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Abstract. Increased transfer of particulate matter from con- highlight the need for additional sediment core records from
tinental shelves to the open ocean during glacials may havell ocean basins to allow further insight into changes in phos-
had a major impact on the biogeochemistry of the oceanphorus, carbon and oxygen dynamics in the ocean on glacial-
Here, we assess the response of the coupled oceanic cinterglacial timescales.

cles of oxygen, carbon, phosphorus, and iron to the input
of particulate organic carbon and reactive phosphorus from
shelves. We use a biogeochemical ocean model and speci&-
ically focus on the Last Glacial Maximum (LGM). When
compar_ed to an interglacial refgrence run, our glacial ScePhosphorus (P) is an essential nutrient in marine biogeo-
nario ‘_N'th shelf input shows_major_ INCréases In oceéan Pro-.hemistry and is believed to limit primary productivity on
ductivity and phosphorus burial, while mean deep-water oxy- eological timescalesTyrrell, 1999. Variations in P avail-
gen concentrations decline. There is a downward expansio '

f th - OMZS) in the Atlanti q bility in the open ocean thus have the potential to impact
of the oxygen minimum zones ( S) in the Atlantic an primary productivity and ocean oxygenation during glacials.

_Indi<|':_1nh0|cear:j, Wh:;e tohe extension of the_OMZbinI the;;;\(;:(i)ﬁc In the present-day ocean, a major proportion of P burial takes
ISI S'g t3|( rebuceb - Oxygen cor;centragons elow = Thm lace on continental margins-60 %, Ruttenberg1993 Fil-
also decline but bottom waters do not become anoxic. ppelli, 1997. During glacial periods, P burial on shelves

moqel S|mulat|orés ShO,W \:vhen Shel,f mp;)ut_ of partllgulage ?r- was likely reduced because of sea level fall, whereas the ero-
ganic matter an partlcg ate reactive P Is considered, 'Vive transfer of particulate material containing reactive P and
oxygen areas in the glacial ocean expand, but concentratio egradable carbon from shelves to the open ocean was likely

are not .IOW enough to generate _wide scale changes in se snhancedRuttenberg1993. As a consequence, the inven-
iment biogeochemistry and sedimentary phosphorus recyfOry of P in the open ocean, primary productivity and CO

cling. Increased.reactive pho_sphorus burial in Fhe open oceag ... down may have increased, whereas ocean oxygen may
during the LGM in the model is related to dust input, notably have declined. This potential impact on productivity andbCO

over the southwest Atlantic and northwest Pacific, whereas, . fi st brought forward bBroecker(1982) in the so-called
input of material from shelves explains higher burial fluxes shelf-nutrient hypothesis.

in continental slope and rise regions. Our model results are At present, there are still very few sediment core records

in qualitative agfee,me”t with .available data and reproduc%r P available to test this hypothesis. In one of the few stud-
the strong spatial differences in the response of phosphoruhcés presenting such datBilippelli et al. (2007 show that

burial to glacial-interglacial change. Our model results alsothere was an increase in P burial during glacial times at deep
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ocean sites in the Southern Ocean and the equatorial Pacifitong-term integrations (i.e., of the order of 10 to 100 kyrs),
They argue that increased transfer of P from the margins tand includes a detailed representation of sediment processes,
the deep sea drove enhanced biological productivity and ulincluding anoxic remineralization and redox-dependent P
timately led to elevated rates of P sedimentatitamburini  burial. We present simulations forced by either the glacial or
and Flimi (2009, in contrast, report a slight decrease in P interglacial fields of ocean circulation and atmospheric dust
burial at deep-sea locations in the North Atlantic and Pacificdeposition. Our results show that shelf input of particulate or-
during glacial times (on average 12 %). These authors sugganic matter and particulate inorganic P can significantly im-
gest that the P released from shelves during glacials remaineglact ocean productivity, deep-water oxygen and, in contrast
in the water column and enhanced the P inventory and prito what was suggested in previous modeling work, burial of
mary productivity in the ocean. reactive P in the global ocean. This work also highlights the

Decreased P burial during glacial periods could be ex-regional variability in the response of the marine P cycle to
plained by lower oxygen concentrations in bottom watersglacial-interglacial change.

(Tamburini and Bllmi, 2009. There are indications from

proxy data that during glacial periods, deep waters were in-

deed less oxygenated over large areas in the three ocean Methods

basins Francois et a).1997 Mangini et al, 2002, Sirocko

et al, 200Q Jaccard et al.2009. Bradtmiller et al.(2010 2.1 Model description

hypothesized that enrichment of authigenic uranium concen-

trations in sediments of the equatorial Pacific were the re\We use the model d?alastanga et g2011), which is itself a
sult of a basin-scale deepening of the oxygen minimum zoneversion of the HAMOCC modeHeinze et al.1999 2003,
(OMZ). Changes in sediment P speciation in the North At- expanded to include anaerobic degradation of organic matter
lantic during Heinrich events 4 and 5 in the last glacial periodin the sediment and a full description of the sedimentary P
have also been suggested to reflect low oxyJamfpuriniet  cycle. The physical model is based on the annual mean flow
al., 2002. of the Hamburg Large Scale Geostrophic ocean circulation

