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Abstract

Widespread anoxic and dysoxic deposition in marine sediments has been associated with a stagnant ocean at the Permian–

Triassic (P–Tr) boundary. This P–Tr boundary is also associated with one of the largest mass extinctions of species of the

Paleozoic, marking the transition to the Mesozoic. Here we review recent three-dimensional numerical model studies that have

investigated possible circulation patterns at the P–Tr boundary. In addition, we conduct new sensitivity experiments with a

coupled ocean–atmosphere model of intermediate complexity, including marine chemistry, to study changes of the deep-sea

oxygen distribution associated with (1) a significant change in the hydrological cycle and (2) a massive release of methane gas

hydrates from marine sediments. Freshening of sea surface water masses by a strong freshwater source along the west coast of

south polar Pangea produces a significant local minimum in oxygen in the eastern tropical Panthalassa ocean at intermediate

depth and at the sea floor. The methane release experiment with an atmospheric CO2 concentration of 18 times the preindustrial

CO2 level simulates a strong increase in sea surface temperature (about 4.5 8C) and a vigorous deep-sea circulation. In contrast

to the conclusions drawn from previous studies, this reanalysis of the ocean circulation at the P–Tr boundary favors a strong

ventilation in most parts of the deep-sea. Thus, a significant change in the oceanic carbon inventories and a reorganization of the

marine productivity associated with a stronger biological pump may be required to explain the anoxic sedimentary deposits.
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1. Introduction

The last great transition of the Earth from a cold to

a warm climate began around 280 million years ago

(Ma), with the final melting of the major southern

hemisphere ice sheets of the Late Paleozoic. This
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marked the onset of warm-climate conditions that

lasted ~ 250 million years until the beginning of a

cooling trend that culminated in the current Late

Cenozoic glacial regime. The circumstances causing

the onset of the warm period, the changes within the

warm period, and the beginning of the cooling, are the

subject of intense current research. Factors being

considered include: changes in land/ocean distribu-

tion, height and location of mountains, ocean sea-

ways, atmospheric greenhouse gas concentration,

terrestrial vegetation, terrestrial/marine biogeochem-

istry, and the intensity of solar radiation (see Barron

and Fawcett, 1995; Crowley, 2000; Crowley and

Berner, 2001, for an overview of the role of many of

these factors in climate change). The investigation of

this long period of geologic time is of great interest to

studies of earth system dynamics.

The mass extinction that occurred at the Permian–

Triassic (P–Tr) boundary (251 Ma) represented the

most extensive species loss of the last 550 million

years (Erwin, 1993). Estimates of extinction are

about 90% for marine and 70% for terrestrial

organisms (Raup and Sepkoski, 1982; Erwin, 1994;

Sepkoski, 1995). Several hypotheses have been

discussed to explain the complexity of the P–Tr

mass extinction. Most hypotheses associate the mass

extinction with (1) the long-term reorganization of

the carbon cycle, (2) the release of methane stored in

methane hydrates, (3) loading of the ocean with

toxic gases, (4) large-scale volcanism, or (5) extra-

terrestrial impacts by asteroids or comets (see Erwin
Fig. 1. Composite chart of the Permian–Triassic interval (269.5–241.0 Ma)

level, second-order sea level reconstruction, and ecosystem collapse and r

intensity of ocean anoxia. PAL is present atmospheric oxygen level (20.9
et al., 2002; Berner, 2002, for a review). In this

paper we will focus on the following hypotheses

associated with mass extinctions.

1.1. Reorganization of the carbon cycle

Broecker and Peacock (1999) suggested that the

negative excursion of 2–4x in the carbon isotopic

composition (d13C) of marine carbonates and of

organic matter at the P–Tr boundary (Fig. 1; Baud

et al., 1989; Veizer et al., 1999; Sephton et al., 2002;

Payne et al., 2004) may be explained by changes in

the global ecosystem induced by the massive mass

extinctions. Even higher positive and negative excur-

sions in d13C of up to 8x have been reported for the

Early Triassic over time scales of tens to thousands of

years (Payne et al., 2004). The continental ecosystem

responsible for the burial of organic matter was

disrupted and the relatively efficient marine food

web of the Permian changed into a less effective

Triassic marine food web. Thus, main burial of

organic matter probably moved to the marine environ-

ment. The rapid change in ocean chemistry is also

evident from a dramatic change in sulfur isotopes (e.g.

Holser, 1977; Strauss, 1997, 1999). The secular

changes could be related to the redox balance in the

sulfur cycle. The observed shift of about 5x in the

sulfur isotopes (d34S) from sulfates in evaporites may

be explained by a change in the mass of net pyrite

formation through bacterial sulfate reduction and

burial in the sedimentary reservoir (see Strauss,
from Weidlich et al. (2003) including modeled atmospheric oxygen

ecovery patterns on land and in sea. Darker shading denotes greater

%).
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1997, for a review). The greater amount of marine

organic matter deposited at the sea floor at the P–Tr

boundary is associated with an increase of anoxic

bottom waters identified by black, carbon- and

sulfide-rich sediments (Isozaki, 1997; Wignall and

Twitchett, 2002; Fig. 1). It has been speculated that

the anoxia in the Panthalassa oceans were associated

with a stagnant or sluggish ocean circulation (Knoll et

al., 1996; Ryskin, 2003; Beauchamp and Baud, 2002).

Stratified deep-sea water masses, like in the modern

Black Sea, are favorable for anoxic conditions.
Table 1

Comparison of Permian ocean simulations obtained from three-dimension

Ocean general circulation

model studies

Atmospheric surface forcing Experime

Otto-Bliesner et al., 2002 Coupled atmosphere–ocean Present-da

Coupled atmosphere–ocean Cretaceou

Smith, 2004 Coupled atmosphere–ocean Pangea W

Kutzbach et al., 1990a Prescribed forcing from

Kutzbach and Gallimore

(1989)

Experime

Hotinski et al., 2001 Prescribed zonal mean

forcing from Rees et al.

(1999)

High Gra

Paleocene–Eocene

boundary (Zachos et al.,

1994; Bice et al., 2000)

Low Grad

Zhang et al., 2001 Prescribed wind stress and

temperature and fresh water

fluxes (after Kutzbach and

Gallimore, 1989)

Thermal M

Same as thermal mode but

with increased freshwater

fluxes

Haline M

Winguth et al., 2002,

and this study

Freshwater fluxes and

momentum fluxes (Gibbs

et al., 2002) Heat fluxes

by EBM

1�CO2

2�CO2

4�CO2

8�CO2

With additional S.H.

freshwater input

4�CO2W

8�CO2W

Methane releasec 18�CO2

Poussard et al., 1999 Coupled atmospheric

energy balance ocean

general circulation model

10x_wfcs

Ordovicia

None of the model studies produced a stable stagnant ocean circulation. S

which is prone to instability. Other model simulations for a superocean (e.g

Bliesner et al., 2002; and for an idealized Pangean continental configura

circulation.
a Kutzbach et al. (1990) used a symmetric idealized continental configu
b The haline mode induces sinking in subtropics and a stagnant deep se
c For methane release values are shown after 2000 yr of integration.
However, the Neothethyan ocean along the east

coast of southern Pangea may have been well-

oxygenated by a warm saline deep water formation

similar to the Mediterranean Sea (Wignall and New-

ton, 2003). But saline and warm water would also

reduce the solubility of oxygen and would lead to a

reduced oxygen concentration in the deep water

(solubility ratio between a 0 8C and 24 8C water

mass is ~ 1.6). In this paper, we reevaluate the

changes in the deep-sea oxygen concentration with

several numerical sensitivity experiments.
al general circulation models

nt Meridional

overturning

circulation [Sv]

(S.H.)

