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conditions below the specified depths (Joriss¢ral., 1993;
An oceanic general circulation model, previously used to simu-  Rohling, 1994; Rohlinget al., 1997; Jorissen, 1999).

late the conditions associated with the Holocene Sapropel S, is During the warm and wet climate of the early Holocene

used to simulate the effects of a climate deterioration (represented period (Rossignol-Striclet al., 1982; Mangini and Schlosser,

as a cooling' event) on th_e sapropelic circulati.on mode. The. en- 1986; Rossignol-Strick, 1987: Wijmstet al., 1990; Rohling

hanced cooling (2°-3°C) induces deep convection in the Adriatic and Hilgen, 1991) the most recent saproBelvas deposited

and the Gulf of Lions and intermediate water formation in the §
Aegean, where in all cases there had previously been only stagnant between about 9000 and 608C yr B.P. (Jorissest al., 1993;

unventilated waters. The depths of ventilation (to ~1250 m) arein  1roelstraetal., 1991; Perissorastis and Piper, 1992; Fontugne
agreement with core data from this period. The short decadal —al., 1992). Oxygen isotoped{®0) records (e.g., Vergnaud-
timescales involved in modifying the sapropelic circulation suggest Grazziniet al., 1977; Citaet al., 1977; Thunell and Williams,
that such a climatic deterioration may be associated with the 1989; Tang and Stott, 1993; Kallet al.,1997; Rohling and De
interruption of S, between 7100 and 6900 “C yr B.P., which  Rijjk, 1999) suggested that eastern Mediterranean surface -
divided the sapropel into two subunits. - 2000 university of Washington. — [injties were substantially reduced at the time of the formatio
_ Key Words‘: Medlterranean Sea; Sapropel S, sapropel ¢ S,, relative to the present. The effect of low surface salinitie
interruptions; paleomodeling; Holocene. .

would be to decrease the densities of the surface waters 8
hence reduce the potential for convective overturning ar
deep-water formation. Without abyssal ventilation, the oxyge
content of the deep waters would gradually decrease as it w

N | fblack often laminated. sedi s i hutiIized for oxic degradation of organic matter. Consequer
umerous fayers of biack, often laminated, sediments ric (%velopment of deep anoxia is thought to increase the potent

organic matter (sapropels) have been found between the "B the preservation of organic matter in the sediments and

mal pelagic sediments by deep-sea coring in the Med'terran%%rﬁsistent with the observed absence of benthic fossils fro
(Kullenberg, 1958). They have been found throughout the : . .
sapropelic sediments (Rohling, 1994).

eastern Mediterranean, with upper depth limits (for the over- Recently, Myerset al. (1998) examined the conditions as-

lying water column) quoted at 700 m (Thunetlal.,1984), to . . . . .
300 m (Rohling and Gieskes, 1989), to as shallow as 150 mslﬂmated with Sapropé, using a sophisticated general circu-
i ’ |gtion model of the Mediterranean that had been shown

the northern Aegean Sea (Perissoratis and Piper, 1992). Ab q tely th t circulati t the basin. Th
dant and well-preserved calcareous microfossils of planktoﬁﬁzoro uce accurately the present circulation ot the basin. Th

origin have been found in the sapropels, but they are mostl owed, irr_espective of the salipity, temperature_, a”d"?f win
devoid of benthic fossils (Castradori, 1993; Rohling, 19945\_9construct|0n used for the period, that the basin retained |
The (1) common absence of benthic foraminifera from shresent anti-estuarine circulation, albeit weakened, at the stre
propels (azoic conditions) and (2) specific sequence of increg5-Poth Gibraltar and Sicily. In the simulation, deep-wate
ing dominance of progressively low-oxygen-tolerant benthf@rmation ceases, leaving a deep stagnant layer, below 40
species below and into the base of sapropels suggest ana{l€ M in the eastern basin and 100-150 m in the Aegean.

