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After the deluge: Mediterranean stagnation
and sapropel formation
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In an East Mediterranean marine core, the upper sapropel begins soon after the start of a global event—a very heavy
precipitation which occurred in the equatorial latitudes during the late Glacial-early Holocene. This heavy precipitation
in Africa, channelled by the Nile River across 35° of latitude, produced a low-salinity surface layer in the East
Mediterranean, In this confined basin, with high botiom salinity, the steep salinity gradient stratified the water column.
The stagnant bottom waters triggered the sapropel formation. Cretaceous sapropels in the tropical oceans may result from
the same chain of evenls in warm, humid climates, with contrasting wel-and-dry seasonal rhythm.

e ——

_THE periodic sedimentatio ic_muds rich in

marine_orga atter (sapropels) has been described exten-
sively in Quaternary and Neogene cores of the ast Mediter-
ranean Sea'®.

_verticalsalimtygra TENL L ThE walel C Gmn, initiated by highly

safi complete
:ﬁﬁf*"”""’, which prevents Thermonaline convection and
triggers a STablc_density stratification'>*."Stagnant bottom
waters are rapidly depleted of oxygen, and this reducing
environment preserves the pelagic organic matter. The
epipelagic fauna is unusual in abundance, assemblage® ™ and
isotopic composition®'*""%, the mesopelagic fauna is normal
and the benthic fauna almost disappears™*"'*. Sapropels occur
mostly during Quaternary warming phases, but also during some

cool isotope stages** """

a key 1o stapnation control on_the

origin of the tow salinity surface layer havcwnulmﬁd.-_

“The Furasian ice-sheet meltwater hrypothesis > 10|
ejecte

i v our "C data of The most tecent sapropel, 11,760-
7,950 yr BF: its {lushing Into the Mediterranean, through the
Bosphorus, ended 100 eatly, around 13,500 yr BP (ref. 17). It
may have lowered the sea surface salinity, but that did not
trigger stagnation.

The local Mediterranean increased rainfall hypothesis"z's, is
foTsuppoTted By pollen data (Fig. 1) Gregce and souli-west ™
~Turkey, the warming rend started around 10,600 BP, and was
probably accompanied by a small increase in moisture which
became significant only after 8,200 yr BP (refs 18-20). Further
south, in Crete™', moisture increased around 9,500 and after
10,000 yr BP in Syria*?, where warming occurred  at
11,500 yr BP.

