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Abstract

The geological record provides evidence for the periodic occurrence of water column
anoxia and formation of organic-rich deposits in the North Atlantic Ocean during the
mid-Cretaceous (hereafter called proto-North Atlantic). Both changes in primary pro-
ductivity and oceanic circulation likely played a role in the development of the low oxy-
gen conditions. Several studies suggest that an increased input of phosphorus from
land initiated oceanic anoxic events (OAEs). Other proposed mechanisms invoke a
vigorous upwelling system and an ocean circulation pattern that acted as a trap for
nutrients from the Pacific Ocean.

Here, we use a detailed biogeochemical box model for the proto-North Atlantic to
analyse under what conditions anoxia could have developed during OAE2 (94 Ma).
The model explicitly describes the coupled water, carbon, oxygen and phosphorus cy-
cles for the deep basin and continental shelves. In our simulations, we assume the
vigorous water circulation from a recent regional ocean model study. Our model re-
sults for pre-OAE2 and OAE2 conditions are compared to sediment records of organic
carbon and proxies for photic zone euxinia and bottom water redox conditions (e.g.
isorenieratane, carbon/phosphorus ratios). Our results show that a strongly elevated
input of phosphorus from rivers and the Pacific Ocean relative to pre-OAE2 conditions
is a requirement for the widespread development of low oxygen in the proto-North At-
lantic during OAE2. Moreover, anoxia in the proto-North Atlantic is shown to be greatly
influenced by the oxygen concentration of Pacific bottom waters. In our model, primary
productivity increased significantly upon the transition from pre-OAE2 to OAE2 condi-
tions. Our model captures the regional trends in anoxia as deduced from observations,
with euxinia spreading to the northern and eastern shelves but with the most intense
euxinia occurring along the southern coast. However, anoxia in the central deep basin
is difficult to achieve in the model. This suggests that the ocean circulation used in
the model may be too vigorous and/or that anoxia in the proto-North Atlantic was less
widespread than previously thought.
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1 Introduction

During the mid-Cretaceous, atmospheric CO,, sea surface temperatures (SSTs) and
sea level were higher than at present (Freeman and Hayes, 1992; Barron et al., 1993;
Herman and Spicer, 2010; Schouten et al., 2003). The geological record for this period
bears evidence for several oxygen depletion events in oceanic waters (e.g., Schlanger
and Jenkyns, 1976; Erbacher et al., 2004; Jenkyns, 2010). During these events, exten-
sive black shales formed on the sea floor of the North Atlantic basin (hereafter called
proto-North Atlantic). In some areas, biomarker abundances indicate photic zone eu-
xinia, implying that the water column contained free sulphide from the sea floor to the
base of the photic zone (Sinninghe Damsté and Koster, 1998; Kuypers et al., 2002; van
Bentum et al., 2009; Hetzel et al., 2011). The most studied of these so called Oceanic
Anoxic Events (OAEs) occurred at the Cenomanian—Turonian boundary, approximately
94 Myr before present, and is termed OAE2.

Our knowledge of OAE2 is mostly based on sediment records from the proto-North
Atlantic (Jenkyns, 2010). OAE2 is characterized by a positive carbon isotope excur-
sion detectable in both marine carbonates and organic carbon. This excursion is re-
lated to increased burial of particulate organic carbon (POC), especially on the con-
tinental shelves along the northern, western and southern shores of the proto-North
Atlantic, and in the deep waters in the south of the basin (e.g., Scholle and Arthur,
1980; Schlanger et al., 1987; Arthur et al., 1994; Sinninghe Damsté and Koster, 1998;
Voigt, 2000; Bowman and Bralower, 2005). The high POC burial was likely the result
of both increased primary productivity (Erbacher et al., 1996; Gale et al., 2000) and
enhanced preservation of organic matter in the sediments under anoxic bottom waters
(e.g., Arthur and Dean, 1988; Schlanger et al., 1987; Erbacher et al., 2005). Rates of
organic matter burial were sufficiently high to lead to major atmospheric CO, drawdown
resulting in an associated short lived cooling event (Plenus Cold Event; Gale and Chris-
tensen, 1996) during the early stage of OAE2 (Forster et al., 2007; Sinninghe Damsté
et al., 2010).
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Potential causes of a rise in primary productivity during OAE2 include an increased
input of nutrients from land (Wagner et al., 2007; Monteiro et al., 2012), leaching of
nutrients from flooded shelves (Erbacher et al., 2001; Follmi, 1995, 1999; Handoh and
Lenton, 2003) and the inflow of nutrient-rich Pacific waters (Trabucho Alexandre et al.,
2010). During low oxygen conditions, enhanced recycling of phosphorus (P) from or-
ganic matter relative to carbon could have helped to sustain the higher productivity and
anoxia (Mort et al., 2007; Kraal et al., 2010b; Tsandev and Slomp, 2009). Increased
upwelling of nutrient-rich waters may have been another important factor in sustain-
ing high productivity (e.g., Parrish and Curtis, 1982; Sinninghe Damsté and Koster,
1998; Kuypers et al., 2002; Piper and Calvert, 2009). This contrasts with the tradi-
tional view that the Cretaceous ocean was more stratified than the modern ocean be-
cause of the reduced SST gradients with latitude (e.g., Schlanger and Jenkyns, 1976;
Ryan and Cita, 1977; Arthur and Fischer, 1977). Recent results of several general
circulation models suggest that the overturning during the mid-Cretaceous could in-
deed have been much more vigorous than previously thought (~ 20 instead of ~ 10 Sy;
1 Sverdrup = 10° m3s_1) (e.g., Poulsen et al., 2001; Flogel et al., 2011; Topper et al.,
2011). Because a vigorous circulation leads to a better ventilation of an ocean basin,
bottom water anoxia in such a basin necessarily implies a high oxygen consumption.
At present, it is still unclear under what conditions a vigorous circulation could have
allowed the development of anoxia on the continental shelves and in the deep basin of
the proto-North Atlantic.

In this study, we first describe the bathymetry and the circulation assumed for the
proto-North Atlantic. We also compile and describe the published evidence for spatial
trends in the occurrence of photic zone euxinia, P recycling and enhanced burial of
POC in the basin prior to and during OAE2. We then present a new multi-box model of
the water, carbon, P and oxygen cycles for the proto-North Atlantic. The water cycle in
our model is based on the proto-North Atlantic circulation as derived by Topper et al.
(2011). With our box model, we assess under what conditions widespread anoxia could
have developed in the proto-North Atlantic. In particular, we focus on the required P

13234

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/13231/2013/bgd-10-13231-2013-print.pdf
http://www.biogeosciences-discuss.net/10/13231/2013/bgd-10-13231-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

inputs, including the relative role of inputs of P from the Pacific Ocean and from rivers
and the resulting rates of primary productivity and burial of POC. We also assess the
role of a reduction in oxygen input from the Pacific Ocean and the strength of ocean
circulation.