Several box model studies of carbon and P dynamics irmodel (Maier-Reimer et a).1993, with a horizontal resolu-
the ocean confirm that sea level fall could lead to an increasé¢ion of 3.5 x 3.5° and 11 layers in the water column. Given
in the ocean phosphate inventory and a decline in ocean oxythat the resolution of the model is coarse, the dynamics of
gen during glacial timesWallmann 2003 Tsandev et al.  the continental margins are poorly represented (i.e., there are
2008 2010. Model scenarios that, besides sea level changealmost no grid points with depths 200 m). In this section,
include multiple glacial-interglacial cycles and changes inwe briefly describe the modifications made in the model to
ocean circulation lead to simulated export production ratesncorporate a description of the oceanic Fe cycle. A detailed
for glacial periods that are lower or similar to interglacial description of the original model formulation can be found
values [sandev et al.2008. If, however, shelf erosion in Heinze et al(2003 andPalastanga et ]2011).
and rerouting of particulate material from shelves through In the model, it is assumed that all dissolved Fe is in free
canyons is included, primary production in the glacial oceaninorganic form, and thus bioavailable. Both phosphatesJPO
increases relative to interglacialBsandev et al.2010. Un- and dissolved Fe can limit the rate of particulate organic car-
der these conditions, deep-sea oxygen levels can drop signifbon (POC) export production. The annual rate of POC ex-
cantly, promoting enhanced recycling of P relative to organicport is determined by the minimum between the uptake rate
carbon from sediments (e.gAlgeo and Ingall2007, and a  of POy and dissolved Fe assuming Michaelis—Menten kinet-
further decline in oxygen, without a major change in P burialics (Archer and Johnsqr2000. We assume a uniform half
(Tsandev et a)2010. The box models mentioned above do saturation constant for Fe £ equal to 0.003 nM Archer
not allow regional patterns in deep-water oxygen, primaryand Johnsor2000. The ratio of Fe fixation to organic mat-
productivity and P burial to be assessed, however, and do nder (Fe:C) is 4 umol 1mol (Parekh et a).2005. Because of
include the effects of changes in iron (Fe) input from dustPOC mineralization, dissolved Fe is released back to the wa-
on ocean productivity (e.gBopp et al, 2003 Maher et al, ter column at this fixed ratio, following the same parameter-
2010 and the potential interactions with P cycling. ization used for POC in the original model.

In this study, we expand a biogeochemical ocean model Dissolved Fe is removed from the water column by scav-
developed for the carbon (C), P and silicon cyclBalés- enging (e.g. precipitation and adsorption) onto sinking par-
tanga et al.2011) with the iron (Fe) cycle to investigate the ticles. Scavenging of dissolved Fe is modeled as a first or-
regional and global scale trends in export production, ocearmer process, with the rate being equal to a rate constant
oxygen and P on glacial-interglacial timescales. Our major(kscay times the difference between the actual dissolved Fe
goal is to test whether transfer of organic C and reactive Rconcentration and an apparent solubility constant of 0.6 nM
from continental margins to the open ocean during glacials(Johnson et al.1997% Archer and Johnsqr2000. The lat-
significantly changed the oceans productivity, deep-watetter is aimed to represent the observed relatively constant
oxygenation and P burial. The model was developed forconcentrations of dissolved Fe in deep waters, possibly a
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consequence of Fe complexation. Scavenging is also limis assumed to be 2.8 Tgy. Global estimates for the ex-
ited by the particle load in the water columiimont et al, port of Fe oxides from continental margins to the deep ocean
2003 Parekh et a).2005. Therefore, similar ttAumont et are highly uncertain at4 12 Tgyr-! (Raiswell 2006. As a

al. (2003 we assume that the scavenging rate constapgfk  first approximation, we assume that 1 Tg¥mof particulate

is given by a minimum uniform rate (0.01y}) plus a parti-  Fe from rivers is homogeneously deposited over the ocean
cle dependent rate set as 1.8 umoyr—! times the sum of  surface area with depths between 1@@&3500 m. Inputs
the concentration of the sinking POC, opal, calcite and clay.of Fe oxides from hydrothermal activity and icebergs are ne-
Assumptions regarding the fate of scavenged Fe in the wateglected in this study, though the latter could be an important
column vary among models. For instance, some models assource of highly reactive Fe into the open oceRaigwell
sume that all scavenged Fe is lost from the systéom{ont ~ 2006. Finally, only 10 % of the total scavenged Fe is added
et al, 2003, while others consider that a fraction of it goes to to the flux of particulate of Fe, while the rest is artificially
the sinking particle pool and remineralizes at depth (Mooreremoved from the system. This fraction is chosen in order
and Braucher, 2008, and references therein). Here, a smatb simulate a depositional flux of particulate Fe in the sedi-
fraction of scavenged Fe is added to the flux of particulatement (52.8<10° mol Fe yr1) which is consistent with pre-
Fe in the water column (as explained below), but this is notvious estimates (e.g. 49:810° mol Feyr! in Moore and
subject to dissolution. Brauchen(2009).