Meridional

overturning

circulation [Sv]

(N.H.)

Max. poleward

heat transport

[PW] (S.H.)

y 30 30 0.5

s 70 30 1.8

orld 101 93 1.28

nt I 20 20 1.7

dient N 80 15 N/A

ient 20 15 N/A

ode 40 N/A 1.8

ode 14b 14b 0.4

60 N/A 2.4

60 25 1.7

55 30 1.7

55 30 1.8

FL 20 55 1.5

FL 25 55 1.5

65 55 1.7

.1

n

36 26 2.1

trongest reduction is found in the haline mode (Zhang et al., 2001),

. for the Ordivician, Poussard et al., 1999; for the Cretaceaous, Otto-

tion, Smith, 2004) confirm the results of a vigorous thermohaline

ration.

a.
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1.2. Voluminous release of methane from marine and

permafrost clathrates

A massive methane release could have been

triggered by a marine regression as suggested by

Erwin (1993). A revised analysis of Erwin et al.

(2002) questions the regression hypothesis due to

growing evidence for marine transgression. Krull and

Retallack (2000) suggested that a drop in sea level

(Fig. 1) in an initial phase destabilized clathrates while

the Siberian traps further intensified the greenhouse

warming. Ryskin (2003) proposed that dissolved

methane could have been accumulated in oceanic

water masses prone to stagnation. Consequences of a

massive release of methane from marine sediments

and permafrost into the ocean and atmosphere have

been discussed in several publications (e.g. Erwin,

1993; Krull and Retallack, 2000; Berner, 2002;

Heydari and Hassanzadeh, 2003; Ryskin, 2003;

Retallack et al., 2003). Aerobic dissociation of

methane in the ocean would lead to a strong increase

of CO2, a significant decrease in the dissolved oxygen

in the water column, and favor high concentrations of

Ca2+ and HCO3�. Radiative forcing of methane in the

atmosphere depends on the methane concentration

(methane has an about 20 times higher global

warming potential than CO2) and a post-apocalyptic

greenhouse created by the release of methane may

have triggered a widespread event of vertebrate

mortality (Retallack et al., 2003). However, the

residence time of methane in the atmosphere is low

(~ 10 yr) and may result only in a small rise in

atmospheric CO2 concentration in the long term.

Here, we will investigate the response of the ocean

circulation and oxygen distribution in response to a

massive greenhouse perturbation.

In this paper, we will review how changes in the

ocean circulation influence the reorganization of the

carbon cycle and how the ocean circulation and

oxygen distribution may be altered by the release of

massive methane into the atmosphere–ocean system.

It is not the purpose of this paper to evaluate all other

important hypotheses on mass extinctions, but results

from our work could be important for some aspects of

the other hypotheses. We will reexamine studies with

three-dimensional ocean general circulation models

listed in Table 1 with respect to geographic, thermal,

and hydrological boundary conditions and the result-
ing circulation patterns for the Late Permian (Section

2). In addition, we designed new experiments with a

coupled ocean–atmosphere model of intermediate

complexity to investigate the response of the Permian

thermohaline circulation to a freshwater perturbation

and to a gas hydrate release. Section 3 describes

changes of marine productivity and deep-sea oxygen

distribution in response to changes in the circulation

pattern from the different models and experiments.

The possibility of a stagnant ocean and associated

anoxia will be explored by the intercomparison of the

most recent three-dimensional modeling studies of

Hotinski et al. (2001), Zhang et al. (2001), Winguth et

al. (2002), and the new experiments described above.

The model results are compared with water mass

reconstructions from climate-sensitive sediments, and

an overall summary and conclusion are given in

Section 4.
2. Permian ocean model studies

2.1. Geographic boundary conditions: topography

and land–sea distribution

The paleogeographic basemaps for the modeling

studies of Zhang et al. (2001), Hotinski et al. (2001),

and Winguth et al. (2002), including land–sea

distribution, bathymetry and land surface elevation,

were taken from the Paleogeographic Atlas Project of

the University of Chicago (Fig. 2, Ziegler et al., 1997;

http://www.pgap.uchicago.edu). Continental position-

ing is a crucial boundary condition for the atmos-

pheric and oceanic circulation. The ocean circulation

also depends on the mean depth of the ocean (Bice,

1997) and on the bathymetry. All modeling studies

assumed a flat bottom bathymetry, since the positions

of mid-ocean ridges are not known for the Permian

circulation (Ziegler, personal communication). The

maximum depth was set to 4000 m (Zhang et al.,

2001; Winguth et al., 2002) based on the mean depth

of the modern ocean. In the case of the study of

Hotinski et al. (2001), a flat bottom was assumed at

5150 m depth. A smoothed transition from the

continental shelves to the deep ocean is derived from

the modern bathymetry (Fig. 2). The deep Tethys is

cut off from the Panthalassa Ocean. The assumption

of a flat bottom is highly simplified, and a Permian

http://www.pgap.uchicago.edu
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Fig. 2. Model bathymetry for the Late Permian (from Winguth et al., 2002).
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bathymetry with mid-ocean ridges may alter the

results of the modeling studies.

The Permian continental configuration is well

known, except for the position of islands in the

Tethys Sea which belong nowadays to Southeast

Asia. Rees et al. (1999, 2002) discussed the

uncertainties of the positions of land masses for

these regions. The altitude of Pangea mountain

chains has a relevant impact on the climate

simulations (Otto-Bliesner, 1993, 1998; Fluteau et

al., 2001) and has been specified for the atmospheric

model simulations (Gibbs et al., 2002). The estimates

of the orography are based on literature on geo-

chronology, tectonics, sedimentary provinces, paleo-

volcanism, and paleogeology.

Because of the coarse-resolution model grid,

continents in Hotinski et al. (2001) and Winguth et

al. (2002) were extended to the pole. A more

moderate climate is generated if high latitude land is

removed from the southern continent so that warm

ocean currents can penetrate into the polar regions of

Gondwana. For the new experiments discussed below

we decided to use the Wordian (265 Ma) topography,

because (1) model results would be directly compa-

rable with the Winguth et al., 2002 simulation, (2)

major changes in the land-sea distribution from the

Wordian to the Changhsingian (251 Ma) at the

Permian–Triassic are generally not resolved by a

coarse resolution model, and (3) effects of topo-

graphic changes such as open seaways in the polar

regions have already been explored in, e.g. Winguth et
al. (2002). The latter study explored the sensitivity of

the circulation to an open seaway in the northern and

southern hemisphere by removing the land between

708 and 908 northern (N) and southern (S) latitude.

