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Abstract. The role of the thermohaline circulation in controlling export production, 
oxygenation of deep waters, and hence possible sapropel formation in the eastern Mediter- 
ranean is examined using a simple nutrient-cycling model. The model is driven by velocity 
fields from a general circulation model and receives fluxes of nutrient from fiver run-off and 
atmospheric deposition. The model is used to study three scenarios: a strong anti-estuarine 
circulation, a weakened anti-estuarine circulation, and a weak estuarine circulation. Nutri- 
ent transports, ventilation of oxygen, and deposition of organic matter are investigated in 
each case. With a present-day circulation the model provides reasonable agreement with 
observed phosphate and oxygen profiles and for export production. With the weakened 
anti-estuarine circulation, consistent with surface salinity reconstructions for the most 
recent sapropel $1, there is a modest increase in export production and reduced ventilation 
leading to anoxia in intermediate and deep waters. Sapropel formation is possible near 
the coastal margins, particularly if there is enhanced fiver run-off. With an estuarine 
circulation, there is significant increase in export production in addition to anoxia below 
a shallow winter mixed layer. While both the latter circulations allow sapropel formation 
in the model, the estuarine case is distinguished by higher organic carbon deposition and 
anoxia in the near-surface waters. 

1. Introduction 

Organic carbon-rich sediments, or sapropels, have been 
deposited episodica!ly in the eastern Mediterranean and pro- 
vide important evidence for past changes in climate (for a 
review, see Rohling [ 1994]). Sapropels are formed by a com- 
bination of two factors: increased biological production as- 
sociated with a higher nutrient supply to the euphotic zone 
and increased organic preservation in the sediments owing 
to decreased ventilation and suboxic deep waters. An in- 
crease in the nutrient supply may be achieved by increased 
surface fluxes (from river and atmosphere) or changes in the 
upwelling of nutrient-rich, deep waters. The existence of 
these different mechanisms has meant that the relative im- 

portance of the circulation in sapropel formation is the sub- 
ject of an on-going debate. Of particular interest is the ex- 
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tent to which a change in buoyancy forcing, associated with 
a different climatic state, might have altered the overturning 
circulation of the eastern Mediterranean. 

Sapropels with a high organic carbon content have been 
connected to a reversal of the present-day, anti-estuarine 
circulation [Sarmiento et al., 1988; Thunell and Williams, 
1989] and to surface waters being highly stratified [Sancetta, 
1994; Kemp et al., 1999]. In contrast, sapropels with rel- 
atively low organic carbon content (e.g., the most recent 
sapropel S1) have been explained solely in terms of a weak- 
ening of the anti-estuarine circulation [Rohling and Gieskes, 
1989; Rohling, 1994]. In this study, coupled physical and 
biogeochemical models are employed to understand the dif- 
ferent processes affecting sapropel formation. This coupled 
approach highlights the combined, rather than separate, role 
of changes in stratification, ventilation, and overturning cir- 
culation brought about by changes in surface buoyancy forc- 
ing associated with different climates. 

The study is undertaken as follows. A general circu- 
lation model (GCM) is employed to produce three differ- 

683 



684 STRATFORD F.T AL.' IMPACT OF CIRCULATION ON SAPROPF. L FORMATION 

a) Present day anti-estuarine circulation 
high buoyancy loss 

low nutrients 

• intermediate 
ventilation 

-: 

ildeepventiiation 
....... (higb.Ox•g_..en) 

b) Weakened anti-estuarine circulation 
lower buoyancy loss 

low nutrients 

intermediate ventilation 
..• ' --- 

¾ed•ced-deep ventilation 
(10w'-'oxygen) 

c) Estuarine circulation 
buoyancy gain 

high nutrients 
upwelling 

.... 

Figure 1. A schematic figure shows the sense of the circulation in the eastern Mediterranean. (a) 
The circulation is strongly anti-estuarine at present., driven by an intense buoyancy loss at the surface 
(largely evaporation). This is accompanied by strong deep water formation and an inflow of relatively 
fresh surface water with a low nutrient content. (b) A reduced surface buoyancy loss leads to shallower 
ventilation, while (c) a buoyancy gain leads to an estuarine (or "reversed") circulation with an inflow of 
deeper, nutrient-enriched water. 
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ent thermohaline circulations in the eastern Mediterranean 

basin as illustrated in Figure 1: the present-day strong anti- 
estuarine circulation, a weakened anti-estuarine circulation, 
and a weak estuarine circulation. The sense of the circu- 

lation in the GCM is controlled via the surface buoyancy 
(in particular, salinity) forcing. The simple nutrient-cycling 
model is then run in conjunction with the different circula- 
tions to assess their impact on modeled productivity (limited 
by phosphate) and the amount of organic material reaching 
the sea floor (controlled by deep water oxygen concentra- 
tions). The sensitivity of the model to higher external fluxes 
of nutrient is assessed for each circulation. 