The sources of dissolved Fe in the model are dust and re- The sedimentary cycle of Fe in the model includes mixing
lease from sediments. We use the annual mean dust deposind burial of Fe oxides as well as porewater diffusion of dis-
tion fields fromMahowald et al(2006, assuming that Fe ac- solved Fe. Precipitation of Fe to form Fe oxides is modeled
counts for 1.5 wt % of dust, with a constant solubility in sea- in the aerobic part of the sediment{©5 umol 1) follow-
water of 1 %. Although the aerosol Fe solubility is not a well- ing a bimolecular rate law dependent on the porewater Fe and
constrained parameter in the oceBaker and Croqt2010), oxygen concentrationven Cappellen and Wan@996. The
the value used here is in agreement with the observed globahte constant for Fe oxidation is set to &50” |- molyr—1,
average Fe solubility, i.e., 1-2 %, and is aimed to simulate rewhich lies within the range reported in the literatukéaif
alistic concentrations of dissolved Fe andfDthe surface. Cappellen and Wand.996 Canavan et §12006. Reductive
The release of dissolved Fe from sediments is prescribedissolution of Fe oxides is simulated in the anaerobic part of
using the parameterization doore and Brauchef2008, the sediment (@<5umol 1) as a first order reaction pro-
where it is assumed to be a function of the POC flux to theportional to the concentration of Fe oxides, with no threshold
seafloor. However, we adjust the correlation usedvimpre concentration for Fe oxide reduction. Because dissolution of
and Brauche(2008 to a release of 0.2 pmol FeThday * Fe oxides affects the benthic release ofj@he model due
for each mmolCm?day ! settling into the ocean floor, to dissolution of Fe oxide bound P (Fe-P), the dissolution
thus reducing the importance of the sedimentary source. Byate was set to a value of 0.025Yyrto simulate reasonable
this choice the model simulates reasonable concentrations gdrofiles of Fe oxides in the sedimer8lomp et al. 1996 as
surface ocean-dissolved Fe in open ocean areas which are afell as large-scale distributions of R@nd POC export pro-
fected by offshore advection of Fe from margin sediments.duction in the surface ocean. Secondary reactions involving
The sedimentary flux of dissolved Fe is finally weighted by Fe are not included; in particular, oxidation of organic matter
the actual ocean bathymetry from the ETOPO2 version 2.y Fe oxide reduction is not considered, which is not unrea-
database to account for the release of Fe from sediments isonable given the relatively low fluxes of organic matter in
shelf regions not properly resolved by the model bathymetrythe model Wijsman et al. 2002. The rates of Fe-P forma-
(Aumont and Bopp20086. Inputs of dissolved Fe fromrivers tion, dissolution and burial in the sediment are deduced from
are considered negligibl®g@iswel| 2006. those of Fe oxides assuming a globally uniform Fe to P ratio

In contrast to previous models, we include the input of for Fe-P of 20 Kraal et al, 2010. Overall, the inclusion of
particulate Fe into the ocean, which we assume consists ahe dynamics of Fe in the model allows a more mechanis-
Fe oxides, the cycling of Fe in sediments and Fe—P interactic description of the response of the P cycle to changes in
tions. It is assumed that Fe oxides are subject only to verbottom-water oxygenation (e.gsJomp and Van Cappellen
tical (downward) motion in the water column, do not inter- 2007).
act with seawater and are eventually deposited into the sed-
iment. Model values for the external input of particulate Fe 2.2 Simulations
are set consistent with mass balance estimates Raiswell
(2006. The total input of particulate Fe from dust is cal- Simulations were forced by either the glacial (LGM) or inter-
culated from the atmospheric dust deposition fieldd/af glacial (preindustrial) fields of annual mean ocean circulation
howald et al(2006. This results in a net atmospheric input from Winguth et al.(1999 and annual mean dust deposition
of 1.95Tgyr?, and in particular, an input of 1.45 Tgy¥ from Mahowald et al(2006. For the preindustrial case (ref-
over the ocean region with depth$000 m. The input of par-  erence run), the model was integrated for 200 kyr, after which
ticulate Fe from rivers to the ocean area with depth®00m  the model is very close to equilibriunPélastanga et al.
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2011J). To simulate scenarios that represent LGM conditions, Table 1. Global fluxes of nutrients and particulate material in the
the model was run from the reference case solution for a pepreindustrial run (reference case) and the LGM simulation.
riod of 120 kyr using LGM forcings. Two scenarios for the

LGM were considered: changes in dust input and circulation Global fluxes Preindustrial LGM
only (LGM simulation), and increased input of particulate Input of dissolved nutrients

organic matter (POM) and particulate inorganic phosphorus Riverine PQ 0.022TmolPyrl  0.022TmolPyrt
to the open ocean from the continental shelves (LGM simu- Atmospheric PQ 0.003TmolPyr!  0.007 TmolPyrl
lation + shelf input). Changes in C and P retention on shelves Atmospheric Fe 1.610°molFeyr  3.3-10°molFeyr !