2 The proto-North Atlantic
2.1 Bathymetry and ocean circulation

Prior to and during OAE2, the proto-North Atlantic was a wide, semi-enclosed deep
basin that was connected to the Pacific Ocean via the Central American Strait and to
the Tethys Ocean via the Tethys gateway (Fig. 1). Here, we use the bathymetry in the
basin as reconstructed for both time intervals by Topper et al. (2011), based on earlier
work by Miller et al. (2008) and Sewall et al. (2007). The total surface area of the
proto-North Atlantic prior to OAE2 is ~ 2.2km x 10" km. This represents only about 5 %
of the surface area of the global ocean in the mid-Cretaceous. In this reconstruction,
the deep basin, which is up to 5km deep, is enclosed by steep continental slopes in
the north and south. A mid-oceanic ridge runs from the north-east to south-west in the
deep basin. Continental shelves, in our model, account for ~ 13 % of the total basin
area and their area doubled during the event due to sea level rise.

The zonal overturning during OAE2 (Fig. 2a) in the proto-North Atlantic circulation
model of Topper et al. (2011) is ~ 20 Sv which is in agreement with other recent model
simulations (Otto-Bliesner et al., 2002; Trabucho Alexandre et al., 2010). The merid-
ional overturning during OAEZ2 in the model of Topper et al. (2011) is 15 Sv and thus
is quite similar to that in the present-day Atlantic (~ 18.7 Sv, Cunningham et al., 2007).
According to this model the upwelling regions were situated in the southern Atlantic to
the west of the North African coast, in the northern part of the Western Interior Seaway
and along the coast in the north and north-west (Fig. 2b).
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Several features are not included in our bathymetry since their position and/or pres-
ence are not well-defined. For example, in the Central American Strait, the Caribbean
Plateau basalts and a shallower sill may have restricted the flow of Pacific water to the
proto-North Atlantic. A narrowing of the strait could have decreased the water flux by
as much as 16 Sv, while shallowing of the strait would have mainly affected the deep
proto-North Atlantic circulation (Topper et al., 2011). Carbonate platforms in the west-
ern Tethys gateway could also have inhibited water exchange between the proto-North
Atlantic and the Tethys Ocean. Restraining the Tethys gateway water exchange may
have halved the strength of the zonal overturning (Topper et al., 2011). The opening of
the connection between the North and the South Atlantic (e.g., Friedrich and Erbacher,
2006; Jones et al., 1995; Poulsen et al., 2003) could potentially have increased the
overturning and the upwelling in the proto-North Atlantic (Topper et al., 2011).

In the model of Topper et al. (2011), the SSTs of the proto-North Atlantic in the mid-
Cretaceous range from 20 to 28°C (Supplement; Fig. S1). Proxy data for SST from
oxygen isotopes and Mg/Ca ratios of planktonic foraminifera (Bice et al., 2006) and
TEXgg (Forster et al., 2007; Schouten et al., 2003; Sinninghe Damsté et al., 2010) in-
dicate a significantly higher SST range from 29 to 35 °C for 0-50° N (e.g., Huber et al.,
2002; Bice et al., 2003; Jenkyns et al., 2004), with a maximum SST of 42°C at Demer-
ara Rise (Bice et al., 2006). Oxygen isotopes from benthic foraminifera suggest that
bottom water temperatures ranged from 14 to 18°C (Voigt et al., 2004). Thus, surface
and bottom waters were significantly warmer than modern North Atlantic waters. The
generally observed discrepancy between temperatures in climate (e.g., Poulsen et al.,
2001; Otto-Bliesner et al., 2002) and ocean models of the Cretaceous and those de-
rived from proxy data indicates that models may not adequately capture all key aspects
of the climate dynamics (Bice et al., 2006).

Salinity in the mid-Cretaceous as calculated with the various models is typically only
1 to 2 units higher than at present. Regional trends may be quite different, however.
For example, in the model of Topper et al. (2011), the warmest and most saline waters
are located to the North of the oceanic ridge (25-35° N), whereas in the modern North
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Atlantic, the warmest and most saline waters are located near the equator. In addition,
the model suggests that the southern part of the basin was well-mixed whereas the
northern basin was more stratified (Fig. S1).

2.2 Biogeochemistry

Strong regional variations are observed in organic carbon contents in sediments de-
posited prior to and during OAE2 (Fig. 1). In sediments deposited prior to OAE2, carbon
concentrations greater than 5wt% and black shale formation are only observed in the
southern Atlantic. Sediments from other parts of the basin are relatively organic-lean
with concentrations below 1wt%. During OAE2, the areas where organic-rich sedi-
ments were deposited expanded to include north-eastern and northern coastal areas.
Although there is evidence for terrestrial organic material at some coastal sites (e.g.
Tarfaya, the Western Interior Seaway and Hatteras formation; Leine, 1986; Kolonic
et al., 2005; Herbin et al., 1986; White and Arthur, 2006; Owens et al., 2012), most of
the organic matter in the proto-North Atlantic is of marine origin.

The spatial trends in the biomarker isorenieratane, which is an indicator of photic
zone euxinia, are in line with the organic carbon data (Sinninghe Damsté and Koster,
1998; Kuypers et al., 2002; van Bentum et al., 2009). Prior to OAEZ2, occasional photic
zone euxinia occurred in the southern basin at several locations (e.g. Demerara Rise
and Tarfaya). During OAE2, the euxinia intensified and spread to coastal regions in
the north (Fig. 1b). However, biomarker evidence suggests that the euxinia in these
northern areas was less common than in the southern proto-North Atlantic (van Ben-
tum et al., 2012). These results are in line with those of a recent study of iron (Fe) and
molybdenum (Mo) geochemistry during OAE2 that emphasizes the heterogeneity of
the depositional conditions in the proto-North Atlantic (Owens et al., 2012).