Section 2 examines the physical model and resultant cir- 
culations, which are used to drive the biogeochemical model 
described in section 3. The results of the biogeochemical 
model are presented in section 4. A discussion and short 
summary conclude. 

2. Anti-estuarine and Estuarine Circulations 

The present day Mediterranean suffers a net buoyancy 
loss which drives a strong anti-estuarine circulation, involv- 
ing an inflow of Atlantic surface water and an outflow of 
denser Mediterranean water. (At present the sense of the 
circulation at Gibraltar is the same as that at Sicily.) The 
thermohaline circulation responds to changes in buoyancy 
forcing associated with changes in climate: for example, cli- 
matic conditions in the early Holocene period (10,000-6000 
years ago) are thought to have been relatively warm and hu- 
mid compared to the present day [Mangini and Schlosser, 
1986], which would result in a decreased buoyancy loss 
and a weaker anti-estuarine circulation. Climatic conditions 

leading to a buoyancy gain would excite an estuarine circu- 
lation (Figure 1). Note that the eastern Mediterranean also 
exhibits an internal thermohaline circulation consisting of 
deep water sources in the Adriatic and/or the Aegean Seas 
[Roether et al., 1996]. Variability of this internal circulation 
is not considered in the present work. Here, three different 
thermohaline circulations in the eastern Mediterranean are 

modeled: the present-day anti-estuarine circulation based 
on observational data, a weakened anti-estuarine circulation 

Table 1. Approximate Model E - P and Strait Fluxes 

E - P, m yr- • Strait Flux, Sv 

Present Day 0.7 0.7 
Weak Anti-Estuarine 0.1 0.2 
Weak Estuarine -0.4 -0.1 

based on palaeoceanographic salinity reconstructions for the 
early Holocene after Myers et al. [1998], and a hypothetical 
estuarine circulation used as a comparison. 

2.1. General Circulation Model 

The basis for the present work is the primitive equation 
model described by Killworth et al. [1991], which has 
been adapted for the Mediterranean following Pinardi and 
Navarra [1993], Roussenov et al. [1995], and Haines and 
Wu [1995]. The model resolution is 1/4 ø, permitting the 
growth of baroclinic eddies, with 19 unevenly spaced levels 
in the vertical. The subgrid scale parametrization of Gent 
and McWilliams [1990] is used, along with a flux-limited 
advection scheme for tracers [Thuburn, 1996]. 

For each circulation, the model tracers are initialized with 

climatological temperature and salinity fields appropriate for 
the present day [Brasseur et al., 1996]. The buoyancy flux 
at the surface is imposed via a relaxation of both surface 
temperature and salinity [cf. Haney, 1971] to prescribed val- 
ues. For the present day, the relaxation is to monthly values, 
again from climatology. The model for the weakened anti- 
estuarine circulation uses the same temperature values but a 
salinity reconstruction of the Holocene optimum period from 
Kallel et al. [1997] in which the surface salinities are typi- 
cally 3 practical salinity units (psu) lower than the present- 
day values. Myers et al. [1998] have employed a number of 
different surface salinity reconstructions from palaeoceano- 
graphic data and found the resulting circulations to be sim- 
ilar and also find the impact of temperature to be negligible 
in this case. In order to generate an estuarine circulation, a 
reduction in the surface salinity of around 6 psu compared 
with the present day is imposed. This results in a net buoy- 
ancy gain and a weakly estuarine circulation in the eastern 
basin (see Table 1). 

For each set of conditions, the GCM has been integrated 
for 120 years with wind data from the European Centre 
for Medium-range Weather Forecasts (ECMWF) appropri- 
ate for the present day. Climate models [e.g., Hewitt and 
Mitchell, 1998] are currently of too poor a resolution to pro- 
vide wind forcing (or fluxes) suitable for the current study. A 
steady state is approached in both anti-estuarine cases, while 
the estuarine case is still evolving to some extent, suggest- 
ing heat and freshwater flux forcing [e.g., Myers and Haines, 
2000] might be required to maintain a buoyancy gain for 
timescales much longer than 100 years in the current model. 

2.2. Modeled Circulations 

The thermohaline circulation in the model is clearly re- 
vealed by the zonal overturning stream function 

Evaporation (E) minus precipitation (P) and Sicily strait flux 
(Sv or 106 m a s- •) diagnosed from the model for the three different 
circulations. The negative sign indicates that there is an excess of 
precipitation over evaporation, accompanied by an inflow of deep 
water at Sicily. 

- ay 
H 

(1) 

where u is the annual mean zonal velocity field and H(x) is 
the maximum depth of the water column at each longitude. 
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Figure 2. Zonal overturning stream functions for the east- 
ern Mediterranean from three different GCM integrations: 
(a) the present day, (b) with surface salinity reduced by 
around 3 psu, and (c) surface salinity reduced by around 6 
psu. The direction of the flow along streamlines is found by 
locating more positive values to the right of the flow. The 
contour interval is 0.15 x 106 m a s -z in all cases. 