______“___ﬁ—-u————-_____—v-____'_,____._.—-———-————

72 Tow salinity surface

0073-0836/82/0201065—06301.00

£ 19872 Macmillan Journals Ltd




106 Nature Vol. 295 14 January 1982
M%MMOW insolation in the
_ Northern Hemisphere™, therefore it is unlikely that warmer _
5 1 winter temperatures might have prevented the convective sink-
< i e . : W‘Uf"‘thé'MéditE‘rﬁ'ﬁEmmﬁﬁf. Downwelling now"
ow 1 | : oceurs in winter only in the North Adriatic Sea and around
Zs 3 i}y N . Rhodes®*. Before stagnation, the marked contrast in seasonal
v| B b z insolation activated the thermohaline convection, with summer
u- ,__Eﬂ Kt T NN I evaporation and winter downwelling.
2z ; i — _ il ‘The hydrological isolation of the deep waters in the confined
LaT—— [ A Ll th East_Mediterranean basin +progressively increased theif
z E: _;;;I; “ 2 A ) s gf salinity’, Stagnation occurred only when the surface watet
ool 3°.83s i N - '\ o 23 -density became appreciably lower than the bottom water’. The
S| Yal RN H . unusual bottom fauna associated with presapropel layers reflects
2 f’f . - ‘this increasing bottom salinity as oxygeu saturation declines
£ b 5: I — 3 when salinity increases.
2 —— N 3% Precise dating of the most recent sapropel and isotopic and
o | % i Ii \\\ N—“'\\\\ \\?;— — palynological ar%a!ysis of its hydrologicgl cgntext sugges?that it
FHEHE iz was the spreading over the sea surface of a low density, low
43 5k S \\\\\\\L_N\\ 3, salipity layer of great Nile River floods which triggered tota
3l 17 ‘!' ‘—‘\\\\\\M Q) “deep-water stagnation. This high-nutrient discharge channelled
§ g the precipitation of a very wet period in equatorial Africa into
OlIE :i% N R - . the Mediterranean.
- L] P 18 13 . .
ol §iha® N Dating and '*0 and “C isotope analysis
ull T —
~tl i 2 5+ \\\\\\\\“\\\ gore hl:ledor 'IhS -KSSerrgm the _I_.e;'an:jin‘e Basig (Fig.g) (S_t;abo
wlz|s N tench, south-east of Crete, isolated from Crete by ndges,
JEE :.: _—m\\\m\\\\ 34°00° N=26°19' E, water depth 3,118 m) displays the upper
i Q Q sapropel from 20 to 28 cm core depth. This is interrupted by a
S _Em 3 N \\\\\\\ grey nanno-coze oxygenated layer from 22 to 25 cm (ref. 13}
wisla _ __.[\ ~ .= The sapropel overlies a grey hemipelagic nanno-ooze (proto-
: 3 i P s \\\\\\\\\\\\\\ s sapro(pze(})déf-}()—)ZS cm) and is topped by a light brown nanno-
> 2 - ooze cm).
5 ’§ TRITTRT We hive established *C dates from buik carbonates above
i, SOOI H] o b e e e comammaion by ol
- F L
2 81y i M N yemes] i carbonates. Since compensation occurs between the —400 yr
> 2 _—‘_—LJ—-W——@ 2 apparent age resulting from the “4C 50% excess in marine
o 13 @ -f‘“"""‘“ b\ = s organisms compared with terrestrial vegetals {from the *C 25%
ke zf enrichment of the former), and the +500yr apparent age
E . %mm S 0 resulting from the '*C 60% depletion of marine ?}SSOI"B% 2(;,
SR = & m no correction has been applied to the measured “C age™ .
u ;_:. \\ —W\ Assurting a constant sedimentation rate, a linear age—depth
BEES ____'____1\\\\ N regression indicates a mean sedimentation rate between 2.0and
PR 9 2.3 cm yr~'. Moreover, the_isotopic_strati f this core
JE|ES —--_—\ — 1 Wtramition Younger Dryas-Preboreal, which
arw [ o, F . Yook place sometime between 10,500 and 10,000 yr BP (ref.
§ £ 5R \ m 7). at core depth 25-24 cm, preciscly during the sapropel
. interruption. -
E "E \‘\\\\\L‘”—_ Based on the two bracketing '*C dates and the 10,000 yr BP
zZ) iIa \ — transition, a linear interpolation yields calculated ages of the
= w L3 two-layered sapropel of 11,760+ 142 to 10,440+129 yr BP,
ul _iig \\. — and 8,970+£113 to 7,950 102 yr BP. Although the generaily
al o FHE 3 AN accepted age has been 9,000-7,000 yr BP (refs 3, 14), our
3 E: s chronology is strongly supported by our isotopic stratigraphy.
- — 180)/150 and '*C/'*C ratios of the epipelagic foraminifera
2z | 3R] B S : Globigerinoides ruber arc presented in an unprecedently tight
Bl 2 cL.off Ft sampling of 34 levels in 50 cm of core length in Fig. 3. Oxygen
3] F ?ﬁg 5§_—4\———'— B isotopic compositions decrease overal! by 3.75%., from about
¥ 5 LR z e ﬁﬁgg é CH 17,000 yr BP (40 cm core depth), through several large shifts, to
T ig R : %E & (R §§ minimal values reached between 8,000 and 6,000 yr 8P (21—
e S e T 17cm). This 3.75% decrease ought to correspond to the
L §§ 3 g 5 a ““ : e Termination I continental warming and melting of the porthern
g Fuwl| 34 i 3 I X5 - ice sheet. However, it occurs here over 9,000-11,000 yr, which
wl=gl =i ¥ = s is much too long. Moreover, it displays three main phases:
2.2 3 3 3 § 3 g 3 3 (1) A stepwise decrease averaging 2% between 40 and 28 cm
& <« ® & & 0 R S (17,000-11,800 yt BP) before sapropel deposition (at 28 cm)

terranean and African precipitations, Indian Ocean
Hatched zones indicate the wettest periods.