separate tracer model shows this isolated deep layer becom

L present affiliation: Department of Physics and Physical OceanogragROXic over time (K. Stratford, R. G. Williams, and P. G.
Memorial University, St. John’s, Newfoundland, A1B 2X7, Canada. Myers, unpublished data, 1999; hereafter referred to as SWN
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Myers et al. (1998) also show that intermediate water forma- The above evidence suggests that the sapropelic circulati
tion ceases in the Levantine and is replaced by water of ade may be sensitive to short-term (i.e., decadal- 1
Adriatic source, Adriatic intermediate water (AIW). The AlWcentennial-scale) climatic perturbations. In particular, cond
is exported to the western basin and also flows eastward itittns associated with improved deep-water ventilation (coole
the Levantine, where it shows a basin-wide general upwellitgmperatures and/or increased aridity) may lead to brief hi
associated with trapping of nutrients, shoaling of the pycntises within sapropels. Here, we aim to establish whether t
cline (Myers et al., 1998), and increases in productivitysapropel mode is a stable, robust state or whether it is strong
(SWM). sensitive to fluctuations in the surface buoyancy loss. W
Pale-colored “interruptions” have been seen in cores thherefore use the ocean general circulation model (OGCM)
include a number of sapropels, e8., S, S5, andC, (Rohling Myers et al. (1998) to investigate whether a small climate
et al., 1993, 1997; De Rijket al., 1999). These intervals aredeterioration is able to induce deep convection and reoxeger
best studied in sedimentary sequences with high accumulatimn of the eastern Mediterranean. The model is briefly de
rates. Rohlinget al. (1993) showed that the interruption in thescribed and then we present our sapropel interruption expe
Upper Pliocene saprop€l, (Singa section, southern Italy) wasments and compare them with cores that present evidence
associated with repopulation by a low-oxygen-tolerant benthige interruption withinS,.
speciesBulimina marginatafollowing a benthic azoicper-
sistently anoxic) interval. Variations in the planktonic forami- NUMERICAL MODEL FORMULATION
niferal and oxygen isotope records suggest that surface water
cooling preceded this benthic repopulation, which would have The model used is the Modular Ocean Model-Array, :
favored enhanced deep-water formation. The records also sfrge-surface OGCM. The basic model is described in great
gest that the cooling associated with temporarily improvetktail by Webb (1993). The model setup is based on the wo
deep-water ventilation ended with the end of the benthic ref Haines and Wu (1995) and Wu and Haines (1996, 1998
population, after which time azoic/anoxic conditions returnedhe horizontal resolution is 0.25% 0.25° with 19 vertical
Cores from high-sedimentation-rate areas containing thevels (mainly concentrated in the upper water column t
most recent sapropeh,, show another, more detailed, recordesolve the thermocline). The model parameters and setup :
of sapropel interruption. Rohlingt al. (1997) noted that a described in Myer®t al. (1998).
number ofS; cores throughout the eastern basin, and especiallyHaney (1971) relaxation conditions are applied at the se
in the Adriatic, contained evidence for an interruption duringurface for temperature and salinity, as described in Mgers
sapropel formation. A detailed analysis of core IN68-9 froral. (1998). A sea-level reduction of 20 m, appropriate for the
the southern Adriatic Sea (Rohlirg al., 1997) suggested atime of S, (Fairbanks, 1989), is considered. Although Myets
200-yr interruption between 7100 and 6900 yr B.P. Althoughl. (1998) considered a number of different salinity reconstruc
planktonic foraminiferal faunas suggest generally increasgdns, we will use the intermediate reconstruction they chose
productivity across the sapropel interval, supporting the arga-baseline, based upon the findings of Kakelal. (1997),
ments of Pederson and Calvert (1990) that sapropel formatiwhich suggest a significant freshening of the Holocene Med
should be associated with increased productivity, Roleire). terranean and a near disappearance of the present west—
(1997) did not observe a link between short-term productivisalinity gradient. We use present winds, as Mygdral. (1998)
variations and the deposition & into two distinct subunits. demonstrated that paleo winds from a Holocene atmosphe
Instead, changes in SST conditions were found to be associagederal circulation model (Dong and Valdes, 1995) showv littl
with changes in bottom-water oxygenation at the time of sdifference from the present. As a baseline, we use prese
propel interruption. Only small temperature change29C) temperatures, consistent with the findings of Kall al.
were suggested, but the Adriatic Sea may still be sufficient$997) in the eastern basin. To this is added a cooling 1
sensitive to resultant changes in surface-water density that degpresent the climatic deterioration thought to have occurre
ventilation is induced. during the interruption. The cooling is applied in the Adriatic,
Perissoratis and Piper (1992) found near-synchronous intBegean, and northern sectors of the western basin/Gulf
ruptions ofS, in the northern Aegean Sea, and De Rifkal. Lions (i.e., in all parts of the Mediterranean that are nov
(1999) recently completed a detailed study of a core from tlr&#luenced by orographically channeled cold air flows from th
southeastern Aegean Sea. The latter authors again suggestdhiatinent—the Bora, Etesians, and Mistral, respectively). .
the interruption in the Aegea8, sapropel is associated withsmall buffer region allows the cooling to be decreased incre
temperature reduction and related increased deep-water vemigntally away from its northern source regions. We do nc
lation. De Rijk et al. (1999) correlate their record to otherapply the cooling over the entire Mediterranean because it
independent circum-Mediterranean investigations, thus relatily in the water formation regions that surface forcing
ing the sapropel interruption to a period of climatic cooling anchanges will make a difference to the thermohaline circulatior
increased aridity. Both effects would act to increase surfacBre magnitude of the cooling varies between experiments al
water density and the likelihood of convective overturn.  will be discussed in the following section.
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FIG. 1. Plots (with paths shown in the insets) showing the results from cooling experiment 1: (a) temperature section through the Adriatic and
Mediterranean for the final winter of the experiment; (b) difference plot between the end of experiment HOL1 ofelMge(34998) and the end of cooling
experiment 1 for salinity in the Adriatic and eastern Mediterranean; sections (c) in the Aegean (salinity) and (d) through the Strait of Sioiljgaséestand
Gulf of Lions (temperature), both for the final winter of the experiment. The contour interval is 0.5°C in a and d and 0.1°C in b and c.