The mean salinity distributions corresponding to the dif- 
fering circulations are shown along a transection through the 
eastern basin in Figure 3. The present day model (Figure 3a) 
forms eastern Mediterranean deep water in the Adriatic with 
salinity (38.6-38.7 psu) lower than that of the intermediate 
water. However, in the weakened anti-estuarine model, ven- 

tilation is limited to the upper 300-400 m (Figure 3b). A pro- 
nounced halocline is present, below which the salinity distri- 
bution is diffusively controlled. The situation in the model is 
more extreme in the estuarine case (Figure 3c), where there 
is a very strong halocline, with associated strong density 
stratification and no significant convection in the Adriatic. 

The extent of convective overturning in the model reflects 
the different buoyancy forcing and is shown in Figure 4. 

(a) Anti-estuarine circulation (present day) 
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The stream function O(x, z) in the eastern basin is shown in 
Figure 2. For the the present day model (Figure 2a) there 
is an anti-estuarine cell extending to 500 m, with eastward 
surface flow near Sicily and westward intermediate flow, ac- 
companied by an internal cell with eastward flowing deep 
water. The weakened anti-estuarine case exhibits a shal- 

lower, weaker recirculation confined to 300 m overlying a 
stagnant abyss (Figure 2b). In the estuarine model, a shallow 
cell is seen at the surface with a surface outflow and inter- 

mediate depth inflow. The mean surface inflow at the Sicily 
Strait is 0.7 Sv for the present day and 0.2 Sv for the weak- 
ened anti-estuarine case (compensated by an equal deep out- 
flow in the model). In the estuarine case, there is a mean 
surface outflow of 0.1 Sv, with corresponding deep inflow. 
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Figure 3. Vertical sections of annual average salinity (psu) 
along the path shown inset for the three different GCM con- 
figurations. (a) The present day model where deep water is 
well ventilated, (b) the weakened anti-estuarine case where 
shallow ventilation from the Adriatic occurs, and (c) the es- 
tuarine case where there is little or no ventilation are shown. 

Note the difference in contour interval (0.5 psu) in Figure 3c. 
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Figure 4. Maximum depth of winter convective overturning 
(m) in the the different GCM integrations. The shaded re- 
gions indicate convection beyond 100 m in the model. Note 
that there is significantly reduced convective overturning in 
the estuarine case, particularly in the Adriatic. 

Strong winter mixing is observed in the present day inte- 
gration, extending to 300-400 m in both the Adriatic and 
the Levant (Figure 4a), while shallower mixing is seen in the 
weakened anti-estuarine model (Figure 4b). In the estuarine 
case, where a buoyancy gain has been imposed, there is no 
convective mixing beyond 100 m in the eastern basin in the 
model. 

3. Biogeochemical Model 

A simplified nutrient-cycling model of the type described 
by Najjar [l 990] [see, also, Najjar et al., 1992] is now used 
to examine how changes in the circulation might influence 
export production via the supply of hutrients to the euphotic 
zone and the preservation of sinking organic matter which 

is controlled by the oxygen content of the deep waters. The 
model is based on phosphate, which is observed to be the 
limiting nutrient in the eastern Mediterranean [Berland et 
al., 1988; Krom et al., 1991], while the cycling of oxygen is 
introduced via the remineralization of a detrital component, 
which represents the dead organic material falling through 
the water column. A simple representation of the effect of 
suboxic or anoxic conditions is included by letting the rem- 
ineralization rate be a function of the local oxygen concen- 
tration. Furthermore, detritus is allowed to leave the system 
at the base of the water column in anoxic conditions to simu- 

late sedimentation. A brief description of the model is given 
in sections 3.1 and 3.2, with details of the choice of parame- 
ters supplied in the appendix. Note that conversion to carbon 
units, where appropriate, is performed by assuming a C:P ra- 
tio of 100. 

The biogeochemical model uses the same domain and res- 
olution as the GCM (section 2.1) and is run "off-line" includ- 
ing a seasonal cycle for a perpetual year with 5 day resolu- 
tion as described by Stratford et al. [ 1998]. Advection by the 
GCM velocity field again includes the effect of unresolved 
eddies via the Gent and McWilliams [1990] component of 
the advecting velocities, and a third-order forward-in-time 
flux-limited advection scheme is employed [Stratford, 1999] 
to prevent unphysical tracer values arising. The extent of 
convective overturning is also supplied with 5 day resolu- 
tion. 