Fig. 1 Chronological setting for sapropel formation, East Medi-

events.

but including several sharp oscillations of about 1% amplitude
after 14,000 yr BP. The very high, sharp depletion peak at
28 cm, is 1.5% higher than the previous average level, immedi-
ately before the beginning of sapropel.

(2) From around 11,000 yr BP to around 10,000 yr BP, a
return to values slightly higher than at 17,000 yr Be. They

e —————EEE R
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Table 1 Upper sapropel 14 dates in Mediterranean cores

Depth Age
Rel. Core Sediment {em) ("*Cyrsp)
72 Alb-194 Sapropel mud 9-17 8,330 130
73 V10-64 Carbonate in 23.5-28.5
sapropei:
coarse fraction $,700+ 1,000
fine fraction 7,400 £ 200
organic matter 8,400 £ 250
T4 24M067  Sapropel 7,900+170
75 OT?26 Varved layer 174-178  8,210x185
OT25 Under finely core basis 9,640 150
laminated layer
14 P6510-4 Organic coze 21-28 6,575+ 160
above sapropel
Sapropel 51-60 - 8,215+160
{5063 cm)
Hemipelagic 101-110 10,475+ 140
mud below
This KS52 Nanno-ooze 15-20 6,659 +89
work above CRG 97
sapropei-S1
Nanno-ooze 35-40 15945196
below CRG 98
sapropel-S1
Nanno-00ze 45-47  20,011+323
CRG 99

appear during sapropel deposition and precede ~600 yr the
deposition of the intercalated oxygenated ooze, during which
the maximum & *O is reached. This interval of high values is
synchronous with the Younger Dryas cold event (11,160-
10,000 yr BP).

(3) A second large, rapid decrease of 3.75% before deposition
of the younger part of the sapropel, until minimal values are
reached between 8,000 and 6,000 yr BP. A subsequent increase
of ~1.4% leads to present day (average) values, which appear in
the upper 10 cm.

13C depletions correlate with minimal 6 '*O values at 28.5 and
23 5cm, but this species displays a rather strong non-
equilibrium fractionation®®.

Palaeoclimatic implications

The East Mediterranean basin thus experienced a siow and
complicated isotopic traosition from glacial stage 2 to postglacial
stage 1. The overall 3.75% & '°O variation is more than double
the 1.7% normal difference between glacial stage 2 and present-
day values, The 2.05% additional difference is too large to
signal only a temperature increase, which would be an excessive
+10°C. A 2-3 °C increase is generally accepted in the Mediter-
ranean during Termination I°®, accounting for a & B0 of
—0.7%. The remaining 1.35% has to be accounted for by fresh
water influx forming a low salinity sutface layer®”'®"",

Moreover, both *C and '*Q isotope depletions occur rapidly
before sapropel deposition. A simple calculation shows that the
isotopic composition of the fresh water entering the Mediter-
ranean has to be higher than —10%. This low estimate suggests
that precipitation and river discharge are the dominant source of
the surface brackish water layer, and not ice sheet meltwater,
which would have an isotopic composition around —30%. River
foods started around 12,500 yr BP (second half of the first
decrease), waned around 11,000 yr 8P, and reappeared
immediately after 10,000 yr BP.

The earliest 2.5% & 'O decrease (45-30 cm), dated 20,000~
12,600 yr Bp, is accounted for by three elements: part of the
1.7% giobal isotopic effect, the 2-3 °C temperature rise, and
some salinity decrease due, until 13,500 yr BP, to meitwater
influx through the Bosphorus. Partial stagnation developed,
resulting in the grey protosaprope! layers. Sapropel formation

was triggered, after a 230-yr lime lag, by the second, sharp,
highest 1.5% § '*O depletion, (30-28 cm) between 12,600 and
11,700 yr BP, entirely a salinity effect due to heavy floods.