SAPROPEL INTERRUPTION 2.0°C cooler and 0.7 fresher, with the resulting exported AIV
now ventilating a thicker slice of the water column (as seen b

In our first experiment, we apply a 2.0°C cooling t0 OUfhe wedge of fresher water, Fig. 1b), down+@50 m. It also
high-latitude regions, in line with suggestions of the maXimurﬂenetrates much farther into the eastern basin, reaching

cc_)_oling associated with this period (ROh!im al., 1997; De Levantine, as can be seen following the core along the transe
Rijk et al., 1999). The model was then integrated for 40 yr . . . .
[from the end of the experiment HOL1 of Myees al. (1998)] path in the difference plot (Fig. 1b). It still does not penetrat
; P : “ y . 7 the Aegean, where salinity regularly increases for depths belc
with each model year representing one “real” year, using the 00 Fia. 1c). Enh d " | in th
modified surface temperature profiles until a steady state wa§ m (Fig. 1c). =hhanced convection also occurs n
reached. Compared with the experiments of Myetsal eastern Cretan basin and southern Aegean, with sinking
(1998), the enhanced cooling makes only a small difference480 250 M in wintertime. The resulting Aegean water mas
the overall basin circulation, but has substantial impact on tfiS intermediate levels of the Aegean (Fig. 1c) but does nc
seas along the northern margin where the coolings are ifi0k to depth in the Aegean Trough. The modified AIW is alst
posed. exported across the Sicilian sill into the western basin, resu
The temperature drop leads to enhanced wintertime conv&d in significantly greater heat transport through the Strait ¢
tion in the Adriatic, with penetrative sinking now to the botton$icily, to balance the greater cooling occurring over the easte
of the subbasin (Fig. 1a), compared with the 300- to 400-basin. Within the western basin, cooler conditions in the Gu

depth limit in Myerset al. (1998). The deep Adriatic is now of Lions lead to enhanced sinking to depths of about 500—6(
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m (Fig. 1d, consistent with the temperature sensitivity experi- a
ment of Myerset al., 1998), although the temperature signal "o
penetrates into the deep parts of the western basin by diffusion.” {3
Although the enhanced cooling increases convection and
intermediate water ventilation in the model, especially in the ”
Adriatic, it does not reach significantly below 1000 m in the
main eastern Mediterranean basin. We therefore repeat @it
previous experiment, but increase maximum cooling to 3.0°§:
in the northern regions. This experiment is started from theiww
midpoint of the previous experiment and integrated for just 20
yr. Despite this short integration length, the strong cooling haszew
time to alter significantly the water properties of much of the
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Again, the Adriatic completely convects in winter (not 1 0 18 28 3 4 55 8 73 8@ 91