2.2. Ocean circulation

2.2.1. Sensitivity of the circulation to formulation of

thermal and haline boundary conditions

In this section we will review possible Late

Permian circulation patterns in response to different

formulations of the forcing boundary conditions. An

overview is found in Table 1.

Following the approach of Kutzbach et al. (1990),

Hotinski et al. (2001) applied prescribed boundary

conditions of temperature, salinity, and wind stress

from an atmospheric climate scenario (Rees et al.,

1999) to force the Modular Ocean Model (MOM). In

a first scenario, the ocean model simulates a high

meridional pole to equator sea surface temperature

gradient (~ 35 8C in the southern hemisphere and ~ 28

8C in the northern hemisphere), producing a vigorous

asymmetric thermohaline circulation with a maximum

strength of about 80 Sv (1 Sv=106 m3 s� 1) for the

southern hemisphere cell (Table 1). The strength of

the overturning circulation is about 4 times higher

than in the simulation of Kutzbach et al. (1990) and

more consistent to a recent coupled atmosphere–ocean

circulation of study of Smith (2004) with an idealized

continental configuration as a result of a much

stronger equator-to-pole density gradient. In a second,
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low-gradient scenario with a weak equator-to-pole

temperature difference (12–18 8C) the reduced density

gradient produces a circulation of 20 Sv, which is

comparable to water masses formed in the modern

North Atlantic and to results from Kutzbach et al.

(1990). The low-gradient scenario is in better agree-

ment to the paleoclimatic evidence indicating a

moderate climate over Gondwana at the end of the

Permian (see Rees et al., 2002). However, the use of a

prescribed zonal mean atmospheric forcing for the

ocean circulation in Hotinski et al. (2001) may be a

too simplified approach for a description of the

Permian climate neglecting important atmospheric–

oceanic feedback processes.

Two circulation scenarios were discussed in the

study of Zhang et al. (2001) using the MIT ocean

model: The first scenario is based on the study of

Kutzbach and Gallimore (1989) with a weak surface

wind stress, a weak pole-to-equator temperature

gradient, and a freshwater flux (evaporation–precip-

itation) comparable to the modern value. In the

thermal mode, a strong vertical overturn in the

southern high latitudes forms a vigorous highly

asymmetric circulation, too, with a maximum trans-

port of 40 Sv (Table 1). Large southward heat

transports are in the order of 1.8 PW with about 6

8C difference between the warm South Pole and a cold

North Pole. A second class of scenarios (haline mode

circulation) used the same zonally averaged pre-

scribed boundary conditions of wind stress and

temperature as the first scenario, but different ampli-

tudes in freshwater fluxes. Increasing the amplitude of

the freshwater fluxes by a factor of 2 yielded a

reduced overturning circulation (~ 14 Sv) with warm

intermediate water formed in the tropics, and a more

symmetric poleward heat transport (0.4 PW towards

the South Pole). In this quasi-stationary scenario a

stagnant ocean is reproduced. In contrast to the first

solution, the haline mode is sensitive to perturbations

in the forcing boundary conditions and prone to

instability (Marotzke, 1989). The high sensitivity of

the thermohaline circulation against perturbations may

also be a result of the formulation of the mixed

boundary conditions (prescribed temperature and flux

formulation for freshwater) (Mikolajewicz and Maier-

Reimer, 1994).

Winguth et al. (2002) used a coupled ocean–

atmosphere model of intermediate complexity, the
coupled atmospheric energy balance model and large-

scale geostrophic ocean general circulation model

(LSG/EBM), to study the response of the Permian

ocean circulation to various atmospheric CO2 con-

centrations (a description of the model is given in

Appendix A). For 1�CO2 (preindustrial atmospheric

CO2 concentration), large sea ice coverage in the

northern hemisphere prevents deep water formation

and a strong heat exchange with the atmosphere in the

northern high latitudes yields a thermohaline circu-

lation dominated by a southern circulation cell of 80

Sv, consistent with predictions of Zhang et al. (2001)

and Hotinski et al. (2001). Experiments with increased

CO2 levels produce decreased northern sea ice cover-

age (and reduced meridional density gradients),

increased formation of deep water in the northern

high latitudes, increased sea-to-air heat exchange in

polar regions, and a strengthened northern meridional

circulation cell (~ 30 Sv for 8�CO2). However, even

with the 8�CO2 levels the southern circulation cell

with 60 Sv is dominant, which must be a consequence

of the asymmetrical land–sea distribution (a sym-

metrical cell can be obtained if symmetrical continent

configuration and surface buoyancy forcing are

applied; Kutzbach et al., 1990). In this study, we

performed additional sensitivity experiments to inves-

tigate the response of the thermohaline circulation to a

southern hemisphere freshwater source of 2 Sv in

southwest Gondwana. The magnitude and location of

the hypothetical freshening of the surface is somewhat

arbitrary and designed to be an extreme test of

regional changes in the boundary conditions, since

feedback processes associated with the hydrological

cycle are not considered in the model. The freshening

in the south polar sea surface results in an increase in

stratification of southern hemisphere water masses

relative to the 4�CO2 baseline experiment of Winguth

et al. (2002). Because of the stratification, pole-to-

equator surface air temperature gradients in the

southern hemisphere are doubled over the Panthalassa

(increase of 20 8C) and surface temperatures over the

interior of Gondwana lowered by about 10 8C (Fig.

3c). The vertical overturning is reduced by 64%

relative to the 4�CO2 baseline experiment (Fig. 3a).

Interestingly, the northern hemisphere circulation cell

(Fig. 3g) is more vigorously ventilated relative to the

4�CO2 baseline experiment (Fig. 3e) as a result of the

changes in the pole-to-pole surface density gradients.
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The plot of the 8�CO2 experiment with a freshwater

source in the southern hemisphere (Fig. 3d) shows a

5 8C increase in the Gondwana surface temperature

related to the change in the radiative forcing and a

20% increase in the overturning circulation relative to

the 4�CO2 freshwater experiment (note that the

freshwater forcing differs in the 8�CO2 experiment,

Fig. 3f; see Winguth et al., 2002, for details). The

meridional circulation in the southern hemisphere is

weakened by 30 Sv in the 8�CO2 freshwater experi-

ment (Fig. 3h) relative to the 8�CO2 experiment (Fig.

3f) as a result of an increased stratification, while the

northern hemisphere circulation cell is about 20 Sv

stronger.

2.2.2. Sensitivity of the circulation to a massive

methane release

Here, we performed a sensitivity experiment with

the coupled LSG/EBM to test the response of the

ocean’s thermal structure and circulation to a massive

methane release. The sudden methane release with

d13C=�65x may be capable of reproducing a

maximum measured short-term drop in the oceanic

value of d13C by up to 8x at the Permian–Triassic

boundary (Baud et al., 1989; Bowring et al., 1998).