The dynamics of P in sediments strongly depend on the bottom water redox condi-
tions. In sediments overlain by oxic bottom waters, P can be retained in bacterial cells
in the form of polyphosphate (Schulz and Schulz, 2005) and can be bound to Fe-oxides
(Slomp et al., 1996). Upon a redox change to anoxic conditions, most of this P will be
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released to the porewater. Release of P from organic matter relative to carbon is also
enhanced (Ingall et al., 1993). Typically, only part of this released P is sequestered
in authigenic P minerals. A major proportion of the P will escape to the overlying wa-
ter with the net result being increased regeneration of P from the sediment relative to
carbon (e.g., Ingall et al., 1993; Jilbert et al., 2011). Sediment P speciation is not pre-
served during long-term burial over 94 Myr (Filippelli and Delaney, 1996; Kraal et al.,
2010b). In addition, post-sampling alteration of P speciation due to exposure to oxygen
is @ major problem for many Cretaceous samples (Kraal et al., 2009). However, ratios of
particulate organic carbon to total phosphorus (POC/P1q71) can be used as an indicator
of bottom water redox conditions (Algeo and Ingall, 2007; Kraal et al., 2010a). Ratios
of POC/P+qt for pre-OAE2 and OAE2 sediments (Fig. 1) confirm the trends in organic
carbon content and biomarker data. Prior to OAE2, ratios are highest in sediments of
the southern proto-North Atlantic when compared to the other areas and increase in all
regions during OAE2. The highest POC/Pq57 ratios are observed in euxinic settings.
These trends have been previously interpreted to indicate a major role for P recycling
in sustaining productivity during OAE2 (Mort et al., 2007; Tsandev and Slomp, 2009).

Because of the redox dependent dynamics of P in sediments, burial fluxes of P
are not a good measure of changes in inputs of P to the marine system. Besides
riverine inputs, other inputs include the inflow of water from the Pacific Ocean and
Tethys gateway and release of P from shelf erosion during flooding. A recent calcium
isotope study suggests that continental weathering may have increased by a factor
of 3 during OAE2 (Blattler et al., 2011), implying that P inputs from rivers likely also
increased. Potential inputs from the Pacific Ocean are a function of the inflow and
outflow of water at the Central American Strait and P concentration of the water. Sea
level was rising at the onset of OAE2 and continued to rise for about 200 kyr more
(Leckie et al., 2002). Bjerrum et al. (2006) estimated that the sea level rise could have
led to a total release of up to 580 Tmol of dissolved P into the global ocean during the
transgression.
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All coastal areas where POC burial was high and the water column was at least
occasionally euxinic are associated with upwelling conditions (Figs. 1 and 2b). Thisis in
line with elevated marine productivity being responsible for increased burial of organic
matter during OAEZ2, as suggested earlier based on organic geochemical proxies (e.g.,
Gale et al., 2000; Kuypers et al., 2002) and records of organic-walled dinoflagellate
cysts (e.g., Pearce et al., 2009). Quantitative reconstructions of primary productivity for
OAEZ2 rely on assumptions about the preservation of organic material in the sediment
under low oxygen conditions. Estimates of primary productivity for the southern proto-
North Atlantic range from 5 to 20 molCm™2 yr‘1 (Sinninghe Damsté and Koster, 1998;
Kuypers et al., 2002). These values are similar to those found in the open ocean in
the modern Atlantic (10—15moICm‘2 yr‘1; Campbell and Aarup, 1992; Marra et al.,
1992; Lohrenz et al., 1992), but are low when compared to rates along the present-
day north west African coast (35-700 molC m‘zyr’1; Loyd, 1971; Lachkar and Gruber,
2012) and the typical range for other upwelling areas (16—300 molCm™2 yr'1; Millero,
1996; Fashman, 2003).

3 Model description

A multi-box model describing the coupled cycles of water, carbon, oxygen and phos-
phorus for the proto-North Atlantic was developed for pre-OAE2 and OAE2 conditions.
The water cycles for both time intervals are described below, as well as the initial reser-
voir sizes and steady state fluxes for the various elements for the pre-OAE2 proto-North
Atlantic. The model approach is similar to that used in other box model studies for the
modern and ancient ocean (e.g., Rabouille et al., 2001; Slomp and Van Cappellen,
2007; Tsandev and Slomp, 2009). This approach involves the calculation of an initial
steady state for the elemental cycles. This is followed by the parametrization of the
biogeochemical processes using simple rate laws. The ordinary differential equations
describing mass conservation are solved using R, a free software package (R Devel-
opment Core team, 2006; Soetaert et al., 2010).
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3.1 Water cycle

The proto-North Atlantic is divided into 7 boxes based on the location of upwelling
and downwelling areas and the bathymetry during OAE2 (Fig. 3). Five of the boxes
are located in coastal areas (W3, W4, W5, W6, and W7). These 5 boxes are further
divided vertically into a surface water (0 to 100m) and shallow bottom water (100 to
700 m) box. Two open ocean boxes (W1 and W2) are defined and divided vertically
into a surface (0 to 100 m), intermediate (100 to 700 m) and deep bottom water (700 to
5000 m) box. This division is used for both pre-OAE2 and OAE2 settings.

Reservoir sizes for the water cycle (Table S2) and vertical and horizontal water fluxes
were calculated from the pre-OAE2 run and reference run for OAE2 of Topper et al.
(2011). In a few cases, the exchange fluxes between the coastal and deep boxes could
not be extracted from the circulation model and were calculated by assuming steady
state. River fluxes are not included in the model of Topper et al. (2011) because they
are not significant compared to exchange with the global ocean. Given the importance
of rivers for biogeochemical processes, however, fluxes of river water to all coastal
boxes were defined in our model (Fig. 3) based on modern river inputs (Gupta, 2007).
We assume a slightly enhanced hydrological cycle for OAE2 and therefore increased
the water discharge into the north-western proto-North Atlantic when compared to pre-
OAE2 conditions. The addition of river water fluxes required small adjustments of the
water fluxes from the values of Topper et al. (2011) to maintain steady state (Table S2).
Both water cycles capture the key characteristics of the upwelling regime and circula-
tion (Fig. 3) of the ocean circulation model of Topper et al. (2011).

3.2 Biogeochemical cycles and initial steady state

The model includes a simplified description of the carbon, P and oxygen cycles. Par-
ticulate organic carbon is the only carbon phase in the model. For dissolved oxygen,
only changes in intermediate and deep waters are considered, i.e. surface water con-
centrations are assumed to be constant. Phosphorus is present as particulate organic
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P (POP) and soluble reactive P (SRP). Key processes in the model are primary pro-
duction, remineralization, export of POC and POP and burial of P and POC. Phos-
phorus is assumed to be buried in sediments as POP, iron oxide bound P (Fe-P) and
authigenic carbonate fluorapatite (Ca-P) (Ruttenberg and Berner, 1993; Slomp and
Van Cappellen, 2007). Initial reservoir sizes of POC, SRP and oxygen in the water
column for pre-OAE2 conditions are based on typical concentrations in the modern At-
lantic Ocean (Sarmiento and Gruber, 2006) and mass balance constraints. Exchange
of oxygen and SRP between boxes is calculated by multiplying the water fluxes by the
concentration in the source reservoir.