3.1. Model Description 

The model computes the time evolution of the concentra- 
tions of dissolved phosphate PC4, detrital material D, and 
dissolved oxygen 02, using the coupled equations: 

[PO4]t ---- -V.(u[P04]) - (w'[PO4]')z - )•[P04] + r[D], 

[D]t: -(w'[D]')z + ALPO4]- riD]- (w•[D])z, 
- - (2) 

The subscripts t and z refer to time and vertical derivatives, 
respectively, while the overbar represents a mean quantity 
and the dash represents a deviation from the mean. Equa- 
tions (2) relate the time rate of change of each model quan- 
tity to a divergence of three-dimensional advective fluxes, 
the vertical divergence of turbulent fluxes, and a number of 
specific source and sink terms, respectively. Note that the 
detritus equation omits the three-dimensional advection, as 
the time scale for sinking is fast compared to that required 
for significant horizontal advection. 

The light-limited uptake of phosphate in the surface layer 
is controlled by the rate )•, where 1/)• ,-• 4 weeks. Phos- 
phate utilized is transferred to the detrital component, which 
is in turn remineralized to phosphate at a rate r. The de- 
trital material falls through the water column with speed 
w8 --, 200 m d -1. Oxygen is consumed during the reminer- 
alization of detritus, the total rate determined by the Redfield 
ratio 7& [Redfield et al., 1963] between oxygen and phospho- 
rus in (2); 7& is chosen to be 170 following Takahashi et al. 
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[1985]. Further coupling is incorporated locally by letting 
the remineralization rate decrease with decreasing oxygen 
concentration as described in the appendix. 

3.2. Boundary Conditions 

For phosphate, a flux boundary condition is used at the 
surface, allowing the total nutrient input to be specified ex- 
plicitly. Sections 4.1 and 4.2 will describe two scenarios: 
first a low-nutrient flux based on estimates of a preanthro- 
pogenic state and second a high-nutrient flux which assumes 
an increase in river discharge of a factor of 3. This gives a 
river phosphate flux in the eastern basin of 30 mol s -1 for 
the low case and 90 mol s -1 in the high case. The river flux 
is distributed evenly between model points contiguous with 
the coastline. A constant atmospheric flux of 35 mol s -1 is 
distributed uniformly across the eastern basin. It should be 
noted that there is no seasonal cycle in the atmospheric and 
river phosphate flux. 

Detritus reaching the sea-floor is instantaneously resus- 
pended in the deepest model level, unless the local oxy- 
gen concentration drops below 0.06 mol m -3 [Rosenburg, 
1980]. This represents the ability of the benthic commu- 
nity to recycle detrital material reaching the bottom, which 
is suppressed in suboxic or anoxic conditions. 

The boundary conditions for oxygen are treated as a relax- 
ation to a saturated value related to the surface temperature 
and salinity [Weiss, 1970] at a rate determined by a wind 
speed-dependent piston velocity [Liss and Merlivat, 1986]. 
The dominant factor here is the seasonal cycle in sea surface 
temperature, which is the same for each of the circulations. 
The initial conditions for all the integrations of the biogeo- 
chemical model consist of uniform values for the concentra- 

tion of each component: [PO4] = 2 x 10 -4 tool m -3, [D] = 
0, and [02] = 0.1 mol m -3. 

anti-estuarine and estuarine circulations (dashed and dotted 
lines in Figure 5, respectively), which are accompanied by 
decreases in deep oxygen concentration. Deep water nutrient 
concentrations do not reach a steady state after 2000 years, 
but deep water oxygen is depleted. 

Figure 6 shows modeled profiles of phosphate and oxygen 
averaged over the eastern basin after 2000 years, which can 
be compared with profiles for the present day derived from 
a synthesis of observations [Krom et al., 1991; Conkright 
et al., 1994; Stratford et al., 1998]. The modeled concentra- 
tions for the present day, anti-estuarine circulation are in rea- 
sonable agreement with the observations throughout the wa- 
ter column (allowing for the long period of high-nutrient in- 
put). Higher phosphate concentrations at depth for the weak- 
ened anti-estuarine and estuarine circulations reflect changes 
in the inflow and outflow at Sicily, while the extent of venti- 
lation in the model means that there is suboxia below around 

500 m in the weakened anti-estuarine circulation and below 

around 100 m in the estuarine case (on average). Note that 
the inflow conditions for the estuarine case are dependent 
upon the western basin, which also exhibits loss of ventila- 
tion and anoxia in the current model. 

20 

-r, 10 

• 5 

I I I 

I I I 

4. Model Results 

4.1. Nutrient Fluxes and Anoxia 

The nutrient-cycling model is now integrated using the 
different circulations in the eastern Mediterranean described 

in section 2.2: strong anti-estuarine (the present day), weak- 
ened anti-estuarine, and estuarine. Model runs of 1000 years 
are perfbrmed using low-nutrient inputs, which allows the 
intermediate circulations to approach equilibrium in all three 
cases. The surface nutrient input is then increased to the 
higher values, and the model is run on for a further 1000 
years with each circulation to allow the deep circulation to 
approach equilibrium. 