The Nile River is the only conteader for such a discharge.
Before the Aswan High Dam construction, Nile flood water was
partly carried eastward along the israeli coast, where it flowed as
a 15-m thick surface layer, decreasing the salinity from its
normal values of 38.8% to 31.80% in September?”. Local rain-
fall from December to March decreases the salinity only to 364
{ref. 30). The Nile flood does not seem to exert a temperature
effect®. Present-day mean weighted isotopic values of pre-
cipitation at Entebbe, Uganda, is —2.91% (ref. 31). The
freshwater discharge becomes brackish when mixed by winds,
currents and internal waves with the scawater. The Nile origin of
the brackish surface layer accounts for the trequently observed
east-west gradient of decreasing stagnation and surface
productivity in the sapropels. A 10% decrease (from 38% to
34-35%) of the surface salinity is sufficient to induce water
stratification. Today, stabie stratification is observed seasonally
in the open tropical oceans where. the freshwater discharge of
large rivers spreads as a brackish surface layer (<50 m deep),
sometimes as far as several hundred kilometres. Stratification
from monsoonal discharge occurs in the Andaman Sea, caused
by the Irrawady’?, off the West Coast of India with the runoff
from the Ghats®, and from non-monsoonal (zenithal) dis-
charge, in the West Equatorial Atlantic under the influence of
the enormous Amazon flow, which sends isolated lenses of
brackish water as far as Barbados®. In all these cases, a 24%
vertical salinity gradient in the upper 50 m is responsible for the
density stratification, whereas the generally warm temperature
has little effect on the pycnocline,

The present day Amazon discharge (75 times the Nile), would
cover the entire Mediterranean Sea with a 3-m deep freshwater
layer in one year ", If the late Glacial Nile discharge was 2.5
times larger than today, like the preseat Zambeze, it could have
accumulated a 25-m decp freshwater surface layer over the
Levantine and Ionian basins in only 15 yr. The lags we see inthe
core between the two sets of heavy floods and sapropel
incipience are 230 and 800 yr.

The very rapid 3% & '°0 increase from 28 to 26.5cm
(11,000-10,000 yr BP) is a resuit of the cumutative effects of the
Younger Dryas glacial buildup, the colder temperatures, and the
dramatic decrease of Nile fioods, resulting from the simul-
taneous period of aridity in equatorial Africa. This arid episode
is clearly seen in many African low lake levels and pollen
diagrams (Fig. 1). It occurred even though the very high.incom-
ing summer insolation™ could have been expected to promote
heavy tropical rainfall. The insolation effect in this case is
overrun by the atmospheric cooling of high-latitude origin.
Colder temperatures in the Mediterranean area are reflected in
the Macedonian pollen diagram (zone Y3)".

The sharp 3% & *O depletion from 24.5 to 23.8 cm took
place in about 300 yr. itis much too large and rapid to be caused
solely by ice melt and warming of the Younger Dryas-Preboreal
transition?. It signals a salinity lowering due to resumption of
heavy Nile fioods after 10,000 yr BP. They correlate with the
African main rainy period from 10,000 to 8,000 yr BP which
builds the highest lake levels around 9,500 yr BP (Fig. 1).

The second half of the sapropel is a consequence of these

~ floods. The time lag between the high floods and sapropel

incipience is ~800 yr, which is much longer than the previous
one, because the floods discharged over a much more saline sea
surface.

In the shallower East Mediterranean core GA32, the bottom-
to-surface & 'O gradient increases suddenly at two levels,
suggesting a two-step flooding sequence’®. The isotopic varia-
tion related to salinity change is also 1-1.5% here.