Sediment organic carbon contents for pre-OAE2 conditions from our data compi-
lation (Table S1) are used to estimate rates of burial of POC in each box (Table 1).
Corresponding rates of primary productivity are calculated assuming a burial efficiency
of 0.01 % in the open ocean and 0.3 % for coastal areas (Wollast, 2002), except for the
southern low oxygenated coast where we assume a burial efficiency of 0.4 %. Similar
to the modern ocean, 13 % of primary productivity is assumed to be exported from
surface waters. In the open ocean, 3 % of the organic matter produced in the surface
water reaches the bottom waters.

The degradation of organic matter determines the oxygen consumption in the inter-
mediate and deep waters assuming a ratio between carbon and oxygen of 106 to 138.
Surface water oxygen is assumed to be in equilibrium with the atmosphere and is not
explicitly modeled. The dependency of the oxygen solubility on temperature and salinity
is accounted for using the equation of Weiss (1970) as revised by Benson and Krause
(1984) and temperatures and salinities from Topper et al. (2011) (Fig. S1). There is
no inflow of intermediate or deep water from the Tethys gateway. However, there is an
inflow of Pacific deep water, which is assumed to contain more oxygen and less SRP
than modern Pacific deep water (Table 2), due to the assumed higher rate of ocean
circulation (Trabucho Alexandre et al., 2010).

Uptake and release of P due to primary productivity and remineralization, sinking of
organic matter and the initial reservoir size of POP are calculated from the carbon cycle
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through the Redfield ratio (C : P ratio of 106 : 1). River inputs of SRP are calculated from
the water flux and typical SRP concentrations for pre-anthropogenic rivers (Table 2).
The total river input to the proto-North Atlantic equals 0.013 Tmol P yr'1, which is equiv-
alent to 12 % of the global modern non-anthropogenic P input (0.11 Tmolyr'1; Slomp,
2011). Under oxic conditions, the burial of authigenic Ca-P is assumed to be 50 % of
the total P burial, whereas Fe-P and POP burial each account for 25 % (Ruttenberg,
1993). When oxygen is less than 170 umoIL_1 (Table 1), burial of P is assumed to de-
pend on the oxygen concentration in the bottom water. The biogeochemical conditions
for OAE2 are obtained by implementing the OAE2 water cycle in the parameterized
model for pre-OAE2 conditions. All reservoir sizes and fluxes are listed in Tables S3,
S4 and S5.

3.3 Rate laws for biogeochemical processes

The process descriptions for carbon, oxygen and P cycling in the water column mostly
rely on simple first-order rate expressions (Table S6) and our parametrizations are
largely similar to those described in Slomp and Van Cappellen (2007). An exception is
the description of the degradation of organic matter (CREL) in low oxygenated inter-
mediate waters, which we assume slows down when oxygen concentrations ([O,]) are
below 1 pumol L~ and comes to a halt when oxygen is exhausted:

CREL = kcgg, - POC-[O,] if [0,] < 1umolL™" (1)
where kqgg, is the rate constant for remineralization of POC. This is based on obser-
vations of enhanced organic matter export in anoxic waters (Andersson et al., 2008;
Middelburg and Levin, 2009).

Redox dependent POC and P burial are implemented as described previously by
Slomp and Van Cappellen (2007). Particulate organic P burial (POPBUR), in both the
open and coastal ocean, depends on the export flux of POP (POPEXP) from surface
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waters:

(@]
POPBUR pen/coast = kpopsur - POPEXP - (0.6 +0.4- i) ()
[02]crit

where kppopgyr is @ rate constant for burial of exported POP and [O,]i; (=170 pmol L‘1)
is the oxygen concentration at which the burial efficiency starts to decrease. The num-
bers in the right hand side of the equation are empirical and control the burial efficiency,
where the coefficient of [([)Silm determines the percentage by which the burial flux is re-
duced under anoxic conditions.

The burial fluxes of POP and POC in low oxygenated waters are coupled through a

redox sensitive burial ratio (C/P)y,,ia (Van Cappellen and Ingall, 1994):

(C/P)oxic : (C/P)anoxic

O. 5 .
ot (C/Phanaic + (1 = 2L (C/Poxic

(C/P)burial =

3)

where (C/P)qyic @and (C/P)anoxic @re the end member values for POC burial under oxic
and anoxic bottom waters, respectively. Here, we assume that (C/P),,; is equal to the
Redfield ratio of 106 in the open ocean and is higher in the coastal ocean at a value
of 200. For (C/P)anoxic WEe assume a value of 800 in the open ocean and 600 for the
continental shelves, based on a compilation of POC to POP burial ratios for various
recent marine depositional environments (Slomp and Van Cappellen, 2007). The burial
flux of POC (POCBUR) is then calculated as:

POCBUR = POPBUR - (C/P)pyrial )

Consequently, the burial efficiency of POC from fully oxic to anoxic conditions can
increase by up to a factor of ~7 and ~ 3 in the deep and coastal ocean, respectively.
This is in accordance with earlier studies on enhanced preservation of POC under
anoxic conditions (Hartnett et al., 1998; Reed et al., 2011).
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The burial of Fe-P (FeEPBUR) is assumed to be linearly dependent on the oxygen
concentrations, with no burial at all under anoxic conditions:

[O,]
[Oz]crit

where FEPBUR,,;. is the initial burial rate in oxic conditions. Observations from recent
and ancient sediments show that, under low oxygen conditions, authigenic Ca-P forma-
tion can be limited or absent in the open and coastal ocean (Schenau and De Lange,
2000, 2001; Tamburini et al., 2002; Slomp et al., 2002, 2004; Mort et al., 2010; Kraal
et al., 2010b). This is thought to occur because P escapes into the water column rather
than precipitating as authigenic Ca-P when organic matter degradation occurs very
close to the sediment water interface and concentrations of iron oxides are low (e.g.,
Mort et al., 2010; Reed et al., 2011). The parametrization of the burial efficiency for au-
thigenic Ca-P is similar to the parametrization in Eq. (2). Here, we assume that ocean
anoxia may lead to a reduction of up to 50 % of authigenic Ca-P formation (CaPBUR)
in the open ocean and up to 82 % in the coastal areas:

(O] )
[Oz]crit
c (O]

aPBURCOaSt = kcaPBURcoast N kPRELCOaS'K * 01 8 + 082W
crit

where kczppur @nd Apggl are the rate constants for authigenic Ca-P burial and rem-
ineralization of POP in bottom waters, respectively. Note that in our parametrization
of Egs. (2) and (7), the burial of POP and authigenic Ca-P is more sensitive to redox
conditions than in the model of Slomp and Van Cappellen (2007). This modification al-
lows POC to total P ratios that are in accordance with those observed in the geological
record for the mid-Cretaceous (Mort et al., 2007; Algeo and Ingall, 2007; Kraal et al.,
2010Db).