The mean concentrations of phosphate and oxygen in the 
eastern deep water (2500-3000 m) for the entire 2000 year 
period are shown in Figure 5. The present-day phosphate 
values exhibit little trend, while oxygen values remain high, 
even with increased nutrient input, owing to strong deep wa- 
ter ventilation (solid lines in Figure 5). There are more strik- 
ing increases in phosphate concentration in the weakened 
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Figure 5. 
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YEARS 

Times series of phosphate and oxygen values 
in the deep water (2500-3000 m) for the entire 2000 year 
integration. The solid line is the strong anti-estuarine circu- 
lation, the dashed line is the weakened anti-estuarine circu- 
lation, and the dotted line is the estuarine case. The discon- 
tinuity at 1000 years reflects the change from low to high 
external nutrient input regimes. 
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Figure 6. Mean profiles of phosphate and oxygen from the eastern basin for the three circulations at 
the end of 2000 years. The crosses are for the strong anti-estuarine model, the open circles are for the 
weakened anti-estuarine case, and the triangles are for the estuarine case. The continuous lines are a 
synthesis of observational dat,a for the present day for comparison. 

The phosphate budget for each circulation is shown in Ta- 
ble 2 in both high- and low-nutrient input cases. For the 
strong anti-estuarine circulation, the external inputs of phos- 
phate balance the modeled outflux at Sicily, and there is no 
flux to the sea floor. For the weakened anti-estuarine circu- 

lation, there is a decreased nutrient outflux at Sicily owing 
to the reduced volume outflux of deep waters, even though 
there is an increase in phosphate concentration of the inter- 
mediate and deep waters. For the estuarine circulation, there 
is influx of both deep water and phosphate at Sicily into the 
eastern Mediterranean. Deep water anoxia in the weakened 

anti-estuarine and estuarine cases allows a loss of nutrient 

(via detritus) to the sediment, while the budget is closed by 
increases in nutrient content of the deep waters (compare 
with Figure 5). 

The vertical extent of the modeled anoxic region as a 
function of time for the weakened anti-estuarine and estu- 

arine circulations is shown in Figure 7. The onset of anoxia, 
assumed here to be 0.06 mol 02 m -3, occurs first at mid- 
depths in the model and then advances downward to 3000 m 
after 700 years and 1500 years for the estuarine and anti- 
estuarine circulations, respectively. 

Table 2. Annual Phosphate Budget for the Model Circulations with Low- and High-Nutrient Input 

R+A 

Fluxes, mol P s-t Net Gain, Export Production, 
Net Inflow To Sediment mol P s-• mol P s-• 

Strong Anti-Estuarine 65 -65 0 0 155 
Weak Anti-Estuarine 65 -40 - 20 5 185 
Weak Estuarine 65 20 - 25 60 355 

Strong Anti-Estuarine 125 - 120 0 5 300 
Weak Anti-Estuarine 125 - 75 - 10 40 340 

Weak Estuarine 125 35 - 30 130 485 

Phosphate fluxes from river and atmosphere (R q- A) are balanced by the sum of the net inflow at Sicily, loss to 
the sediment, and net gain in concentration in the water column. In a steady state, there is no net gain of phosphate in 
the water column. Significant increases in export production in the model (mol P s-•) are driven either by increased 
river and atmospheric sources or by an inflow of nutrients at Sicily associated with an estuarine circulation. Here the 
changes in the water column are inferred from conservation of total nutrient content and the budget is given to the 
nearest 5 mol P s-•. 
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Figure 7. Time series showing the vertical extent ()f anoxia, defined by concentrations lower than 0.06 
mol 02 m -3 for (a) weakly anti-estuarine and (b) estuarine circulations. Note the expanded vertical scale 
above 500 m. 

4.2. Export Production and Sediment Fluxes 

The seasonal cycle of the export productivity averaged 
over the eastern basin is shown in Figure 8 for each circu- 
lation; this export flux is evaluated at 100 m and averaged 
over 20 years at the end of the low- and high-nutrient input 
periods. The seasonal variations are a consequence of physi- 
cal processes and irradiance, since the river and atmospheric 
inputs of nutrients are kept constant over the year. For the 
anti-estuarine circulations, there is a convective transfer of 

nutrients from the nutricline to the euphotic zone, which re- 
sults in a spring increase in export production. In addition, 
for the weakened anti-estuarine case, there is a secondary 
maximum in production during the autumn, again associated 
with the onset of convective overturning. However, in the 
estuarine circulation, the lack of buoyancy-driven convec- 
tive mixing leads to little seasonal cycle in both the nutrient 
supply to the euphotic zone and export production. 