Although high nutrient input and planktonic productivity are
assaciated today with the arrival in September of the tongue of
Nile flood water off the Israeli coast™®*' %, one should not argue
that the low *C/**C ratios in surface waters are caused by a
higher nutrient input. (Each plankton net haul yiefds 3 cm® of

W
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Fig. 2 Location of core and mentioned sites. 1, Core K852, 2,
Core off the Senegal River mouth. 3, Lake Bosumtwi, Ghana. 4,
Core off the Niger River mouth. 5, Lake Tchad, 6, Ruwenzori,
Lake Mahoma. 7, SW Uganda, Muchoya Swamyp. 8, Lake Victoria,
Pilkington Bay. 9, Cherangani Hills. 10, Mt Kenya, Sacred Lake,
Lake Rutundu. 11, Lake Mobutu Sese Seko (Albert). 12, Lake
Turkana (Rudolf). 13, Mt Badda. 14, Ethiopian Rift Lakes. 15,
Afar Lakes. 16, Ghab Valley, Syria. 17, Sogiit, Anatolia. 18, Aghia
Gallini, Crete. 19, Tenaghi Philippon, Macedenia. 20, Kinias
Lake. 21, Edessa. 22, loannina. 23, Ivory Coast littoral.

plankton in August, 30-35cm’ in September; the yearly
average is 4.7 cm® and the spring bloom reaches only 12.5 cm’
(ref. 31).) in the Indian Ocean, the § 1°C of shallow dwelling
foraminifera is not related to nutrient supply of upwelling
origin®®, High primary productivity might even be the cause of a
higher & >C of the £CO; at the same depths (J. C. Duplessy,
personal communication). Thus, the depletion we measure .in
core KS52 are retated to the influx of organic rich freshwaters
(with a low "*C/**C ratio of the ZCO,) of continental origin.
These low surface ratios result in an intense vertical § °C
gradient in the water column.

Pollen

The upper sapropel pollen spectrum (polien sum 356) (around
9,500 yr BP) predominantly reflects a Mediterranean (48.2%}
and warm temperate {6.5%) vegetation. It is very similar to the
earliest Holocene in Macedonia (Zones Z1 and 2, 10,300-
9,000 yr BP)"®. An open {(herbaceous: 45.4%) oak (31.1%) pine
{15.1%) forest occupied the Greck and Turkish Mediterranean
shores, and broad-leaved trees {6.5%) requiring more summer
moisture grew higher on the slopes. Littoral or desert halophytes
{11.1%) were more abundant here than in Macedonia. The cold
steppe Artemisia is hardly present (6.0%). The poilen is trans-
ported by wind to the sea surface, then dispersed by currents as a
pelagic element”. Well specified Nilotic pollen*® is absent: the
Nile water does not appear to carry pollen further than its
sedimentary load; they are only found in Nile silt*®. The low
density characteristic of the Nile water is thus preserved far
beyond the silt and poilen deposition limits. The geological
implication is that bottom waters in a deep or shallow basin may
become anoxic under the influence of fluvial discharge even if
the local climate reflected by pollen cannot feed such rivers, and
even where clastic sediments do not reach. In fact, bottom
anoxicity may occur whatever the lithology of the depositing

sediment, provided distance from the continent is not too great.
Moreover, this limiting factor can be enlarged in a globally warm
climate like the Cretaceous, during which weak winds and
sluggish ocean currents do not enhance water mixing.

Late Glacial-early Holocene equatorial deluge

During the last Glacial maximum (19,000-13,000yr BP),
extreme aridity spread in the tropics. It was immediately
followed, during the late Glacial-early Holocene {Allerdd-
Preboreal-Boreal), by an equatorial heavy rainfall period of
global scale, recorded by potlen, in northern South America
(Guantiva Interstadial’®®, the Galapagos*®*', most probably
New Guinea®?, with extensive wet Lower Montane Nothofagus
forest, Sumatra*?, and the Indian Ocean and Africa. Raised lake
levels are also conspicuous. It was the wettest period of the past
20,000 yr.

The formation of the Mediterranean sapropel results from a
link (the Nile River) across 35° lat. between this climatic event in
equatorial Africa and the marine Eydrology. The relevant data
are shown in Fig. 1.