linked to the lowering of sea level during glacial times were .
modeled as a net input of particulate C and particulate P into '"Putof particulate P and Fe

the model surface area with depth®00 m and< 2000 m. Authigenic Ca-P (dust) 0.008 T mol Py 0-022Tm0IPWi
Given the coarse resolution of the model, detailed modeling Fé ©xides bound P (dust)  0.003TmolPyr  0.004 TmolPyr
f the processes on the shelves is not possible Detrital P (dusf) 0.008 TmolPyr 0.012Tmol Pyr

0 p > . g P : . Feoxides (dust) 0.35TmolFeyt  0.82TmolFeyr?!
Our scenario for shelf input is based on the assumption re oxides (rivers) 0.68TmolFeyt  0.68Tmol Feyrl

that during interglacial periods most particulate material is

trapped on continental marginRifttenberg1993, whereas Input of C and P from shelves

the Iovyermg of_ sea level during glacial penon causeq ashift paricylate organic ¢ (POC) _ 5.0 Tmol Cyr

of sedimentation from shelves to the continental rise and Pparticulate organic P (POP) - 0.04Tmol PYr

slope regions (i.e the ocean area between 200-2000 m waterParticulate inorganic P (PP) - 0.02T mol Pyr

depth;Wallmann 2003. Estimates for the flux of POC deliv-
ered to the open ocean from erosion of exposed shelves dur-

ing glacial times were recently summarized¥sandev etal.  and Fe associated to decreased weathering and/or changes in
(2010. Values range over an order of magnitude, i.e., fromthe hydrological cycle during glacial periods were not con-

2.3 to 25.0 Tmol Cyr?, which is equivalent to a total in-  sidered (e.gFollmi et al, 2009 Tsandev et a]2008.
put of POC between 1.210°-12.5x10° T molC, assuming

a delivery over 50kyr (Tsandev et al., 2010). In their simu-
lations of erosion from shelve§sandev et al(2010 used 3 Results and discussion
a best estimate for the POC flux of 6.3 T mol C{r Here,
we model the input of POM from shelves as an input of POC3.1  Preindustrial simulation (reference run)
equal to 5.0 Tmol Cyr!, which is added at the surface to
the model’'s POC pool. Based on the model’s P:C of 122, theBecause the dynamics of the Fe cycle were not included in
latter implies an input of particulate organic P (POP) from previous versions of the modd?#@lastanga et aR011), here
shelves equal to 0.04 T mol Py we briefly describe the most relevant results of the model
The potential input of particulate P from shelves to the reference run. At the surface, dissolved Fe in the model
open ocean during glacials is even less well-quantified thar{Fig. 1a) is high under the dust plumes in the tropical At-
for C. Assuming a decline in shelf area of 50 Rutten-  lantic and North Indian Ocean, the Arctic Ocean and, lo-
berg (1993 suggests the total flux of particulate reactive P cally, in continental margin areas, while concentrations are
could have ranged up to 0.09 T mol Pyrand that a signif-  typically low over the central Pacific Ocean. A quantitative
icant proportion of this was likely in the form of authigenic comparison of these model results to observations is diffi-
Ca-P. Here, we assume a conservative estimate for the inpuiult due to the sparsity of field data and the coarse resolution
of particulate inorganic phosphorus (PP) from shelves equabf our model. A qualitative comparison of these simulated
to 0.02 Tmol Pyr?l, which is similar to the value used by large-scale features to a compilation of observations from
Tsandev et al2010. The flux of PP is added to the model’s Parekh et al. (2005; Fig. 1b) shows reasonable agreement
surface layer and follows the same parameterization for verbetween the model and data, however. Also, a more recent
tical sinking as the other particles in the modéé(nze et al. compilation of Fe observations froioore and Braucher
2003. We assume that PP is refractory, thus it is not remobi-(2008 shows that the minimum in Fe concentrations extend
lized in the water column and is eventually deposited into thewell over the central North Pacific (see their Fig. 6a). The
sediment, with authigenic Ca-P and Fe-P each accounting folargest discrepancies between model and data appear in the
50 % of the total burial. eastern equatorial Pacific and at high latitudes in the South-
The global fluxes of P and Fe used in the reference rurern Ocean, where model values are too high. This is likely
and the LGM simulation, together with the additional inputs the consequence of the lack of scavenging for Fe concen-
of C and P assumed in the LGM scenario with shelf input aretrations below 0.6 nM in the modeMoore and Braucher
given in Table 1. Note that because of enhanced dust depos008. The model distribution of dissolved Fe in deep wa-
tion, the input of dissolved nutrients into the ocean is highestters (Fig. 1c) is characterized by a uniform value of 0.6 nM
during the LGM. Potential changes in the riverine input of P in the open ocean. Higher concentrations are found around
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Fig. 1. Dissolved Fe concentrations (in n\) in the surface ocean arfd) 1000-m depth as simulated in the model reference run. Observa-
tions of dissolved Fe ifb) surface waters (0 to 25 m) aifd) intermediate waters (800 to 1100 m) from Parekh et al. (2005).