FePBUR = FePBUR, - (5)

CaPBU Ropen = kcaPBURopen . kPRELdeep . (05 + 05 (6)

(7)
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3.4 Numerical experiments

For this study, we perform 7 sensitivity experiments for OAE2 conditions (E1, E2, ES,
E4, E5, E6 and E7) that include from 1 to 69 runs each (Table 3). The aim of these
experiments is to assess the response of dissolved oxygen in the proto-North Atlantic
to changes in (1) inputs of P from rivers, (2) inputs of P and oxygen from the Pacific
Ocean and (3) ocean circulation. All experiments start from the standard run, which is
the new steady state that is obtained when the water cycle in the steady state model
for pre-OAE2 conditions is replaced by the water cycle for OAE2 (Table S2). The water
cycle for OAE2 accounts for the rise in sea level and associated expanded continental
shelves, increases in river flow and changes in ocean circulation. When implementing
this new water cycle, the carbon, the phosphorus and the oxygen cycles require 10 kyr
to reach a new equilibrium. The first two experiments evaluate changes in riverine P
(E1) and Pacific P (E2) supply, alone. The P supply from all rivers is increased step-
wise between runs following the function:

Piver = 0.013n31314 (8)

where n is a number from 1 to 8. The concentration of P in Pacific bottom water is also
incremented step-wise (E2), first by a factor of 3 to reach modern values (3 umoIL'1,
Sarmiento and Gruber, 2006) and then by an additional factor of 2.

Because the oxygen concentrations in the Pacific Ocean are not well known, the third
and fourth experiment assess the impact of differences in dissolved oxygen in Pacific
bottom water entering the proto-North Atlantic. We use the modern oxygen concen-
tration of Pacific bottom water of 130 pmol L™ (E3), instead of 200 umol L™ (Table 2),
and also assess the consequence of anoxic bottom waters in the Pacific Ocean (E4).
In both experiments, the riverine P supply is increased as in E1. In addition, we test the
sensitivity of the model to ocean circulation by decreasing the circulation in all boxes
simultaneously to 90, 70, 50 and 30 % of the initial circulation, with first a constant river-
ine P input and then an increased P input following Eq. (8), giving a total of 45 runs
(E5).
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In two final experiments (E6 and E7), we assess under what conditions anoxia could
have developed in the bottom waters of the central open ocean (W1) in the proto-North
Atlantic. We assume a riverine input of P that is increased by a factor of 3 relative to
pre-OAE2 conditions, based on the increase in continental weathering as estimated
from calcium isotopes by Blattler et al. (2011). We also assume an additional flux due
to P erosion linked to sea level rise of 0.001 Tmol yr'1. This is 16 % of the total erosion
for the global ocean as estimated by Bjerrum et al. (2006) and is based on the length
of the coastline of the proto-North Atlantic relative to the global coastline (Inman and
Nordstrom, 1971). The SRP and oxygen concentrations in Pacific bottom water are
set at 2.9 and 130 umoIL_1, respectively. While in experiment E6 the circulation in the
proto-North Atlantic and oxygen input from the Pacific Ocean are kept constant, in E7
we assess the sensitivity of our model to a reduction in both oxygen concentrations
and ocean circulation in a total of 69 runs.

4 Results and discussion
4.1 Relation between phosphorus input and widespread anoxia

In the standard run for OAE2 conditions, primary productivity decreases in most regions
because the same amount of SRP is available in a larger volume of water. For example,
there is a reduction in primary production of ~ 30 molm™2 yr'1 in the Western Interior
Seaway (W3) and along the southern coast (W5), where the major shelf enlargement
occurred. Due to the lower primary productivity and the enhanced ocean circulation,
oxygen concentrations in most regions increase by about 30 umoIL‘1. An additional P
input of 0.1 Tmol yr'1 is required for the primary productivity to be similar to pre-OAE2
values. This P input rate is as large as the modern global riverine P input (Slomp,
2011). At this level of P input, anoxia only develops along the southern coast (W5) of
the proto-North Atlantic (Fig. 4a).
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In experiment E1 (Fig. 4a), the P supply needed for the central open ocean (W1) to
become anoxic is about 60 times higher than the initial riverine input of P. This P supply
is much larger than what can be explained by weathering alone. Because of the larger
volume of water involved, a relatively small change in the SRP concentration in Pacific
bottom water has a much larger impact on SRP availability in the proto-North Atlantic
than an equivalent change in river water SRP (Fig 4b). Note however, that riverine P
input enters surface waters and directly fuels primary production, whereas input from
Pacific bottom water first needs to be upwelled in the southern proto-North Atlantic
before it can be used by primary producers. Consequently, less total input of SRP is
needed to achieve anoxia when the input comes from rivers (Fig 4). Assuming that
the P supply comes from the Pacific Ocean only, SRP concentrations that are higher
than modern Pacific P concentrations are required for anoxia to develop in northern
waters (W3 and W4) and increase primary productivity along the north-eastern coast
(W6). Over the past 542 Myr, dissolved phosphate concentrations in sea water have
remained relatively constant (Planavsky et al., 2010). A concentration of SRP that is
twice modern concentrations, therefore, is unlikely. While increased input of SRP from
the Pacific Ocean alone probably did not drive the basin to anoxia, we conclude that it
may have contributed to its development.

In both experiments, the regional response of oxygen concentrations to increased
P input is similar. The southern coast (W5) is most sensitive to low oxygen, followed
by the intermediate and bottom waters of the southern open ocean (W2), the Western
Interior Seaway (W3), and the northern coast (W4). The central open ocean (W1), the
north-eastern coast (W6) and the Tethys gateway (W7) do not easily become anoxic.
This regional response is also evident if we compare primary productivity and burial
rates of POC and P in the various basins for E1, when, for example, assuming a riverine
P input of 0.4 Tmonr‘1 (Table 4). This input is 4 times the modern global riverine P
input and at these P levels, only the southern coast develops anoxia, with most of
the proto-North Atlantic remaining well-oxygenated. Rates of primary productivity and
POC burial fluxes are within the typical range for modern day environments (Table 4
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and Sect. 2.2). While in this run, organic rich sediments (e.g. black shales) can form
in the box along the southern coast (W5), POC accumulation in sediments in the other
basins only occurs where sufficient POC is buried, such as in the Western Interior
Seaway (W3), the northern (W4) and the eastern coast (W7), in line with observations.
Note that POC/P+qt ratios in this run are lower than indicated by the compilation of
data (Fig. 1 and Table 4), suggesting that we are not fully capturing the redox conditions
as observed in the proto-North Atlantic during OAE2. However, more POC/P1ot data
would be required to better constrain the parametrization of the redox parameters in
the proto-North Atlantic.