In Africa, from west to east, and within 10° N of the Equator,
the highest precipitation is recorded between 12,500 and
8,000 yr BP. In West Africa, data are from the southern
drainage area of Lake Tchad*, the Ivory Coast mangrove
peat®’, the level of Lake Bosumtwi in Ghana*’, and the Niger
River discharge®’. North of 10° N, the onset of the rainy period
is delayed. The mangrove along the Senegal River lower course
{17° N) thrives after 9,600 yr BP (ref. 48), and the high level of
Lake Tchad (13-15° N)*® and its wettest vegetation* occur after
8,500 yr BP.

In East Africa, where the Nile watershed is situated, reinter-
preted pollen data from the mountains, 3°5-2°N, correlate
aridity before 12,000 yr BP with a cool climate, and moisture
thereafter with 2 warm climate®™*!, On the Ugandan (Ruwen-
zori, Kigezi***'} and Kenyan (Mt Kenya, Cherangani Hills*>**%)
mountains, the shift towards a wetter and warmer vegetation
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belt, of different types according 10 the altitude of the site,
started as early as 12,700 yr BP and developed around
10,800 yr BP. The warmest and wettest local vegetation is
usually installed around 8,000 yr BP.

In the lowlands around Lake Victoria, the moisture increased
after 12,500 yr BP, and the wettest climate is signalled between
9,500 and 7,000 yr BP by the vegetation, the fake level and its
sediments®. A widespread dry spell, synchronous with the
Younger Dryas, is recorded between 10,800 and 9,500 yr BP in
the low levels of Lakes Bosumtwi, Tchad and Victoria, as well as
in the vegetation around Lake Victoria and on Mt Kenya.

Before 12,000 yr BP, the Main Nile was dry most of the year,
the meagre summer flow fed only by the weak Ethiopian
monsoon. After 12,000 yr BP, the East African bi-seasonal
rainfall was higher and the White Nile became a very large
permanent river, well regulated by the lakes®¥7%¢, Its catch-
ment area was expanded from 9,500 to 7,500 yr BP by the
inclusion of the much higher, larger Lake Turkana®.

Wetter conditions occurred on the southeastern Ethiopian
Plateau at Mt Badda, after 11,500 yrBP oOf possibly only
9,500 yr BP (ref. 60).

Drained by the Blue Nile and the Atbara, the northern
Ethiopian Highlands (10-13°N) are inaccessible, but their
palaeoclimate is documented by the peripheral Rift and Afar
Lakes®. The lake levels were highest, much above today, and
they merged between 9,500 and 8,500 yr 8P. The Ethiopian
summer flood of the Nile was therefore much heavier. This
seasonal variation accounts for the lamination of the sapropels:
the white laminae are formed by coccoliths'* blooming with the
flood, rich in dissolved ions of Ethiopian basalt origin.

The Nile Vailey aggradation records these floods mostly from
12,000 to 11,000 yr BP, and from 8,000 to 7,000 yr BP in Sudan
and Upper Egypt®™**¢2 There, aggradation indicates a “orild
Nile with aberrant summer floods of a phenomenal volume’ s
Moreover, higher local Sudanese (15° N) rainfall, which may
have reached 550 mm yr~* (163 today)®, between 8,000 and
7,000 yr BP (ref. 57), suggests decreased evaporation along the
courss of the Nile, Today, evaporation in the Sudanese swamps
heavily reduces the Nile discharge.

The African and Indian monsoons, of equatorial westerlies
origin, both controlled by the continental heat trough, displayed
the same peak when the summer insolation was higher than
today around 11,000 yr BP. At that time, strong monsoonal air
flow and high rainfall in India is suggested by low sea-surface
summer temperature in the Arabian Sea*, due to strong
upwelling induced by the southwesterly air flow, a mangrove
much mote extensive than today on the Indian coast near
Bombay (E. Van Campo, personal communication), and river
discharge higher than today in the Bay of Bengal®’. The lInter-
tropical Convergence of the tropical easterlies, with its zenithal
rains, was reactivated in East equatorial Alfrica.