The mean export production over the year for the strong 
anti-estuarine circulation is 0.3 and 0.6 mol C m -2 yr -• 
for the low- and high-nutrient input scenarios, respectively 
(Table 3). The export production increases slightly to 0.7 
mol C m -2 yr -• for the weakened anti-estuarine circula- 
tion owing to higher nutrient concentrations in the nutri- 
cline. The export production for the estuarine case reaches 
1 mol C m -2 yr -• owing to the upwelling of nutrient-rich 
waters. 

The geographical distribution of export production for the 
three circulations at the end of the high-nutrient input period 
is shown in Figure 9. For the strong anti-estuarine model, ar- 
eas of high production (> 1 mol C m -2 yr -•) are localized 
near the coastline. Much of the Ionian and Levantine sup- 
port very little productivity. In the weakened anti-estuarine 
case, while more production is supported on average, it is 
still concentrated near the coasts. However, in the estuar- 
ine case there is a striking increase in production away from 
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Figure 8. The seasonal cycle of modeled productivity inte- 
grated across the eastern basin. (a) The results for the three 
circulations with low-nutrient input at the end of 1000 years, 
and (b) with high-nutrient input at the end of 2000 years are 
shown. The solid line is the strong anti-estuarine case, the 
dashed line is the weakened anti-estuarine case, while the 
dotted line is the estuarine circulation. 

the coastal regions which is driven by upwelling in some re- 
gions of the/model, locally as high as 2-3 mol C m -2 yr -1 
Note the strong dipole structure at 27øE which is related to 
regions of predominantly cyclonic circulation (upwelling) in 
the north and anticyclonic circulation (down-welling) in the 
south; the exact position of these features depends upon the 
wind forcing and topography. 

The strong anti-estuarine circulation remains well venti- 
lated so no significant deposition occurs in the model. Fig- 
ure 10 shows the geographic distribution of preservation at 
the sea floor, again at the end of the high-nutrient input pe- 
riod. The weakened anti-estuarine case shows significant 
areas of deposition, particularly in the marginal basins and 
near coastlines. However, deposition is more widespread in 
the estuarine case, exceeding 0.5 mol C m -2 yr -1 in the 
marginal basins. The results are summarized in Table 3. 

5. Discussion 

5.1. Overview 

Observational evidence suggests that episodes of sapro- 
pel formation are associated with enhanced export produc- 
tion and/or suboxic deep water. This modeling study in- 
vestigates the role of the thermohaline circulation in both 
these processes in the eastern Mediterranean. The model 
results are relevant to the issue of sapropel formation in gen- 
eral, although the quantitative predictions, particularly for 
the weakened anti-estuarine case, are most valid for $1 for 
which the model forcing is known to be appropriate. 

5.2. Mechanisms for Sapropel Formation 

The model study shows that increasing the buoyancy in- 
put over the eastern Mediterranean reduces the ventilation 
of the deep waters and increases the stratification of the up- 
per ocean. If there is sufficient buoyancy input, then the 
sense of the thermohaline circulation can reverse from the 

present-day anti-estuarine circulation to an estuarine circu- 
lation. Given the major uncertainties in estimating the buoy- 
ancy forcing (from reconstructions of surface temperature or 
salinity), it is important to be able to identify characteristic 
observable signals for each type of circulation. 

This study suggests that the weakened anti-estuarine and 
estuarine circulations differ in that (1) there are higher lev- 
els of export production in the estuarine circulation given the 
same atmospheric and river inputs of nutrients and (2) anoxia 
extends up to surface waters (below a thin mixed layer) for 

Table 3. Summary of Observed and Model Export Production, Anoxia, and Sediment Fluxes 

Export Production, Suboxia/Anoxia Maximum Sediment Flux, 
mol C m-2 yr- x mol C m-2 yr-x 

Present Day (Observed) 0.5-1.0 no nil 

Present Day (Model) 0.3-0.6 no nil 
Weak Anti-Estuarine 0.4-0.7 below ,-,, 500 m 0.1-0.2 
Weak Estuarine 0.7-1.0 below ,-,, 100 m 0.5-1.0 

Export production (mol C m- 2 yr- x) averaged across the eastern Mediterranean taken from observation [Bethoux, 
1989] and from the different model integrations (low- and high-nutrient input cases). Widespread anoxia and signif- 
icant sediment fluxes occur in the model for the weakened anti-estuarine and estuarine circulations, but not for the 
strong anti-estuarine (present day) circulation. 
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(a) Strong anti-estuarine circulation 
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be part of the answer, since this high export flux would ex- 
haust the inorganic nutrients in the nutricline unless there 
were a compensating supply of new nutrients. For example, 
the equivalent organic phosphorus export flux is of the order 
of 0.1 mol P m -2 yr -1 (assuming a standard Redfield ra- 
tio) which would exhaust a phosphate concentration of 0.001 
mol P m -3 over the upper 500 m (see profile in Figure 6) 
in roughly 5 years. The high stratification is indicative of 
a local surface buoyancy input, but this signal may be as- 
sociated with either a anti-estuarine or estuarine circulation. 