Besides inflow from the Pacific Ocean, other lateral flows of water and solutes are
also important in controlling oxygen concentrations in the waters of the proto-North
Atlantic. For example, the Western Interior Seaway (W3) is very sensitive to the bot-
tom water oxygen concentrations in the southern open ocean (W2). Low oxygenated
waters from the southern open ocean can impact intermediate waters in the central
open ocean (W1i). These low oxygenated, but not necessarily anoxic, waters may then
spread into the Western Interior Seaway. This is in line with previous work of White
and Arthur (2006), suggesting that dysoxic to anoxic conditions in the seaway spread
due to a flooding of preconditioned, low-oxygenated open ocean waters. Here, we con-
firm that the oxygen deficit due to high productivity in a well-mixed Western Interior
Seaway is difficult to sustain by riverine inputs alone (Fig. 4) and that an intermediate
low-oxygenated layer in the central open ocean with an oxygen concentration as high
as 50 pmol L™ greatly aids the formation of dysoxic/anoxic conditions in the seaway.

In experiment E3, where an oxygen concentration of 130 umol L™ in the Pacific bot-
tom water is assumed, the riverine P input required to reach anoxia in the bottom water
of the central open ocean (W1b) is about 33 % less than in E1 (Fig. 5a). A similar but
more pronounced trend is observed for the deep southern open ocean (W2b), where
anoxia is reached with 45 % less riverine P input when compared to E1 (Fig. 5b). The
central intermediate water (W1i), consequently the Western Interior Seaway, and the
other coastal areas are not significantly affected by the decreased oxygen in the Pacific
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bottom water (not shown), due to the high ocean ventilation above 700 m. The southern
intermediate water (W2i), however, is more sensitive to this oxygen decrease because
it is located in an upwelling area.

If the bottom water entering the proto-North Atlantic from the Pacific Ocean is fully
anoxic (E4), the riverine P input needed to obtain anoxia in the central and southern
deep waters decreases drastically. Here, the intermediate waters are also affected by
the anoxic Pacific bottom waters, since surface ventilation cannot compensate for such
oxygen drawdown. While the primary productivity in E4 is similar to that in E1 (not
shown), POC burial is higher in the former experiment due to enhanced preservation
of POC under low oxygen conditions (Fig. 5¢c). These results highlight that the input
of anoxic bottom water from the Pacific greatly reduces the riverine P input required
to achieve anoxia in the central (W1) and southern (W2) open ocean. Observations
to accurately constrain the oxygen concentration in the deep Pacific Ocean are lim-
ited. Based on results of an intermediate complexity Earth system model, Monteiro
et al. (2012), however, concluded that the equatorial Pacific Ocean was most likely
dysoxic/anoxic at the sea floor during OAE2.

In the experiments E1 to E4, bottom water concentrations of SRP in every box in-
crease with decreasing oxygen (not shown). This is due to the higher remineralization
rate and the enhanced P recycling under low oxygen conditions. However, in the open
ocean (W1 and W2) most SRP remains below 700 m, due to limited vertical transport.
Above this depth, efficient transport of P to the surface does occur. At the same time,
however, the efficient vertical transport leads to a high ventilation in the upper 700 m of
the water column, and thus anoxic conditions in the intermediate central open ocean
(W1i) are difficult to achieve.

In summary, the results of the experiments show that an external P forcing is required
to initiate OAE2. We observe a strong regional response of the oxygen decrease with
several coastal areas and the southern open ocean being highly sensitive to increased
P input and associated primary productivity. These results also highlight that an input
of anoxic Pacific deep water greatly reduces the riverine P input required to achieve

13249

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/13231/2013/bgd-10-13231-2013-print.pdf
http://www.biogeosciences-discuss.net/10/13231/2013/bgd-10-13231-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

anoxia in the proto-North Atlantic. Because mid-Cretaceous bottom water tempera-
tures in the Pacific Ocean were higher than today, lower oxygen concentrations than
in the modern Pacific Ocean are a possibility. Whether the bottom waters in the Pa-
cific Ocean were anoxic, remains uncertain, however. From experiments E1 and E4,
we conclude that, given the vigorous circulation of Topper et al. (2011), anoxia in the
proto-North Atlantic can only be reached when assuming a high external P input and in-
flow of low oxygenated waters from the Pacific Ocean. Even then, it is difficult to obtain
anoxia in the central open ocean (W1) suggesting that the ocean circulation assumed
here may be too vigorous.

4.2 Reduced ocean circulation

The Atlantic meridional ocean circulation (Ottera and Drange, 2004), strongly depend
on global continental runoff and solar irradiation. Both are not well-known for the Cre-
taceous, which creates a major uncertainty in the calculated ocean circulation as ob-
tained by general circulation models. The position of bathymetric features and the in-
ternal parametrization of vertical mixing creates additional uncertainty in the calculated
flow in the proto-North Atlantic.

Since the circulation in the proto-North Atlantic is not well-defined and the results
of experiments E1 and E4 suggest it may be too vigorous, we assess the effect of a
reduced circulation by decreasing all water fluxes simultaneously in steps of 20 %. We
also vary riverine P inputs stepwise following Eq. (8). The results show that oxygen
concentrations in the proto-North Atlantic are generally not very sensitive to changes
in ocean circulation alone (Fig. 6). This is because the reduced mixing does not only
decrease the rate of ventilation but also decreases the upward transport of P. As a con-
sequence primary productivity remains too low for anoxia to develop and the positive
feedback between low oxygen and increased P recycling is not initiated. An additional
P supply is required in order to increase primary productivity.

Each basin responds differently to increased riverine P input, confirming again the
strong regional sensitivity to oxygen depletion. The relation between decreased circu-
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lation and oxygen concentrations is non-linear when riverine P is added. This implies
that P recycling increases with reduced ocean circulation, giving a positive feedback
to anoxia. However, P recycling alone is not strong enough to significantly increase
primary productivity. This contrasts with earlier studies of global P dynamics (e.g.,
Van Cappellen and Ingall, 1994; Tsandev and Slomp, 2009) that highlight that P re-
cycling enhances primary productivity in a more stagnant ocean. This difference is
related to the specifics of the circulation of the proto-North Atlantic used here, with
strong ventilation of intermediate waters and exchange of water with other basins.