continental margins where the influence of the sedimentary  Fe—oxides [umol/g]
Fe source is large. The decrease in deep-water Fe concentr: 30E 60E 90E 120E 150E 180 150W 120W 90W 6QW 30W

tion relative to the distance from the coast is consistent with 5% § 50N
observations (Moore and Braucher, 2008; Fig. 1). In general,$3¥ . ol

model Fe concentrations are underestimated in the northeasdy
Pacific and they do not reproduce the observed gradients i
the Southern Ocean (Fig. 1d froRarekh et al(2009). A
more detailed model for Fe is required to capture the inter- 295
basin gradients of the observed deep-water Fe distributionfsT = ¢ R < ;, & dos
(Parekh et a).2005. 608 :

The annual rate of POC export production predicted by 8os

the model (8.96 Pgyn) is in agreement with estimates from 30E 60E 9OE 120F 150E 180 150W 120W 90W 60W 30W 0
other biogeochemical ocean models (eAumont et al, () I ) ) I [
0 1 4 5 6 8 10 12 14 16 18 20 30

2003. Iron limits productivity over most of the Pacific Ocean

(with the exception of the northeastern corner of the basin)Fig. 2. Fe oxide concentrations averaged over the sediment-

the Southern Ocean, and off the western South African marbioturbated layer (units in umol Feg), as simulated in the model

gin (not shown). Thus, although the model captures the broadeference run.

pattern of Fe limitation associated with the well-known high

nutrient low chlorophyll (HNLC) oceanic regions, it overes-

timates their eXtenSion intO the equatorial PaCiﬁC and OVefby lateral advection to Subtropica| |atitudes’ Causing produc-

the South Pacific subtropical gyre. This is in part related totjyity there to be limited by Fe availability.

overly high PQ concentrations in the equatorial and tropi-  Concentrations of Fe oxides in the sediment (averaged

cal Pacific in the model due to excessively high upwelling gver the bioturbated layer; Fig. 2) are high in open ocean

velocities and nutrient trapping, a problem of low-resolution, |pcations with high rates of atmospheric deposition, such

particle-only modelsHeinze et al.1999 Archer and John- 35 the tropical and southwest Atlantic and the western In-

son 2000. The excess PQin the tropics is then transferred  dian Ocean. Vertical profiles of Fe oxides in the sediment
show that reductive dissolution is an important process along
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Fig. 3. Vertical profiles of Fe oxides and porewater Fe in the sediment-bioturbated layer at three different locations, as simulated in the model
reference run.

continental margins with high rates of POC deposition andmental changes such as increased dust inputs of Fe and P will
anaerobic remineralization (Fig. 3a, b). In contrast, deep-sediffer because only the current model allows both Fe and P to
settings show net accumulation of Fe oxides in the sedimenthe limiting for primary productivity. In addition, inclusion of
with no recycling of dissolved Fe (Fig. 3c). The sediment the dynamics of sedimentary Fe leads to a more mechanistic
Fe oxide and porewater Fe concentrations simulated for thelescription of the coupled changes of the sedimentary Fe and
North Atlantic continental slope (Fig. 3a) are in good agree-P cycles upon a decline in oceanic oxygen.
ment with the range of 20 to 40 umotd Fe and maximum
dissolved Fe of 60 pmol | as measureddgmp etal(199. 3.2 LGM simulation
However, while the model porewater profile indicates con- ) . .
stant upward diffusion of Fe, observations show a decrease i "€ change in POC export production for the LGM simu-
Fe concentration at depth in the sediment, which is probably&tion refative to the reference run is presented in Fig. 4a.
caused by Fe monosulfide and pyrite formation, processegela“ve to interglacial 'perlods,.glamal export production de.—.
that are not included in the model. creases over the tropical Pacific, along the eastern Pacific
The global distribution of the sedimentary P phases in the?"d South African upwelling margins, and in general at high
model is similar to that simulated by Palastanga et al. (2011jat|tudes due to the glacial sea ice cover. Increases are ob-

and is therefore not shown. There are a few small differenceS€rved over most of the Atlantic and Indian Ocean basins

in the amplitude of the open ocean maxima in authigenic Ca2nd over the western North Pacific. When compared to in-

P and Fe-P, mainly because of the use of a different dust fieldlicators of primary production from the paleoclimatic sedi-

(Mahowald et al.200§. For further details and a comparison Ment core record during the LGM (Fig.4b froopp et al,
of the model results for reactive P burial to observations, we2003: the model performs quite well and reproduces most
refer toPalastanga et a(2019). of the observed global trends, with notable exceptions being

To summarize, expansion of the modeRaflastanga et al. the eastern equatorial Pacific and the waters off the South

(2011 with an oceanic Fe cycle leads to little change in the African coast. Simulations forced by either the dust or circu-

modeled POC export, oceanic P@nd oxygen, and P burial lation LGM field show that the circulation field is responsible

in the preindustrial ocean. However, the response to environf©f the spatial distribution and magnitude of the anomalies

in productivity at the LGM; nevertheless, the positive trend

Biogeosciences, 10, 94858 2013 www.biogeosciences.net/10/945/2013/
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show large positive trends in the eastern tropical South Pa-

(a) POC expp LGM—ref [mol/(m**2 yr)] cific and the western North Pacific basin, while weak neg-
3QE 6QE 9QF 120E 150E 180 15QW 120W 90W 6QW 30W 0 ative trends are obtained over the tropical Indian and At-

lantic oceans. The oxygen distribution at 1000 m (Fig. 6b)
shows three oxygen minima in the tropical basins (north of
the Equator in the Pacific), which are above the level of the
OMZ (here defined as [02k 25 umol I'1). Bottom-water
oxygen shows minor changes relative to the preindustrial (not
shown).