shown), producing a very cold AIW. The export of this water b Gridpoint

mass is as before. However, with even greater temperature 01_7’:;’“,—%“ % |

contrasts with the existing deep waters, mixing and diffusion 200 ] TN~ |

allow the temperature signal to penetratet®250 m (Fig. 2a; 7~’1—-—\_’“_,/\367-/ I

note the different vertical scale). This water mass now begins P R I Pt

to penetrate the deeper Aegean, filling it below depths 400

m, where it can be seen as a homogeneous water mass with

salinity >37.0 (Fig. 2b). Above this depth (150—400 m), the

cold and fresh core of the Aegean intermediate water exists,

formed in the Cretan Sea and exported to parts of the central

Levantine and lonian. The circulation at Sicily remains anti- 1000

estuarine, however, with AIW exported to the western basin.

The reason for this, in part, remains the very strong cooling and 2ol - W

buoyancy loss within the northern regions of the eastern basin. 14 7 0 13 16 19 2 25 228 3
In both experiments, two additional 40-yr continuation ex- Gridpoint

periments with the enhanced cooling removed, carried on fronFIG. 2. Plots (with paths shown in the insets) showing the results fron

the end of the cooling experiments, found a return to theeoling experiment 2: (a) difference plot between the end of experiment HOL

sapropel-type (or sapropelic circulation mode) as presemedo‘gylyerset al.,(1998) and the end of cooling experiment 2 for temperature ir
hé Adriatic and eastern Mediterranean; (b) the salinity during the final year ¢

Myers et al. (1998)' D_eep_ convection ceases and Only Inte{h_e experiment in the lower Aegean. The contour interval is 0.5°C in a ar
mediate water formation in the 200- to 500-m range OCCUiSz°c in b. Note the difference in depth scale between a and b.

However, the previously produced deep waters remain trapped
in the deep Adriatic, Aegean, and western basin, isolated from
the newly forming warmer intermediate waters. The temperaxygen model (SWM), showed the deep water to become su
ture and salinity signal that had diffused into the deeper watems anoxic over time {400 yr, but less for localized regions
in the eastern basin, such as along the path of the saprogekh as the Adriatic and Aegean).
interruption AIW, remains. The 40-yr time frame is appropriate Here, we have applied coolings to the northern regions of tt
for the Mediterranean to respond to changes in its surfalsasin to examine the role that a possible climatic deterioratic
forcing (Rohling and Bryden, 1992; Bethoux and Gentili, 1996jnight have on the sapropelic circulation mode. In particula
we examine whether cooling is able to produce deep conve
DISCUSSION AND SUMMARY tion and thus reoxygenation within the basin.
Two experiments are performed, one with a 2.0°C cooling
We have used a paleoceanographic OGCM to examine twmparable with the maximum magnitude some suggest for
interruptions seen in cores of the most recent sapr&elhe event that occurred during the time of deposition of saprop
model is that used by Myerst al. (1998) to examine the S, and one additional experiment with a larger, 3.0°C cooling
large-scale Mediterranean circulation durig(and also the In both experiments, deep convection occurs within the Adr
last glacial maximum). They found that the Mediterranean&tic, with ventilation occurring all the way to the bottom of this
circulation remained anti-estuarine at the timeSgfalthough subbasin. In the 2.0°C cooling experiment, enhanced conve
weakened, with only reduced intermediate water ventilatigion also occurs in the eastern Cretan sea (to 200—250 m) 8
over a stagnant deep layer. A separate off-line experiment, withthe Gulf of Lions (to~600 m). Adriatic intermediate water
the fields from the Myer®t al. (1998) work and a nutrient/ is exported extensively throughout the eastern basin, ventil
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FIG. 3. Schematic diagram summarizing the results of the sapropelic modeling experiments, along sections shown in (a) for the (b) base saprope
of Myerset al. (1998) (their experiment HOL1) and (c) cooling experiment Il, as discussed in the text. The abbreviations for the water masses are AIW, £
intermediate water; ODW, old deep water; AelW, Aegean intermediate water; and MAW, modified Atlantic water.