The results of experiment E5, where both circulation and P input are varied, show
that ocean circulation plays an important role in controlling the oxygen distribution in
the proto-North Atlantic and determines which regions can easily become anoxic when
additional P is supplied. With a decreased circulation, the riverine P input required to
reach anoxia in all basins is reduced. The P supply needed to reach anoxia in the
central open ocean (W1), however, is higher than what can be explained by riverine
and Pacific P supply.

4.3 Under what conditions could anoxia develop in the central open ocean?

When compared to the coastal areas, data on redox conditions for deep-basin sites in
the central proto-North Atlantic (W1) are scarce (Fig. 1 and Table S1). However, redox
proxy data, including POC/P1qr ratios and sediment trace metal contents, are available
for 3 sites at water depths greater than 3000 m. These are all suggestive of dysoxic and
anoxic conditions during deposition. The model results of Monteiro et al. (2012) also
suggest that, with a meridional overturning of 6-12 Sv, the entire deep proto-North
Atlantic may have contained from 0 to 25 umoIL'1 dissolved oxygen. In our model,
neither increased P supply nor a reduction in ocean circulation alone can drive the
bottom waters of the central open ocean (W1) to anoxia. This suggests that multiple
factors acted at the same time and that changes in the SRP and oxygen concentrations
of bottom waters in the Pacific Ocean may have been important.
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In experiment E6, such a combination of factors is assessed, namely a 3-fold in-
crease in P input from rivers, increased erosive P-input, and elevated SRP and lower
oxygen in Pacific bottom waters (Table 3 and Sect. 3.4). In this experiment, the south-
ern open ocean and coast (W5 and W2) become anoxic, and oxygen concentrations
in the Tethys gateway (W7), the Western Interior Seaway (W3) and the northern coast
(W4) drop below 60 pmol L~ (not shown). However, oxygen concentrations in the bot-
tom waters of the central open ocean (W1) remain above 60 umol L.

How can anoxia in the central open ocean then be reached? As outlined earlier,
there is a particularly large uncertainty in the ocean circulation and oxygen concentra-
tion of Pacific bottom waters, during OAE2. In experiment E7 we therefore assess the
sensitivity of oxygen in the bottom water of the central open ocean (W1) to changes in
both parameters, using the other settings of E6. Our results indicate that, in our model
setup, the bottom water in the central open ocean can only become anoxic when cir-
culation is reduced to 80 % or less and oxygen concentrations in Pacific bottom waters
are less than 20 pmol L~ (Fig.7). The resulting primary productivity for all combina-
tions of low oxygen in Pacific bottom waters and reduced ocean circulation is similar.
As an example, we plot the rates of primary productivity and POC and P burial for a
range where ocean circulation is reduced to 70 % and Pacific bottom waters are nearly
anoxic (Fig. 8). In this run, anoxia is observed in the bottom waters of the central open
ocean (W1b), the Tethys gateway (W7), the Western Interior Seaway (W3) and the
northern coast (W4). With the given circulation, the intermediate waters of the central
open ocean (W1i) remain well-ventilated and thus do not develop anoxia. This is in
line with the lower abundance of isorenieratane in OAE2 sediments of this part of the
proto-North Atlantic (Kuypers et al., 2004; van Bentum et al., 2012).

Primary productivity increases by ca. 60 %, on average, when compared to pre-
OAEZ2 conditions. The largest relative increase (Fig. 8a) is found along the Tethys gate-
way (W7), followed by the north-eastern coast (W6), the central open ocean (W1) and
the southern coast (W5). Rates of POC burial also increase during OAE2 (Fig. 8b),
with enhanced preservation of POC being important at all sites where bottom waters
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are anoxic (i.e. all basins except W6). The greatest relative increase in POC burial is
observed at deep basin sites in the central open ocean, which is in line with observa-
tions for OAE2 (Kuypers et al., 2004; Kraal et al., 2010b; van Bentum et al., 2012). The
total burial of POC in the proto-North Atlantic calculated by our model is 4 Tmol Cyr'1
with most of the burial occurring in the coastal ocean (91 %). This highlights the role of
burial of POC in coastal areas as the likely sink for CO, during the cooling event in the
early stage of OAE2.

Phosphorus is also mostly buried in coastal areas (Fig. 8c). Redox-dependent re-
lease of P occurs in all basins but is most pronounced in the most anoxic coastal
areas. At the basin scale, redox dependent P recycling supplies ca. 0.03TmoIPyr'1,
which is equivalent to the riverine input of P. However, because of the circulation in
the proto-North Atlantic, the recycled P in bottom waters does not easily reach surface
waters in the open ocean. Enhanced P recycling is important in the coastal ocean,
however, especially in the southern coastal area (W5).

5 Conclusions

Our data compilation highlights the strong regional variability in ocean biogeochemistry
in the proto-North Atlantic during OAE2. While bottom waters in the southern coastal
ocean were already largely anoxic and euxinic prior to OAE2, the euxinia intensified
and spread to the southern open ocean and northern coastal areas during the event.
Bottom waters in the north-eastern coastal areas remained oxic, however. The scarce
data for redox conditions in the central open ocean are indicative of dysoxic and anoxic
bottom waters, but the duration and intensity are not well constrained.

Our multi-box model for the proto-North Atlantic captures the observed regional
trends in redox conditions in coastal and open ocean waters during OAE2. High inputs
of phosphorus from rivers and the Pacific Ocean are needed to achieve widespread
anoxia when assuming a vigorous ocean circulation. Low oxygen conditions in Pacific
bottom waters are an additional requirement. In our model, anoxia in the bottom wa-
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ters of the central open ocean in the proto-North Atlantic can only be reached if ocean
circulation is reduced. This implies that the ocean circulation was less vigorous than
the modern one and than the circulation suggested in various recent model studies for
the Cretaceous ocean. Alternatively, the bottom waters in the central open ocean may
not have been generally anoxic. Additional geochemical analyses of sediments from
the deep sea of the proto-North Atlantic are required to further constrain the redox
conditions in the basin.

Our model results suggest that both enhanced primary productivity and preservation
of organic carbon under anoxia contribute to the enhanced organic carbon burial in
the proto-North Atlantic, with their relative role varying regionally. Our study also high-
lights the importance of the continental shelves for the burial of organic carbon and
phosphorus during OAE2.

