C/P 300"
orgC (g) 1.5x10'®
org C (Tmol) 1.2x10°
org C (Tmol/yr)** 2.3

1.88x10%° 7.5x10%°
2% 2%
300* 300*
3.8x10'® 15x10'®
3.1x10° 12.5x10°
6.3 25

* C/P ratio used in box model;
** based on delivery over 50 kyrs
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Interglacial coast — all material

Glacial coast (Sl) — particulate material

exposed
shelf

river cany

Glacial coast

exposed
shelf

river

canyons

Fig. 1. Path of material in the coastal and open ocean during glaciations. Transfer of dissolved material, such as
dissolved riverine P (1), always remains the same. Particulate material can become rerouted directly to the deep-sea
by submarine canyons via turbidites or other gravity flows. In rerouting scenario Sl a proximal zone remains to rework
and trap material arriving from the continent. River canyons (fraction F) then shunt material from the proximal coast
to the deep sea, bypassing the distal coast. In rerouting scenario SlI, the entire coast is bypassed and major rivers
(fraction F) discharge directly to the deep sea (3). Additionally surface sediment on exposed shelves can erode into
the coastal ocean (2). This sediment represents labile marine organic matter deposited during previous interglacial
stages. We assume it contains 2% organic carbon by weight and a C/P ratio of 300. Where river canyons form, this
sediment is also shunted to the deep sea along with the continental particulate material.
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Fig. 2. Effect of submarine river canyon formation (and rerouting of particulate material) and
shelf erosion on deep-sea oxygen concentrations at the last glacial maximum (LGM). Left hand
side plot: rerouting of particulate material past the coast via submarine river canyons. Light
gray lines represent a system where organic and authigenic P burial are not redox dependent.
Dark grey lines represent a moderate redox dependence (25% in organic P, 50% in authigenic
P) as described in Slomp and Van Cappellen (2007). Black line represents high redox de-
pendent burial of P (75% in organic P, 90% in authigenic P) as implemented in Tsandev and
Slomp (2009) for anoxic settings. Both rerouting scenarios detailed in Fig. 1 are plotted. Right
hand side plot: a shelf erosion flux is applied as an event in the late glacial stage (50 kyrs)
leading to the LGM. Results are shown both for shelf erosion without river canyon rerouting
and with rerouting according to scenario Sll. The results for Sl lie within the plotted range.
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Fig. 3. The evolution of deep sea oxygen concentrations during a glacial-interglacial cycle in the
model. The light gray line represents a glacial interglacial climate change scenario as detailed
in Tsandev et al. (2008) without modifications. It corresponds to the oxygen profile of Fig. 6 in
(Tsandev et al., 2008). The dark gray line corresponds to the same glacial scenario with an
additional flux of material eroded from exposed shelves (Table 1) and the formation of subma-
rine canyons for major rivers (for 45% of the coast ocean) according to routing Sl. The black
line corresponds to the glacial scenario plus a flux of material eroded from exposed shelves
and the formation of submarine canyons for major rivers (45% of coastal ocean) according to
routing scenario SllI. All runs assume a moderate redox dependence in P burial (Slomp and
Van Cappellen, 2007).
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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 and formation
of submarine canyons according to Sll, the erosion of 6.3 Tmol C/yr over 50 kyrs (shelf erosion), and a combination of
the above. In all cases, moderate redox dependent burial of organic and authigenic P is assumed as per Slomp and
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