Changes in sediment-reactive P in the LGM simulation
(Fig. 7) largely follow the global-scale trends in POC export
production and are mostly related to changes in authigenic
Ca-P and organic-P concentrations. Dust forcing alone is re-

30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W

__2‘5 -2 _1|45 _|1 —LI)_5 J) 0!5 l 1!5 é 2!5 é 3,5,- sponsible for large positive anomalies (of about 10 umolg)
in sediment-reactive P along the North Pacific and South At-
(b) lantic subtropical bands, and in general, for a global positive

trend in reactive P concentrations at the LGM. Reactive P
burial rates are lower along the eastern Pacific and off South
Africa, where there is normally upwelling, and in the north-
ern North Atlantic, the central Pacific and parts of the South-
ern Oceans (Fig. 8a)

Overall, the global rate of reactive P burial in the LGM
simulation (0.032 Tmol Pyr) is 10 % higher than the prein-
dustrial value. Global POC burial also increases by 9 % rela-
tive to the reference case, with the largest positive anomalies
along the western Atlantic and Indian Ocean margins (not
shown). These results highlight that changes in dust input
and oceanic circulation during the LGM contributed to spa-
100°E 160°W BO°W 40°E tial variations in reactive P burial in the open ocean.

80°N

40°N

Fig. 4. (a) Change in POC export production in the LGM simu- 3.3 LGM simulation with shelf input

lation (without shelf input) relative to the reference run (units in ) ] ) ]
mol m—2yr—1). (b) Export production (EP) for the LGM minus to- With the LGM simulation with shelf input, we analyze

day, based on paleodata indicators from Bopp et al. (2003); the toghe combined effects of including the input of both POM
panel shows whether the EP increased (LGMTL), decreased (i.e., POC+POP) and PP into the model continental slope
(LGM <CTL), remained the same (LGMCTL) or is undeter-  and rise regions. Relative to the preindustrial simulation,
mined (LGM ? CTL) during the LGM compared to today (CTL this leads to a factor increase of almost 1.5 in global export
for control). production and a factor 2.5 increase in thesA@ventory
(Fig. 5a, b). Because of the large increase in surfacg, PO
POC export production becomes limited by Fe availability
induced by dust forcing is locally relevant because, for ex-in most ocean basins (with the exception of the high pro-
ample, it amplifies the anomalies in the central North Pacificductivity near coastal areas). Global mean oxygen concen-
and reverses negative trends in the Arabian Sea and the subrations decrease by 12 %, but the largest change in oxygen
tropical South Atlantic. occurs around 1000-m depth (-20 % relative change), where
Global export production of POC shows a moderate in-the mean oxygen concentration decreases to 89 uM (Fig. 5c¢).
crease with time (5%) in the LGM scenario (Fig. 5a). The The distribution of oxygen anomalies at 1000 m (Fig. 6c)
same holds for concentrations of P(+14 %) and oxygen, shows a predominance of negative trends, with the largest
with the largest simulated changes in oxygen at 1000 mgchange being observed over the tropical North Atlantic (oxy-
i.e., the mean deep-water oxygen concentration increasegen anomalies —100 uM) and the subtropical and western
from 112 pmolt1in the reference run to 146 umotl in the Indian Ocean (oxygen anomalies —70 uM). This leads to a
LGM case (Fig. 5b, c). Higher glacial oxygen in the model pattern of well-defined tropical OMZs in the three ocean
is related to changes in circulation as well as decreasing tembasins (Fig 6d). In particular, the simulation shows a verti-
peratures, and hence better oxygen solubility in seawateical, downward expansion of the Atlantic and Indian Ocean
Oxygen anomalies at 1000-m depth, defined as the LGMOMZs relative to preindustrial times because of increased
concentrations minus those for the preindustrial (Fig. 6a)input and remineralization of POC in the water column; on
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Fig. 5. Transient model response @) global POC export produc-
tion, (b) global mean phosphate concentrations @rydnean oxy-
gen concentrations at 1000-m depth in the LGM simulation (solid
line; LGM) and the LGM simulation with shelf input (dashed line;
LGM with shelf input).
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water oxygen concentrations along high-productivity mar-
gins range from 25-100 uM, which is considerably lower
than in the LGM simulation without shelf input.