Consequently, the nutrients needed for the organic carbon 
export for $5 have either to be fluxed into the upper ocean 
by upwelling or through much enhanced river run-off or at- 
mospheric deposition. 

5.3. The Holocene and S1 

Modeling studies by Myers et al. [1998] demonstrate that 
different salinity reconstructions for the Holocene all give 
rise to a weakened, shallower version of the present day 
anti-estuarine circulation, rather than an estuarine circula- 
tion. Hence, the model integration that is most appropriate 
for S• is the weakened, anti-estuarine case together with a 
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lations at the end of the high nutrient input period. The 
contour interval is 0.5 mol C m -2 yr -•. The shaded ar- 
eas highlight regions of export productivity greater than 1 
mol C m -2 yr -•. 

10øE 1• •. Figure 9. Annual export production for the three circu- •:•.f• ,5 . 37oN 
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(b) Estuarine circulation 

the estuarine case alone. Hence, near surface anoxia, as 
found for the Pliocene event by Passier et al. [1999], is 
consistent with an estuarine circulation. High levels of ex- 
port production are confined to coastal regions in the anti- 
estuarine case, and the model suggests that very large in- 
creases in external nutrient input would be required to drive 
anoxia. In contrast, high values of export production in the 
interior of the basin occur in the estuarine circulation, par- 
ticularly in cyclonic gyres. 

Recently, Kemp et al. [ 1999] have brought to light the role 
of mat-forming diatoms in Mediterranean sapropels, record- 
ing export production of 7-14 mol C m -2 yr -1 for S5. The 
mat-forming diatoms are associated with high stratification 
and can vertically migrate to access nutrients in the nutri- 
cline [Villareal et al., 1993]. However, the diatoms can only 

Figure 10. Annual flux of organic matter at the sea floor for 
(a) the weakened anti-estuarine circulation and (b) the estu- 
arine circulation with the high-nutrient input. The contour 
interval here is 0.1 mol C m -2 yr -•. The shaded regions 
also highlight deposition greater than 0.1 mol C m -2 yr -1. 
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The model predicts that organic carbon is preserved via 
suboxic or anoxic conditions below the surface waters. The 

anoxia first occurs at mid-depth after around 1000 model 
years (given the initial conditions) and then advances to the 
deeper waters by 1500 years. Accordingly, carbon deposits 
should first form at mid-depths then spread to the deeper wa- 
ters. However, this advance may be more rapid in the model 
than can be resolved by geochemical dating [cf. Strohle and 
Krom, 1997]. 

The organic carbon flux at the sea floor for $1 is estimated 
to be in the range 0.2 mol C m -2 yr -1 [Calvert et al., 1992] 
to 1 mol C m -2 yr -1 [Howell and Thunell, 1992]. The mod- 
eled flux of organic material at the sea floor is close to the 
lower estimate (0.2 mol C m -2 yr -•) in parts of the open 
ocean, but only exceeds 0.3 mol C m-2yr -• near the coasts 
and in the marginal basins. Note that the present model 
assumes that phosphorus remains the limiting nutrient for 
this climate regime in the eastern Mediterranean. However, 
higher river transport of phosphate may cause a reversion to 
nitrogen limitation, in which case the model estimates must 
be considered as lower limits. A high estimate of Holocene 
productivity led Howell and Thunell [1992] to invoke an es- 
tuarine circulation in the eastern Mediterranean. However, 

this hypothesis is inconsistent with modeling by Myers et 
al. [1998] using palaeoceanographic salinity reconstruc- 
tions. In addition, lack of evidence for widespread near- 
surface anoxia in the Holocene is also consistent with the 

weakened anti-estuarine model. Taken together, the model 
results suggest that sapropel $• is formed by a combina- 
tion of increased production (from enhanced river input of 
nutrients and a change in nutrient transports) and enhanced 
pres•brvation of organic matter (as a result of reduced deep 
water ventilation and the formation of suboxic conditions). 

6. Conclusion 

The thermohaline circulation influences the formation of 

sapropels in the eastern Mediterranean by modulating the 
supply of nutrients to the euphotic zone and controlling the 
extent of anoxia. This study compares the biogeochemi- 
cal signals associated with a weakening of the present day 
thermohaline circulation and a more dramatic reversal of the 

thermohaline circulation. Saprop½ls can be formed in both 
cases, so it is important to be able to distinguish between 
the circulations from observable signals. These modeling 
results suggest that for a weakening of the present day cir- 
culation, there is only a modest increase in productivity and 
the anoxia extends up to the base of the dense water outflow 
for the basin. However, the model indicates that a weak- 
ened anti-estuarine circulation can provide enough deposi- 
tion of organic carbon to form, for example, the $• sapro- 
pel which has a relatively low organic carbon content. In 
contrast, with a reversal of the circulation, there is a more 

dramatic increase in productivity which n.aturally leads to 
higher organic carbon content sediments. In addition, anoxia 
extends to the base of a shallow winter mixed layer, suggest- 

ing anoxic or sulphidic near-surface water is a good diagnos- 
tic/'or an estuarine circulation. 