However, the total integrated mass of released

methane needed is about 4200 Gt C (1 Gt C=1012

kg C) (Berner, 2002). Much higher drops in d13C (up

to 10x) would require about twice as much methane

(Krull and Retallack, 2000; Twitchett et al., 2001,

Payne et al., 2004). Ryskin (2003) proposed that an

amount of about 7500 Gt C was released quasi-

instantaneously (within weeks perhaps) at the Per-

mian–Triassic boundary, and that would have led to

an equivalent 18�CO2 concentration (4�CO2 base-

line level plus 14�CO2 by methane release) with a

radiative forcing of 18.2 W m�2 (see Eq. (1);

Appendix A.1). However, the amount of the methane

gas release is highly speculative. Here we test the

response of the ocean circulation to a single CO2

perturbation by assuming that methane has a relatively

short lifetime of about 10 yr and is immediately

converted into atmospheric CO2 (which is similar to

the approach of Berner, 2002). However, the radiative

forcing of methane even with a relatively short

lifetime is significantly higher than that of CO2 and

thus the simulation presented here is likely to under-

estimate the radiative perturbation. Two CO2 pertur-
bation scenarios with the amount of carbon released of

7500 Gt C and 4200 Gt C (Fig. 4a) investigate the

response of the ocean circulation to a massive carbon

release. The prescribed exponential decline of the

atmospheric CO2 concentration is adapted from

modern CO2 perturbation experiments by Maier-

Reimer et al. (1996) and does not consider changes

in the geosphere (such as weathering). With the CO2

perturbation in radiative forcing described here (Fig.

4a), mean temperature at the sea surface increases by

about 3.5 8C and 2.5 8C, respectively, after 100 yr of

integration (Fig. 4b) and in the deep-sea by about 2 8C
and 1.1 8C, respectively, after 700 yr of integration

(Fig. 4c).

In addition, an 18�CO2 experiment (4�CO2

baseline experiment plus 14�CO2 by continuous

methane release) with no exponential decline was

conducted to be more consistent with a long-term

isotopic shift over several thousand years measured in

the sedimentary record. After 2000 yr of integration,

the sea surface temperature exceeds 32 8C in the

Tethys Sea, which is well ventilated. Mean surface

temperatures are 4.5 8C higher than the 4�CO2

baseline experiment. The equator-to-pole temperature

gradient in the south Panthalassa is about half

compared to the modern South Pacific gradient (Fig.

5a). A vigorous polar deep water formation and a

strong poleward heat transport produce a well-

ventilated warm deep-sea (about 4.5 8C warmer than

in the 4�CO2 baseline experiment) and a strong

thermohaline circulation (Fig. 5b).

2.3. Export production and oxygen

In this section, we will summarize the response of

export production and oxygen to changes in the ocean

circulation. We added a simplified biogeochemical

model (Winguth et al., 1999; Appendix A.2) to the

LSG/EBM to predict oxygen concentration for the

Panthalassa ocean.

2.3.1. Sensitivity of oxygen distribution to changes in

thermal and haline boundary conditions

In the high-gradient case of Hotinski et al. (2001),

most of the water masses are characterized by high

oxygen values except for intermediate waters of the

western coast of Pangea. In the reduced-gradient case,

the simulated sluggish circulation favors low to
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Fig. 5. (a) Annual-average of modeled sea surface temperature (in

8C; contour interval 2 8C) and (b) zonally averaged meridiona

circulation (contour interval: 5 Sv) in response to a 18�CO2

experiment as a result of a 7500 Gt C methane release over severa

thousand years (shown are values after 2000 yr of mode

integration).

Fig. 4. (a) CO2 perturbation relative to the preindustrial CO2

concentration (PAL) as a result of a massive methane release from

marine sediment. Perturbations are taken according to Ryskin

(2003; solid) and Berner (2002; dashed). Here it is assumed that the

methane is directly oxidized to CO2 in either case (see text). Time

constant of 350 yr is assumed for the decline of atmospheric CO2

(similar to Fig. 1 in Maier-Reimer et al., 1996). Increase in globa

average surface temperature (b) and deep-sea temperature at 4000 m

depth (c) as a result of the CO2 perturbations.
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negative oxygen concentrations in the deep-sea with

values below 50 Amol L�1 in the northern hemisphere

(see Fig. 3 in Hotinski et al., 2001). It is interesting to

note that earlier studies have argued that anoxic

conditions may also have been associated with a

strong thermohaline overturning circulation. As pro-

posed by Berger (1978) and Saltzman and Barron

(1982), saline bottom water produced in the sub-

tropics by evaporative processes may not have been

associated with a stagnant ocean. The warm bottom

water would have reduced significantly the solubility
l
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of oxygen and oxygen concentration, which could

have promoted anoxic sedimentation. Another pro-

posal by Sarmiento et al. (1988) states that the

anoxic conditions are related to the strength of the

thermohaline circulation overturning, because pri-

mary production is controlled by the nutrient supply

in the euphotic zone and thus related to the upwell-

ing of nutrients from layers below the euphotic zone.

A reduction in oxygen may therefore be brought

about by an increased export production associated

with an increased upwelling or vertical overturning.

The use of a box model, as applied in the study of

Sarmiento et al. (1988), may, however, significantly

underestimate the new production, as documented in

Archer et al. (2000a), because the lack of resolution

inhibits shallow water redissolution of sinking

nutrients.

Consistent to the high-gradient case of Hotinski et

al. (2001), the well-mixed circulation for the thermal

mode of Zhang et al. (2001) produces an oxygen

minimum for intermediate waters and a high oxygen

concentration of over 200 Amol L�1 for the deep-sea.

In contrast, lowest values of dissolved oxygen

(concentrations below 20 Amol L�1) are simulated

in the haline mode with sluggish deep-sea circulation

favoring the accumulation of carbon in the near

bottom layers. However, the use of negative oxygen

concentrations in the study of Hotinski et al. (2001)

may be problematic since the negative concentration

can be transported by diffusion and/or advection into

well-ventilated regions where it artificially reduces the

oxygen values.

We used the same experiment setup as discussed in

Section 2.2 to predict changes in oxygen with the

LSG/EBM including the marine carbon cycle. Export

production for the 4�CO2 baseline experiment (Fig.

6a) is pronounced in the eastern Panthalassa and east

of South China. These features are associated with

Ekman-induced upwelling of nutrient waters from the

subsurface. Oxygen distribution in the 4�CO2 experi-

ment (Fig. 6b) shows a strong minimum around 1000

m depth in the eastern equatorial Panthalassa, about

200 m deeper than in the thermal mode of Zhang et al.