ing down to 700 m, and also through the Strait of Sicily to theith no deep-water formation and only very limited interme-
western basin. The reventilation of the Adriatic is seen in tltkate ventilation. Remnants of the deep water formed durin
data (Rohlinget al., 1997), but the depth of ventilation in thethe cooling period do remain and would only slowly dissipat:
Aegean is less than that suggested by De Rijlal. (1999). by diffusive processes. Therefore, in areas affected by tf
With the larger 3.0°C cooling, eastern basin ventilation ishanges in ventilation, some oxygen might persist through tt
enhanced in the Aegean, producing an Aegean water mass thretet of the second unit &, until utilized. This would be
fills the Cretan Sea above 400 m and disperses through partegfecially true in the less-stratified western basin.
the central Levantine and lonian. It does not sink below 400 mOur results suggest that a climatic deterioration, associat
because enhanced formation of denser AIW now penetrateswith enhanced cooling of a few degrees magnitude, and/
Aegean, filling it and most of the rest of the eastern basin dowrcreased aridity, could temporarily enhance deep-water ve
to 1250 m. The changes to the eastern basin are summarizetlation, even in a highly stratified sapropelic circulation mode
Figure 3 and compared with the base Holocene results Tie effects would primarily be seen in the seas along tr
Myerset al. (1998). Deep convection also occurs in the westorthern margin where convection resumes and would n
ern basin. The depth of reventilation in the 3.0°C coolinlikely have affected the main eastern Mediterranean bas
scenario is naturally greater than that in the 2.0°C coolirgelow 1200—-1300 m depth. The importance of this is that it ce
scenario. However, it may be more appropriate than the 2.0p@ssibly explain interruptions in sapropels seen in cores
cooling scenario since De Ript al. (1999) suggested that theshallow and intermediate depths. The coincidence of the timir
ca. 2.0°C cooling was compounded by increased aridity, whioli these interruptions with climatic deteriorations strengther
would have an effect equivalent to extra cooling. the idea that increased convection and ventilation are related
When the enhanced cooling is removed, the model, in bathe break in the sapropel at these times. Similarly, more inten
cases, quickly returns to its previously sapropelic circulationpolings and ending of the enhanced freshwater input into tl
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basin at the end of periods of sapropel formation (e_g_, Rohlingaiqfall in the Mediterranean region during the last sapropel e@cgano-

etal.,1997; Targaronat al.,1997; De Rijket al.,1999) would ~ l0gica Acta20, 697-712.

plete eastern Mediterranean deep-water ventilation. ie_zggwents.Meddelanden fran Oceanografiska Institutet | Goteb@d
We.conCIUde that the _sapropehc circulation que IS hlgh angini, A., and Schlosser, P. (1986). The formation of Eastern Mediterrane:

sensitive to short-term (i.e., decadal- to centennial-scale) cli

) : . oo ; ‘sapropelsMarine Geology72, 115-124.
matic perturbations. This sensitivity is most pronounced in t ers, P. G., Haines, K., and Rohling, E. J. (1998). Modelling the palec

limited SpraSinS alpng the nprthem regions of the basingircuiation of the Mediterranean: The last glacial maximum and the Holo
Upper- and intermediate-level circulations are also affected ortene with emphasis on the formation of saprdaePaleoceanographg3,
basin-wide scales, with a change in dispersal depths and patl$§6-606.
for the intermediate waters. However, the basic eastern Métkderson, T. F., and Calvert, S. E. (1990). Anoxia vs productivity: Whz
iterranean sapropel mode. with a weakened anti-estuarine cigontrols the formation of organic-carbon-rich sediments and sedimenta
culation overlying a deep stagnant layer, is robust to short—terprﬁ?‘:ks'A'_“e”(‘;a” Azsog'at'ongf zet\rlsle:’g;‘io'zg'sw B“_"é“"‘l454f4§6'
surface buovancy fluctuations. erissoratis, C., an iper, D. J. - . Age, regional variation ar
y y shallowest occurrence db, sapropel in the northern Aegean Sézeo-
Marine Letters12, 49-53.
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