Appendix: Phosphate Model Parameters 

The behavior of the simple model based on phosphate, 
detritus, and oxygen described in section 3 is controlled by 
the boundary conditions imposed at the surface, together 
with two main parameters: the phosphate utilization rate in 
the euphotic zone and the remineralization rate in the deep 
ocean. The choice of model parameters and the surface input 
of phosphate are now examined more closely. 

A1. Phosphate Utilization Rate 

Phosphate in the surface layers of the model is utilized at a 
rate ,• which represents the light-limited uptake of nutrients 
by phytoplankton in (2). The timescale 1/,• gives a mea- 
sure of the residence time for phosphate in the surface lay- 
ers. The maximum rate in the present model corresponds to 
1/,• ,-• 4 weeks following Najjar et al. [1992] and 14qlliams 
and Follows [1998]. The maximum rate is modulated by 
the seasonal cycle in insolation [Paltridge and Platt, 1976, 
Chapter 3] and decreases exponentially with depth assuming 
the extinction coefficient of 0.05 m -• for the light intensity. 

A2. Remineralization Rate 

The remineralization rate for detritus in the model, r, to- 

gether with the sinking speed, ws, control the quantity of de- 
tritus which survives to rehch the sea floor (at a given depth). 
For this simple model, it is useful to define a remineraliza- 
tion e-folding depth scale z* = ws/r. 

In a well-oxygenated water column a very small percent- 
age of detritus making up export production is observed to 
survive to reach the sea floor. In the eastern Mediterranean 

(typically 3000 m), of order 0.1% of organic material will 
survive in well-oxygenated regions [Howell and Thunell, 
1992]. This gives an e-folding depth of z* ,-• 450 m, consis- 
tent with estimates from sediment traps [e.g., Martin et al., 
1987]. 

However, in an oxygen-poor water column, remineraliza- 
tion is slower and more material survives to the sea floor. 

Palaeoceanographic studies [Kemp et al., 1999] and present 
day Black Sea studies [Arthur et al., 1994] suggest around 
5-10% preservation. The means the remineralization rate is 
roughly 3 times slower (z* ,-• 1350 m) than for the oxy- 
genated case, which is consistent with laboratory experi- 
ments examining bacterial action in oxic and anoxic con- 
ditions [Harvey et al., 1995]. 

The model remineralization rate is determined by fixing 
w• to be 200 m d-1 [e.g., Smith, 1989; Honjo and Man- 
ganini, 1993; Smith et al., 1996] and setting z* to 450 m. 
With the onset of suboxic conditions, taken to be at 0.06 

mol 02 m -3 [Rosenburg, 1980], the remineralization rate 
is linearly reduced to one third of this value at zero oxygen 
concentration. In this way, the fraction of material reaching 
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the sea floor in the model is consistent with the observational 
estimates. 

A3. Surface Phosphate Flux 

Best estimates of river input of phosphate for the Mediter- 
ranean as a whole before anthropogenic pollution is taken 
into account are 40-60 mol s-1 [McGill, 1969; Sarmiento et 
al., 1988, and references therein]. Atmospheric fluxes con- 
tained in wind-blown dust and rainfall [Duce et al., 1991] 
are observed to be 2-3 x 10 -11 mol m -2 s -1 for the Mediter- 

ranean area [Martin et al., 1989; Migon et al., 1989; Herut 
and Krom, 1996]. There is a large Saharan dust contri- 
bution is this region [e.g., Chester et al., 1984] which is 
not strongly affected by pollution. Estimates for the cur- 
rent overall phosphate source, including river pollution, are 
around 360 mol s -1 [e.g., Bethoux et al., 1992]. 

The basic model configuration employs a river flux of 30 
mol P s -x into both the eastern and western basins, uni- 
formly distributed between all model grid cells contiguous 
with the coastline (the extent of one grid cell is about 20 km). 
A baseline atmospheric flux based on the above figures gives 
20 mol P s -1 in the western basin and 35 mol P s -1 in the 

eastern basin, distributed uniformly across all model grid 
cells. For the eastern basin this gives a total nutrient sup- 
ply of 65 mol P s -1 . For the higher nutrient input case it is 
assumed that a factor 3 increase in river run-off is accom- 

panied by a commensurate increase in nutrient flux, while 
the atmospheric flux is unchanged. This gives a total of 125 
mol P s -1 for the eastern basin. This increase in fresh water 

run-off is consistent with estimates for the early Holocene 
[Kallel et al., 1997]. 
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