(2001) or in the high-gradient simulation of Hotinski

et al. (2001). The deep-sea is generally well ventilated

with highest oxygen concentrations in the western part

of Panthalassa and lowest concentrations above zones

of maximal productivity (Fig. 7a). Differences
between the 8�CO2 simulation and the 4�CO2

baseline simulation are relatively small (Fig. 7b). This

is because poleward heat transport and strength of the

deep-sea circulation in the two experiments are

comparable.

The 4�CO2 simulation with freshwater input

predicts a higher accumulation of organic carbon in

the deep-sea (Fig. 7c) in response to a reduced

circulation in the southern hemisphere. In the 8�
CO2 experiment, the reduced ventilation of the

southern hemisphere affects the oxygen concentra-

tion in the tropical region, where a wide low-oxygen

region is formed in the center of the basin (Fig. 7d).

Consistent with the low-gradient simulation of

Hotinski et al. (2001) and the haline mode of Zhang

et al. (2001), this simulation indicates that a more

sluggish circulation may lead to extended anoxic

conditions in the deep-sea. However, our predicted

oxygen concentrations are significantly higher in

comparison to the other studies, because of a strong

northern hemisphere circulation cell in the freshwater

input experiments.
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2.3.2. Sensitivity of oxygen distribution to a reduced

biological pump

Here we follow the idea of a less efficient food web

associated with the Permian–Triassic boundary

(Broecker and Peacock, 1999). Guided by the

reconstructions of extinction levels at the P–Tr

boundary (see, e.g. Sepkoski, 1995; Knoll et al.,

1996), we reduced the export production to 10% (Eq.

(2), Appendix A.2) of its reference level used for the

Permian 4�CO2 simulation. The strong reduction in

the production yields a reduction of the vertical

transport of carbon in the deep-sea and hence a

reduction of the material to be mineralized in the

bottom layers (Fig. 8a). This decrease in the decom-

position of organic material results in an increase of

the oxygen content in the deep-sea. Even the

eastern tropical Panthalassa, with the highest

export production, is characterized by a high

deep-sea oxygen concentration of 220 Amol L�1

(Fig. 8b).
2.3.3. Sensitivity of oxygen distribution to a massive

methane release

The effective circulation associated with the

greenhouse warming by the methane perturbation

produces high oxygen concentrations in the high-

latitude deep-sea. The highest oxygen concentration

of over 280 Amol L�1 is found in the deep

northeastern Panthalassa (Fig. 9). Lateral plots of

4000 m depth indicate a strong east–west gradient of

200 Amol L�1 for the tropical deep-sea. Low oxygen

concentrations (b 20 Amol L�1) are simulated only in

the eastern part of the superocean for the intermediate

depth (~ 1000 m) and in the bottom layers. Here, we

make the simplified assumption that the methane

from marine sediments is immediately released to the

atmosphere, so that no methane is oxidized. This

assumption is based on the paleoclimatic evidence

from the Paleocene/Eocene boundary (Dickens,

2003), indicating that the stable carbonate isotopic

signature from a possible gas hydrate release can first
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be seen in surface foraminifera shells. Our simu-

lations did not consider long-term changes in the

atmospheric oxygen content (Fig. 1), possibly as low

as 15% at the P–Tr boundary (as simulated by

Berner, 1999, 2001). Alternative oxygen estimates

involving buffering feedbacks indicate a less pro-

nounced change in the oxygen content (Lenton,

2001). The change of the oxygen concentration by

a methane release is probably only secondary for the

entire oxygen budget calculation.
3. Comparison of model results with

climate-sensitive sediments

Ziegler et al. (1998) constructed a climate map for

the Late Permian (Changhsingian, Fig. 10a) based

upon sediment distribution and the present-day

relationship of sediments to characteristic water

masses. The climate-sensitive sediments have been

associated with modern marine climate properties, in

particular temperature, salinity and productivity-
related effects. The water mass boundaries are listed

in Ziegler et al. (1998) and Winguth et al. (2002). The

water masses of Ziegler et al. (1998) (Fig. 10a) are

classified in eight categories and are compared with

the Permian baseline experiment 4�CO2 (Fig. 10b),

the 8�CO2 experiment with southern hemisphere

freshwater input (Fig. 10c), and the methane release

experiment (Fig. 10d).

3.1. Glacial climate

3.1.1. Data

Occurrence of permanent ice flows generated by

outflow of cold air. Sediments, like tills along coasts,

are known in the Early Permian but have not been

found in Late Permian rocks.

3.1.2. Model

In the ocean, sea ice cover (sea surface temper-

atures b�1.8 8C) is not simulated in all experiments

with CO2 levels above 2�CO2.

3.2. Cold temperate climate

3.2.1. Data

The water masses are defined by the extent of sea

ice in the winter season and correspond closely to the

0 8C isotherm. Dropstones and rhythmites would be

indicative of this environment in the fossil record but

have been not identified for the Changhsingian in the

reconstructions.

3.2.2. Model

The model with 4�CO2 and higher (Fig. 10b and

d) simulates moderate conditions along the south

polar east coast from Gondwana in agreement with the

data. In the 4�CO2 experiment with freshwater input

(not shown), a cold temperate region ranges from the

South Pole to 608S on the east coast of Gondwana.

The prediction from this simulation would be in better

agreement with Capitanian or Wordian deposits.

3.3. Wet temperate climate

3.3.1. Data

Temperatures between 0 8C and 20 8C and

brackish conditions (salinity below 32) define this

climate zone. Peats develop around the margins of
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these characteristic water masses and organic muds

are commonly found in the center of these areas with

high precipitation. The associated surface runoff

provides for abundant nutrients and a stratified water

column, which in turn allows for organic preservation.

The geological data (Fig. 10a) for this water mass are

best seen around Angara but also occur around the

southern Tethys Sea shoreline (northern India).

3.3.2. Model

Simulated high precipitation (Gibbs et al., 2002)

and low salinities of the high-latitude west coasts of

Angara and along the shore of the southern Tethys

Sea agree with the geological recognition of the wet

temperate climate category. Simulations with fresh-

water input in the southern hemisphere (Fig. 10c) are

characterized by brackish conditions along the coasts

of Gondwana (up to about 408S at the east coast).

These brackish conditions result from the advection

of freshwater from its high-latitude source at the

west coast. The wet temperate climate zone has not

been identified from sedimentary deposits for the

Changhsingian (Fig. 10a), but for the Arktinskian

after the Early Permian deglaciation (Ziegler et al.,

1998).

3.4. Temperate climate

3.4.1. Data

Temperature in this climate zone ranges between 0

8C and 20 8C and salinity between 32 and 37. No

particular climate indicators have been identified for

this zone, but peats are quite common due to low

evaporation rates in mid- to high latitudes.

3.4.2. Model

The equatorial margin of the water mass in this

climate zone is placed around 308 latitude for the 4�
CO2 simulation (Fig. 10b), similar to the recon-

structed equatorial margin from climate-sensitive

sediments (Fig. 10a). The bias between model results

and the reconstructions on the west coast of Pangea

can be explained by the more poleward location of

main upwelling areas, which are centered around the

equator in the model as a response to the wind stress

and bathymetry. Experiments with CO2 concentra-

tions greater than 4�CO2 are characterized by a more

poleward 20 8C isotherm (located around 508 latitude;
Fig. 10d). Such a shift has been suggested from the

Permian conodont provincialism for the Wuchiapin-

gian warming (Mei and Henderson, 2001).