Sediment-reactive P concentrations increase considerably
relative to preindustrial times (Fig. 10). In open ocean areas,
this increase is due to a change in sediment-authigenic Ca-
P concentrations (over 90 % of the total P change), whereas
changes in organic P explain the trends along margins at trop-
ical/subtropical latitudes of the Indian and Atlantic oceans.
/ There is also a significant increase in Fe-P over the non-
reducing margin sediments of the Southern Ocean and the
northern North Atlantic.

The resulting rate of reactive P burial (0.1 T mol P¥is
3 times larger than that in the preindustrial and LGM sce-
narios. Relative to preindustrial conditions, reactive P burial
increases everywhere except off the eastern equatorial Pa-
cific coast, in the northern North Atlantic, and in parts of the
Southern Ocean (Fig. 8). As expected, the effect of including
the delivery of particulate material from shelves leads to a
significant increase in total sedimentation rates and reactive
P burial over the continental slope and rise regions, which ac-
counts for nearly 50 % of the total change in reactive P burial.
Note that if the sedimentary cycle of P were not included in
the model, the availability of P in surface waters and primary
productivity would become unrealistically high.

——LGM
— — -LGM with shelf input

™
e
........

ol

et

120

time (kyr)

LGM
GM with shelf input

p 3.4 Model-data comparison for the LGM
time (kyr)
Records of sedimentary P concentrations and P burial dur-
ing the last glacial period are sparSaburini and BlImi,
2009. Here, we present a comparison between the glacial
trends in P burial from observations available in the literature
and from the two LGM scenarios (Table 2). Given the large
variation in the reported data, we categorize the trends as in-
crease, decrease, no change and trend unclear. In general, the
model reproduces the observed trends in open ocean loca-
tions well, especially in the Southern Ocean and the eastern
tropical Atlantic, where the model also simulates an increase
in productivity at glacial times. Reactive P burial in the LGM
scenario with shelf input is higher than in the LGM simula-
tion without such an input, but the trends relative to the prein-
dustrial scenario are usually comparable (with the exception
of the central equatorial Pacific and the Java plateau).
Model-data discrepancies could be related to the fact that
transient changes in circulation are not considered in the
model (compare tdsandev et al.2010 and to model defi-
ciencies to simulate glacial productivity, for example, in the
equatorial PacificBopp et al, 2003. A comparison between
model and data near continental margins is difficult due to the
coarse resolution of the model. While the model predicts an
increase in P burial on the upwelling margin off the west-
ern coast of Mexico, the work dBaneshram et a(2002

——LGM
— — -LGM with shelf input
\

time (kyr)

the other hand, in the Pacific the extension of the OMZ issuggests a significant decrease in phosphogenesis and total
slightly reduced and shifted to the north at 1000 m (Fig. 9).P burial in the region. However, the decrease in productiv-
Although bottom waters do not reach suboxic levels, bottom-ity and P burial simulated along most of the eastern tropical
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(a) dissolved oxygen LGM simulation - reference () dissolved oxygen LGM with shelf input - reference
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Fig. 6. Oxygen anomalies at 1000 m relative to the reference run in the n@deGM simulation andc) LGM simulation with shelf input.
Oxygen concentrations at 1000 m in the mo@ILGM simulation andd) LGM simulation with shelf input. Units in pmoti®.

Pacific margin is in agreement with a decrease in phosphosupport the hypothesis of a downward translation of the Pa-
genesis in this type of environment. cific OMZ during glacial periodsBradtmiller et al, 2010.

Low oxygen concentrations, as deduced from proxyHowever, the increase in oxygen concentrations in the tropi-
records for the glacial ocean, could only be obtained withcal Pacific at the LGM is largely related to the ocean circula-
the model in the LGM scenario with shelf input. Specifically, tion field. Since the glacial circulation is better constrained
at 1000-m depth the LGM scenario with shelf input predictsby observations in the Atlantic than in the Pacific Ocean
large negative oxygen anomalies over the tropical North At-(Winguth et al, 1999, future analysis could test the sensi-
lantic and the subtropical/western Indian Ocean, and positivity of the results in the tropical Pacific against a different
tive oxygen anomalies over most of the Pacific Ocean. Atglacial circulation field.
depths below 1000 m, the model simulates negative trends Our results are in agreement with previous box-modeling
in oxygen over the three ocean basins (only below 2000 nstudies that show that the decrease in deep-water oxygena-
in the central-eastern tropical Pacific). These modeled trendson at glacial times only starts to be significant when large
are in line with proxy data, indicating less oxygenated deepamounts of organic shelf material are delivered to the open
waters in areas of the tropical Atlantic and subarctic Pa-ocean YWallmann 2003 Tsandev et al.2010. However,
cific at glacial maximaNlangini et al, 2001, Jaccard et al.  while in those models, redox-dependent P recycling is sug-
2009, although the magnitude of the oxygen anomalies ingested to act as a key mechanism to drive glacial trends in
the model are rather weak. For example, oxygen concentrascean productivity and oxygenMallmann 2003 or in P
tions at e.g. 3000 m depth do not fall below 125umdéll  burial (Tsandev et aJ2010), in the scenarios simulated here
On the other hand, the model differs from observations thatbottom-water oxygen concentrations are above levels where
suggest lower oxygen concentrations in the east equatorigireferential P regeneration from sediments is activated. Thus,
Pacific around 2000 m, and in particular, the model does nothe response of the model to increased shelf input is rather
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Fig. 7. Sedimentary P anomalies (averaged over the sediment-bioturbated layer) in the LGM simulation relative to the referen@ run for
total reactive R(b) authigenic Ca-Rc) Fe bound P, an¢t) particulate organic P. Units in pmol P’é.
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Fig. 8. Anomalies relative to the reference run in reactive P burial (in umﬁl%:klyr_l) and total sedimentation rates (in cm kﬁb in (a,
b) the LGM simulation andc, d) the LGM simulation with shelf input.
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Table 2. Glacial trends in total P buriab @tot) and reactive P buriab@reac) from data and the LGM simulations.