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/10/13231/2013/
bgd-10-13231-2013-supplement.pdf.
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Table 1. Mean sediment POC contents for each box, where available, and corresponding POC
burial fluxes, rates of primary productivity and oxygen concentrations in bottom waters for pre-

OAE2 conditions.

Box Mean POC

POC Burial flux  Primary productivity ~Bottom [O,]

(Wt%)  (mmol m™2 yr‘1) (mol m™2 yr‘1) (UM)
Wi1 ~0.5 1 11 150
w2 ~5.7 9 88 127
W3 n.a. 214 86 128
w4 ~0.5 202 81 116
W5 4.7 485 130 30
W6 ~ 0.1 22 9 157
w7 ~0.5 168 67 140

n.a. = not available
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Table 2. Initial concentrations of SRP and oxygen (umol L‘1) in waters entering the proto-North
Atlantic from the Pacific Ocean, the Tethys gateway and rivers. For comparison, concentrations
in modern Pacific bottom waters and the range of SRP concentrations in pre-anthropogenic
rivers are also given. SRP concentrations in rivers entering boxes W3 and W4 are within the
range for the north american rivers. The SRP concentration for the riverine input in W5 is
based on that of the Amazone. The low SRP input from the western river is based on climatic
constrains for the mid-Cretaceous.

Receptor Source [O,] [SRP]
proto-North Atlantic
W1 Pacific bottom waters 200 1.3
w7 Tethys gateway surface waters 0.1
W3 north-western river 0.1
W4 northern river 0.6
W5 southern river 1.2
W6 western river 0.04
Modern
Pacific bottom waters 130° 3?
global pre-anthropogenic rivers ~0.02-9°

& Sarmiento and Gruber (2006);
® Harrison et al. (2005)
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Table 3. Summary of experiments starting from the standard run in OAE2 conditions, with the

description and the total number of runs for each experiment.

Experiments Description No. of
runs
Standard Initial carbon, P and oxygen reservoirs with OAE2 water cycle 1
E1 Increased riverine P input 11
E2 Increased P supply from the Pacific bottom water 4
E3 Increased riverine P input and Pacific bottom water 11
with an oxygen concentration of 130 pmol L 11
E4 Increased riverine P input and anoxic bottom water 8
from the Pacific bottom water
E5 Increased riverine P input and reduced ocean circulation 45
E6 Weathering P supply of 0.03 Tmol yr'1 (8 times pre-OAE2 value) 1
erosive P input of 0.001 Tmol yr’1, SRP and oxygen concentrations
in the Pacific bottom water of 2.9 and 130 pmol L
E7 As EB6 but with decreased ocean circulation and oxygen 69

concentration in Pacific bottom water
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Table 4. Primary productivity (molm'zyr'1), burial fluxes of POC, POP, Ca-P and Fe-P
(mmolm~2yr™') and the molar ratios of POC/POP and POC/Pqr in the different areas of the
proto-North Atlantic during OAE2 conditions in experiment E1 when assuming a riverine input

1

of 0.4 Tmolyr™ . See corresponding oxygen levels in Fig. 4a.
Box Primary POC POP Ca-P Fe-P POC/POP POC/Piot
productivity burial flux  burial flux
W5 319 3777 6.29 3.78 0 600 379
w2 117 20 0.15 0.29 0.09 135 38
Wi+ 18 3 0.03 0.05 0.01 118 33
W3 69 706 251 3.93 0.5 281 102
W4 55 412 1.54 277 117 267 75
W6 13 84 039 0.75 0.16 217 65
W7 84 368 1.55 275 1.09 238 68
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Fig. 1. Bathymetry of the proto-North Atlantic (a) prior to OAE2 and (b) during OAE2. Dots
indicate locations for which the sediment organic carbon contents are known, with the extent of
grey to black shading of the dots being indicative of the average organic carbon content. Circles
around the dots indicate where bottom waters were euxinic, with the colour scale from yellow
to red being indicative of the severity and/or duration of euxinia. Average ratios of particulate
organic carbon to total phosphorus (POC/P,,) are indicated as numbers. The corresponding
data and references are provided in Table S1 (Supplement). For (a), we consider the 200 kyr
prior to OAE2.
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a) pre-OAE2 b) OAE2
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= River water flux
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- Deep
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Fig. 3. Schematic showing the subdivision of the proto-North Atlantic into 7 boxes (not to scale)
for (a) pre-OAE2 and (b) OAE2 conditions. The symbols R, E and P indicate locations where
river water fluxes, evaporation and precipitation are included in the model. Horizontal arrows
indicate lateral flows of water. The regions dominated by upwelling and downwelling are also
indicated. Enlarged symbols indicate a significant increase in the water flux during OAE2.
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a) E1:Riverine P input b) E2: P input from the Pacific
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Fig. 4. Oxygen concentrations vs. riverine P input for (a) Experiment E1 and (b) Experiment
E2. The basins of the model are W5 (southern coast), W2 (southern open ocean), W1 (central
open ocean), W3 (Western Interior Seaway), W4 (northern coast), W6 (north-eastern coast),
W7 (Tethys gateway) and /, b are the indexes for intermediate and bottom waters. The levels of
P input are indicated relative to the standard run. In (b), the modern Pacific bottom water SRP
concentration is indicated.
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Fig. 5. Riverine P input required for anoxia in (a) the central open ocean (W1) and (b) the
southern open ocean (W2) when the Pacific bottom water is well oxygenated (E1) and when
oxygen is reduced to 130 umol L~ (E3) and to O umol L~ (E4). (c) POC burial in the open ocean
when anoxic water enters the proto-North Atlantic from the Pacific Ocean (E4).
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Fig. 6. Sensitivity of oxygen concentrations in the bottom water of each box to changes in river
input of phosphorus and ocean circulation (E5). For further details, see text.
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Fig. 7. Sensitivity of oxygen concentrations in the bottom water of the central open ocean (W1)
to ocean circulation and changes in oxygen concentrations in Pacific bottom water. The black
dot indicates the run where most of the proto-North Atlantic is anoxic with an ocean circulation

of 70 %.
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Fig. 8. Results for experiment E7 where ocean circulation is reduced to 70 % and the Pacific
bottom water has an oxygen concentration of 5 pmol L™ (see black dot; Fig. 7) for (a) primary
productivity, (b) POC burial (¢) and P burial and enhanced P recycling. As a reference, the
primary productivity and POC burial prior to OAE2 are shown for each region. Mean refers to
the area-weighted mean for the proto-North Atlantic. The dashed line in (a) represents the mean
primary productivity in modern upwelling areas. The enhanced P recycling flux is calculated as
the reduction in P burial due to increased anoxia following Egs. (5), (7) and (6).
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