3.5. Cool subtropical upwelling zones

3.5.1. Data

This category is defined by zones which are mainly

limited to the subtropical belt and the equatorial

region where Ekman-induced upwelling produces

high organic productivity and nutrient content. For-

mation of organic muds and phosphorites constitutes

the recognition of these upwelling zones. No attempt

was made to map the equatorial upwelling zone as the

Permian ocean floor has been subducted and the

sedimentary evidence destroyed.

3.5.2. Model

Upwelling is defined to have upward current

velocities greater than 1�10�6 m s�1 (Fig. 10b–d).

Typical regions are the coastal upwelling zones along

the west coast of Gondwana. A strong upwelling belt

is located along the equator, similar to the modern

Pacific and around islands.

3.6. Dry subtropical climate

3.6.1. Data

Areas with low precipitation-minus-evaporation

with salinity greater than 37 provide favorable

conditions for evaporite deposition in coastal lagoons

and broad platform seaways (Fig. 10a).



Fig. 10. (a) Changhsingian (Late Tatarian, Late Ochoan) climate-sensitive sediments and reconstructed water masses from Ziegler et al. (1998). Water mass classification derived from

the climate simulation with 4�CO2 (b), 8�CO2 with freshwater input in the southern hemisphere (c), and methane release experiment equivalent to 18�CO2 concentration (d) using

the classification scheme of Table 2 in Winguth et al. (2002).
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3.6.2. Model

Low precipitation and high salinities are simulated

along the southeastern Tethys Sea, South China, and

the west coast of Euramerica in agreement with the

geological evidence. In addition, embayments along

the northern coast of Euramerica have been identified

as dry from model simulations (Gibbs et al., 2002)

and geological data. However, our ocean model does

not resolve this area because of its coarse resolution

(Fig. 10b–d). Overall, the simulations agree reason-

ably well with the sedimentary deposits.

3.7. Tropical climate

3.7.1. Data

Surface temperatures greater than 20 8C and

normal salinity, which allows carbonate build-up and

bottom productivity, characterize this water mass (Fig.

10a). Carbonate build-ups are generally not found in

the geological past above 358 of latitude, as shown by

paleomagnetic data (Hulver et al., 1997). This

latitudinal restriction constitutes the zone of light

penetration to the sea floor as controlled by the sun’s

zenith angle (Ziegler et al., 1984).

3.7.2. Model

The 4�CO2 model simulation (Fig. 10b) is in

agreement with the climatic reconstructions (Fig.

10a), but differences on the west coast of Pangea

are associated with upwelling areas, which cannot be

entirely resolved with the coarse model resolution. As

discussed in Section 3.4, tropical climate zones are

extended more poleward in climate simulations with a

higher radiative forcing than 4�CO2.

3.8. Wet tropical

3.8.1. Data

Wet tropical areas are defined to have sea surface

temperatures above 20 8C and relatively brackish

conditions (salinities below 32). Organic-rich shales

do not seem to be associated with wet tropical climate

at modern times, but they almost certainly occurred in

the Wordian (e.g. in the South China, Fig. 10a).

3.8.2. Model

Wet tropical conditions are simulated in the south-

ern Tethys Sea (Fig. 10b–d) in the 4�CO2 circulation.
This area is characterized by high river runoff, and/or

high precipitation (e.g. along the intertropical con-

vergence zone) and correlates well with tropical coals

in the sedimentary record.
4. Summary and conclusions

We reevaluated several model studies (Table 1)

predicting the deep-sea circulation of the Panthalassa

with various equator-to-pole density gradients. In

addition, we have tested the sensitivity of a coupled

ocean–atmosphere model with intermediate complex-

ity in response to a strong freshwater perturbation in

the southern hemisphere and to a massive methane

release into the atmosphere. A southern hemisphere

freshwater input reduces the strength of the over-

turning circulation and produces low oxygen con-

centrations in the tropical eastern Panthalassa, while

the massive methane release produces a strong

circulation and a well-ventilated deep-sea with oxy-

gen-rich water masses. In summary, most of the

model simulations, in particular those with a more

complex coupling of the atmosphere–ocean circula-

tion, predict a vigorous deep-sea circulation for the

Permian Panthalassa ocean with relatively high

oxygen concentrations.

Support for a well-ventilated deep-sea in the

superocean comes from model studies with different

geography. For example, an Ordivician climate

simulation (Poussard et al., 1999) and a fully coupled

atmosphere–ocean simulation for the Cretaceaous

(Otto-Bliesner et al., 2002) have also produced a

vigorous ventilation. We emphasize, however, that

these findings may strongly be influenced by the

inevitable assumption of a flat bottom; hydrographic

profiles, for instance, clearly demonstrate in the

modern ocean how ridges block the ventilation.

Comparison of the model simulations with water

mass reconstruction from climate-sensitive sediments

indicates a general agreement between the predictions

and geological findings. Poleward margins of simu-

lated tropical climate zones from the 4�CO2 experi-

ment (Fig. 10b) are matching the reconstructed water

masses confined between about 30 8N and 30 8S (Fig.

10a), while in experiments with 8�CO2 or with

extensive methane release a significant more poleward

20 8C isotherm is simulated (Fig. 10c and d). The
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reconstructed water masses are consistent with the

geographical extent of coral reefs (Fig. 13 in Ziegler et

al., 2003). Factors controlling coral reefs include

temperature, shallow water habitat and available light

at the sea floor. Most of the coral reefs are confined to

tropical and subtropical waters with temperatures

above ~18–20 8C, because the high calcification rates

required for vigorous coral growth are limited to

warm waters (Fraser and Currie, 1996). In general,

coral reefs are also confined to regions of open marine

salinities. However, the interpretation of our results

serves only as a guide for a change of the general

ocean climate pattern, because reconstructed water

masses are mostly derived from the sedimentary

record of epicontinental seas and coastal regions and

because margins of the water masses change con-

stantly with time.

However, uncertainties remain in the modeling

studies because of the assumption of too simplified

bathymetry. We can speculate that larger deep-sea

basins in the Permian may have been ventilated by

vertical exchange, internal waves, and turbulent

processes. Such exchange processes are not well

resolved. Exchange between the deep-sea basins

could have taken place by pathways through fracture

zones in the mid-ocean ridges, like the modern

Romanche Fracture Zone in the equatorial Atlantic.

The bathymetric changes may be associated with

substantial regional changes in the coupled ocean–

atmosphere system (Poulsen et al., 2003).