Data LGM LGM with shelf input
Latitude Longitude Depth Region §Pot JPreact Reference §Piot 8 Preact 8 Piot 8 Preact
Southern Oceans
—48.00 500 3636 SAO + + [1] + + + +
—54.00 —-5.00 2677 SAO + + + + + +
—45.00 10600 3863 SIO + + + + + +
S. Atlantic/Eq. Pacific
—41.00 1Q00 4620 SAO + + [2] + + + +
—53.00 500 2807 SAO + + + + + +
0.00 —13900 4298 EPO —+ + - - + +
4.00 —14000 4432 EPO + + - — + +
ODP Sites
69.00 —-12.00 1880 NAG ? = [3] + = + =
0.00 —-160.00 2520 JP — — — - + +
20.75 —18.06 2263 ETA +? + + + + +
—-11.00 —78.00 252 PEM ? + - - - -
—17.75 5760 293 OMM +7? + + + + +
37.00 13400 900 JAPS ? + + + + +
Oman margin
18.05 5708 593 OMM N/A + [4] + + + +
Arabian Sea
23.05 6600 1002 ARS + N/A [5] + + + +
20.00 6100 3570 ARS + N/A + + + +
E. Pacific coast
22.07 —106.05 425 NWM — N/A [6] + + + +

(1) Trends are categorized as “increase},(‘decrease” £), “unclear” (?), “unclear increase*{?), and “no change™¢). Region abbreviations in the Region column

are SAO for South Atlantic Ocean, SIO for South Indian Ocean, EPO for equatorial Pacific Ocean, NAG for North Atlantic Gateways, JP for Java Plateau, ETA for
Eastern Tropical Atlantic, PEM for Peru margin, OMM for Oman margin, JAPS for Japan Sea, ARS for Arabian Sea, and NWM for the waters off the northwest
Mexican coast. Index numbers for authors in the Reference column are (1) for Latimer and Filippelli (2001), (2) for Filippelli et al. (2007), (3) for Tamburini and
Follmi (2009), (4) for Tamburini et al. (2003), (5) for Schenau et al. (2005), and (6) for Ganeshram et al. (2002).

linear. If we would increase the amount of organic carbon4 Conclusions and outlook

further, the situation would be different: bottom-water anoxia

would develop and a positive non-linear feedback from pref-We use a biogeochemical ocean model of the carbon (C),
erential P regeneration would be initiated. However, therephosphorus (P) and iron (Fe) cycles to compare the trends
is currently no evidence to support such large inputs. Ourin ocean productivity, oxygen, and P cycling at the peak of
work also differs from these previous studies by providing glacial periods relative to the preindustrial ocean. The model
insight in the spatial trends in water column oxygenation andgives a detailed representation of the sedimentary P dynam-
P burial in simulations of the glacial ocean. Further model-ics in the open ocean, including anaerobic POC remineraliza-
ing work should also include the nitrogen (N) cycle, given tion in sediments and redox dependent P burial. We specifi-
that nitrogen availability could potentially limit primary pro- cally assess the role of the input of particulate material from
ductivity in parts of the glacial ocean as well and contribute shelves on ocean oxygenation and phosphorus dynamics dur-
to spatial trends. ing glacial times.

More research is needed to further constrain the delivery To simulate glacial scenarios, we use simulated fields of
fluxes of POM, PP and reactive Fe from shelves to the operocean circulation and atmospheric dust deposition for the
ocean during the LGM. This includes a better quantifica- LGM. In addition, fluxes of particulate organic matter (POM)
tion of the flux of reactive carbon and phosphorus deliveredand particulate inorganic P (PP) are added to the model conti-
through erosion from the various continental shelves, a quannental rise and slope regions (26 < 2000 m) to simulate
tification of the flux of Fe oxides delivered by icebergs, and transfer of particulate matter from shelves to the open ocean
insight into the pathways of the iceberg Fe flux into the openduring sea level low stands. In the LGM simulation with-
ocean and its potential bioavailabilitRéiswell et al.2006). out any inputs of particulate material from shelves, POC ex-

port production, global mean phosphate and deep-water oxy-
gen concentrations increase. When shelf input is included,
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