Another important limitation is that the wind

stress and freshwater flux forcing is one-way, i.e. it

does not allow for coupled interaction in this study,

nor did it in Hotinski et al. (2001), and in Zhang

et al. (2001). Because the experimental design

allows for forcing LSG with two-dimensional wind

stress and freshwater flux from the companion

GENESIS 2 Permian simulations (Gibbs et al.,

2002), this study gives us important information

about thermal feedback for late Paleozoic climate,

which is an improvement in comparison to

previous studies. Understanding the processes

which alter the meridional temperature gradients,

magnitude of deep water formation, and strength of

the atmospheric and oceanic circulation (e.g.

changes of trades and upwelling in the equatorial

regions; Otto-Bliesner et al., 2002), will remain a

challenging task for fully coupled Permian/Triassic
climate simulations with a refined spatial and

temporal resolution (J. Kiehl, personal communica-

tion; http://www.ccsm.ucar.edu/working_groups/

Paleo/reports/040709.html).

Also, the consideration of water-vapor feedback

mechanisms may significantly alter the results (Pier-

rehumbert, 1995; Bates, 1999). Past climate model

simulations so far have generally underpredicted polar

temperatures (e.g. Barron and Washington, 1982;

Gibbs et al., 2002). Clouds coverage may change in

response to higher CO2 via stratospheric circulation

and water content (Sloan et al., 1995; Kirk-Davidoff

et al., 2002), and this change may contribute to a

significant warmer high latitude climate. Also, Per-

mian-to-modern changes in the aerosol loading might

be relevant for the radiative budget, but there are no

estimates of these properties available so far.

In addition, the solutions of the simulations with

the coupled atmospheric energy balance ocean general

circulation model could result in multiple steady states

(Mikolajewicz and Crowley, 1997). However, we

expect that the stability of our simulations is robust

because of the asymmetry of the geography of Pangea

with respect to the equator.

Another uncertainty arises from the parameter-

ization of mixing by diffusion. The physical processes

describing the ventilation of the modern deep-sea are

still not well known and controversially discussed (see

Pedlosky, 1996; Munk and Wunsch, 1998; Wunsch,

1996). Models are generally tuned to reproduce the

modern distribution of water mass properties (temper-

ature and salinity) and tracers, such as radiocarbon or

CFCs (e.g. Maier-Reimer et al., 1993). This tuning

inevitably depends on the existing topography, again.

Thus, the use of different mixing parameterizations

could alter the results from the Permian model

simulations significantly.

Besides uncertainties associated with the physical

approximations several limitations arise from assump-

tions made for the marine carbon cycle, for example.

Our studies do not consider changes in the marine

carbon cycle inventories. For example, Broecker and

Peacock (1999) proposed by an analysis of d13C for

marine carbonates and d34S for marine sulfates that

with the decline of land plants responsible for the

generation of a major portion of the carbon buried,

larger amounts were transferred to deep-sea. If so, the

deep-sea may have become anoxic by an increased

http://www.ccsm.ucar.edu/working_groups/Paleo/reports/040709.html
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transfer of organic material from the land surface into

the ocean.

Marine sediment geochemistry and potential feed-

backs to the atmospheric CO2 radiative forcing

(Archer et al., 1997, 2000b) have not been considered

in the studies discussed above. For this reason, we are

now undertaking coupled ocean carbon cycle and

marine sediment model simulations (Gehlen et al.,

2003). Also, the implementation of the sulfur cycle

into the model is under development, to allow sulfate

reduction for locations of insufficient oxygen con-

centrations. Recent sediment geochemical models

coupled to 3-D ocean carbon models are capable to

predict oxic and anoxic diagenesis (e.g. Archer et al.,

2002). Such a model provides a more detailed

description of sediment processes, which may affect

the oxygen concentration above the marine sea floor.

For example, a variation in the precipitation of

CaCO3 on the seafloor associated with the changes

in the thermohaline circulation would affect the pH of

the seawater and hence the atmospheric pCO2 and

CO2 radiative forcing (Archer et al., 2000b). In

addition, extra alkalinity is added during bacterial

sulfur reduction in an anoxic environment, but this

change may only have a second-order impact on the

atmospheric pCO2 (Berner, 2002).

The stoichiometric composition of organic material

(Redfield ratio) may have been different during the

geologic past so that modern values may be not

applicable for the Permian species (see, e.g. Fig. 2.1.

in Parrish, 1998, for different ranges in microfossil

groups). For example, the marine ecosystem may have

been less efficient as a result of the mass extinction

(Broecker and Peacock, 1999).

The combined results from this and other Permian

dynamic ocean modeling studies indicate that the

deep-sea at the Permian–Triassic boundary may have

been well ventilated. Large-scale reorganization of

the marine carbon cycle, changes in carbon invento-

ries, and a stronger biological pump may be required

to explain the anoxic sedimentary deposits.
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Appendix A. Model description

A.1. Coupled energy balance and ocean general

circulation model

The coupled atmospheric energy balance model

(EBM) (Mikolajewicz, 1996; Mikolajewicz and

Crowley, 1997) and the large-scale geostrophic

(LSG) ocean general circulation model (Maier-Reimer

et al., 1993) are described for the Paleozoic climate

simulation in detail in Winguth et al. (2002). The

nonlinear EBM is two-dimensional (longitude–lati-

tude), having a single (well-mixed) vertical dimen-

sion, a dry atmosphere and the only prognostic

quantity is air temperature. The energy budget

equation is solved for air temperature with a time

step of one day and incorporates incoming solar

radiation, outgoing long-wave radiation, and CO2

radiative forcing. Here we use the functional form of

greenhouse gas forcing from Wigley (1987) and a

coefficient from Hansen et al. (1988) (consistent with

the IPCC 1990 report) to define the changes in the net

radiative flux FCO2 at the tropopause (in W m�2):

FCO2 ¼ 6:3ln pCO2= pCO2Þref
� ��

ð1Þ
with the preindustrial atmospheric partial pressure

( pCO2)ref=280 ppmv.

The incoming solar radiation is either absorbed at

the surface, reflected (surface albedo is a function of

the ground temperature), or scattered/absorbed by

prescribed clouds, ozone, and dust. The solar lumi-

nosity is thought to have been steadily increasing

since formation, a consequence of conversion of

hydrogen to helium. According to calculations by

Boothroyd (see Caldeira and Kasting, 1992), we

chose for the Permian a reduction of 2.1% relative

to the present-day solar constant of 1365 W m�2.

Decreases of the Earth’s rotation rate from the

Permian to present are smaller than 3% and are
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neglected in the atmospheric and ocean model

simulations. For model simulations discussed below

we assumed that the Earth’s orbit about the sun was

circular (eccentricity=0) and that the Earth’s obliquity

(axial tilt) was 23.58. This setting causes an equal

receipt of solar insolation for both hemispheres. A

uniform vegetation (mixed tree and grassland or

savanna) (Dorman and Sellers, 1989) is imposed at

every land grid point of the EBM and is consistent

with the formulation of the land surface in the

experiments carried out by the GENESIS 2 atmos-

pheric model simulations (Gibbs et al., 2002). This

prescribed land surface uniformity is clearly unreal-

istic; for instance, a significant area of central Pangea

was probably desert. However, interpretations of

results in comparison with observational evidence

would be even more complicated if a non-uniform

vegetation is assumed because of vegetation’s sig-

nificant effect on climate (e.g. Dutton and Barron,

1997; DeConto et al., 1999). The horizontal atmos-

pheric transport in the EBM is parameterized as

advection by the zonally averaged zonal component

of the near-surface wind speed. The heat fluxes

between the EBM and ocean model are used to

determine the distribution of temperature and sea ice

in the mixed layer of the ocean, which is also

integrated with a time step of 2 day. The prescribed

surface wind speed and freshwater fluxes are com-

puted for the Permian from a GENESIS 2 climate

model simulation (Gibbs et al., 2002). The resulting

surface conditions serve as the lower boundary

conditions for the atmosphere. The atmosphere–ocean

heat exchange uses a coupling coefficient n of 40 W

m�2 K�1 to simulate a strong damping for small-

scale temperature changes and is reduced over areas

of sea ice coverage. The conductive heat flux

through sea ice is inversely proportional to the ice

thickness and is proportional to the difference

between the air temperature and the sea surface

temperature at air temperatures below freezing point.

Over land a surface energy balance equation predicts

surface temperature with the assumption of zero heat

capacity in soil.

The LSG is coupled to the EBM via the surface

heat exchange and is also forced by wind stress and

freshwater flux (precipitation-minus-evaporation plus

river runoff; see Fig. 1 in Winguth et al., 2002) from

4�CO2 and 8�CO2 Wordian simulations of Gibbs et
al. (2002), which used the GENESIS 2 climate model

(Thompson and Pollard, 1997). In addition, two

supplementary experiments, 1�CO2 and 2�CO2,

with the same Wordian land configuration in GEN-

ESIS 2 have been used to provide additional

prescribed values of wind stress, 10 m wind speed,

and freshwater fluxes to explore the sensitivity to low

atmospheric CO2 concentrations.

The LSG uses a time step of 15 days, a spatial

resolution of 3.58�3.58 horizontally and 22 layers

vertically, and allows computationally efficient long-

term model integrations of several thousand years.

The LSG uses two-dimensional fields of heat fluxes,

freshwater fluxes, and wind stress (Fig. 1 in Winguth

et al., 2002) to predict three-dimensional fields of the

ocean currents, potential temperature, salinity, tracers,

and two-dimensional fields of sea level, and sea ice

thickness. The LSG with 22 vertical layers includes an

explicit formulation of vertical diffusion for temper-

ature and salinity (diffusivity ranging from 5�10�3

m2 s�1 at the surface to 2�10�3 m2 s�1 for the

intermediate and deep ocean), which is reduced in the

case of very stable vertical stratification by a factor a/

[a+(dq/dz)2] with a=4�10�7 kg2 m�4. The selection

of the diffusion scheme has been tested by various

sensitivity experiments to reproduce the observed

modern radiocarbon distribution in the ocean (Maier-

Reimer et al., 1993; Mikolajewicz, 1996) and the

deepening of the mid-to-high latitude thermocline

due to winter mixing. Results from these experi-

ments indicated that the mixing of the deep-sea

significantly increases with an increase in the

diffusion coefficients.

The thermodynamic sea ice model from Maier-

Reimer et al. (1993) has been modified to allow not

only ocean-driven transport of sea ice due to

advection by the mean surface ocean currents

predicted by the LSG, but also a wind-driven transport

with an assumed equilibrium velocity proportional to

the surface wind speed.

A simple river runoff model with a bucket depth of

30 cm is used to transport the net precipitation from

the land surface to the coastal ocean areas. The model

is initialized for all Wordian experiments with a mean

salinity of 34.3 and a mean temperature of about 4 8C
(world ocean’s average mean temperature today). The

reduction in salinity by 0.5 relative to the present-day

value is based on the assumption that water stored in
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the form of ice, at modern times essentially in

Antarctica and Greenland, was probably not present

during the Wordian.
A.2. Carbon cycle model

The carbon cycle model applied in this study is

similar to the model used in Winguth et al. (1999).

The atmospheric CO2 partial pressure and vertical

gradients of carbon are linked with three pumping

mechanisms (Volk and Hoffert, 1985): The solubility

pump with high solubility at low temperatures, and

two biological pumps, the bsoft tissue pumpQ caused
by the formation of organic material and depletion of

nutrients and carbon in the surface water and the

CaCO3 pump. The soft tissue pump can explain about

80% of the vertical gradients of carbon in the ocean.

Phosphate, well correlated in most parts of the modern

ocean to nitrate, is the nutrient-limiting tracer for

photosynthesis, similar to the study of Zhang et al.

(2001). Export production, the amount of primary

production transported from the euphotic zone into

deeper layers is parameterized by the availability of

light I(/,t), temperature T (in 8C), nutrients (PO4),

and vertical mixing m (Maier-Reimer, 1993):

EP ¼ c0I /; tð Þ T þ 2ð Þ= T þ 10ð Þ50m=mPO2
4

= P0 þ PO4Þ ð2Þð

with time t, latitude /, c0=0.25, and half saturation

constant P0 = 0.02 Amol L�1. A temperature

decrease of 1 8C changes EP by 8% at 5 8C and

by 1% at 20 8C.
The models assume a constant Redfield stoichi-

ometry (P:N:C:O2 ratio) for particulate organic matter

(Takahashi et al., 1985). Organic material produced at

the surface sinks with a z�0.8 declining vertical flux

(Martin et al., 1987) into the deep-sea where it is

instantaneously remineralized (assuming that the time

step of the model is larger than the decomposition of

the particulate organic matter). The remineralization

of the organic material (POC) is essentially dependent

on the available oxygen concentration and on the

temperature of the water mass. Remineralization is

limited to regions with sufficient oxygen. Unremin-

eralized POC is preserved and advected by the

current field. However, one important aspect has not
been considered in the recent Permian simulations:

Sediment geochemistry is neglected which might be

important in particular in areas of high productivity

(e.g. the equatorial upwelling regions and the

Southern Ocean).

The remineralization of organic debris is simplified

in the models which were applied up to now for

Paleozoic problems. They treat oxygen as the only

oxidant. In regions of anoxia, which are very limited

in the modern ocean, several plausible methods have

been followed:

1) Oxygen concentrations may take on negative

values. This gives an estimate of how much nitrate

or sulfate should have been reduced. By this

approach, however, regions of low, non-negative

values of oxygen are difficult to interpret.

2) Particles may sink through anoxic zones. This

approach ignores completely the action of other

oxidants and may result in a near bottom

accumulation.

3) Particles may be advected as suspended material

until they reach oxic zones. In this approach,

unrealistically large pools of POC may accumulate,

linked to an underestimate of subsurface phosphate

maxima. Interpretation of phosphorus and DIC

should include the sum of dissolved and particulate

species.

4) As sulfur exists in rather high concentrations one

can remineralize POC in the absence of oxygen by

sulfate reduction.
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