From the eastern tropical Atlantic to the Bay of Bengal, along
the inner tropics of the African continent and Indian Ocean, and
in the other equatorial lengitudes, as the summer insolation was
highest, the late Glacial-early Holocene was a very wet period,
the most humid of the past 20,000yr. From around
12,500 yr BP, during the Bolling-Allerdd interstadial, the
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higher rainfall belt migrated progressively from the Equator
polewards through the Preboreal and Boreal. The Atlantic was
the wettest period in the 50-55" N lat. zone. It was setback by a
drier episode which corresponds to the cold Younger Dryas,
recorded in the Mediterranean sapropel by the disappearance of
the brackish surface layer, thus interrupting the stagnation from
10,400 to 9,000 yr BP.

Conclusion

The Mediterranean two-layered upper sapropel in core K852 is
dated at 11,800-10,400 yr BP and 9,000-8,000 yr BP, the
interruption resulting from the Younger Dryas cold/dry event.
‘This is too late to be caused by the influx of Eurasian ice-sheet
meltwater. Instead, oxygen and carbon isotope variations in
planktonic foraminifera show that the light, tow-salinity, organic
and nutrient rich sea-surface layer which spread slightly before
sapropel deposition and selec ively increased the planktonic
productivity, originated as rainfall. The pollen record around
the eastern Mediterranean does not indicate much increased
local rainfall at that time. Meanwhile, in equatorial Africa, very
heavy rainfail began at 12,500 yr BP and culminated between
10,000 and 8,000 yr BP. We conclude that this equatorial
deluge, channelled by the Nile River over 6,700km is, as
already suggested®®“, the source of the surface brackish-water
layer in the Mediterranean. This layer enhanced the vertical
salinity and density gradient, and established stable
stratification. Thus bottom stagnation was triggered in this
hydrographically restricted deep basin, and sapropel formation
resulted. The East Mediterranean behaved as an cctogenic
meromictic lake as a stratified estuary and as a fjord during the
stagnation events.

The establishment of these climate links have far-reaching
geological implications.

(1) The Quaternary climatic chronology of Africa is recorded
in the eastern Mediterrancan subsurface. Sapropels are formed
during all the periods of high summer insolation of the Northern
Hemisphere displayed by the Milankovitch curve, which occur
even during glacial isotopic stages 3, 4 and 6. The isotope
stratigraphy supports these correlations.

(2) Widespread marine stagnation events occurred during
certain short and well-defined periods of the Cretaceous. They
deposited pelagic laminated sapropels and we suggest that they
resuit from the same chain of events as this recent Mediter-
ranean sapropel. In equatorial West Gondwana around the
opening Adtlantic, the thick fluvio-deltaic sediments of the Bar-
reirinhas Basin suggest great river dischargeina seasonally very
humid tropical climate, with a contrasting dry season enhancing
evaporation. These Cretaceous sapropels may be important as
possible petroleum generating environments.
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Polyoma virus capsid structure
at 22.5 A resolution

1. Rayment, T. S. Baker & D. L. D. Caspar
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W. T. Murakami
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X-ray diffraction data from polyoma capsid crystals were phased by refinement of low-resolution starting models to obrain a
self-consistent structural solution. The unexpected result that the hexavalent morphological unit is a pentamer shows that
specificity of bonding is not conserved among the protein subunits in the icosahedrally symmetric capsid.

X-RAY crystallographic studies on polyoma virus were begun to
visualize the protein subunit packing in the icosahedral capsid
and to explore the way in which the chromatin core of this
tumorigenic virus is packaged inside its protein shell'. Analysis
of electron micrographs has established that the capsid consists
of 12 five-coordinated and 60 six-coordinated morphological
units® (capsomeres) arranged on a T =74 icosahedral surface
lattice® (Fig. 1). It has been presumed, based on the principles
formulated to account for the morphology and chemical
composition of simple icosahedral virus particles®, that the
capsids of the T =7 papova viruses should be constructed from
420 identical protein subunits quasi-equivalently bonded into
12 pentameric and 60 hexameric capsomeres. High-resolution
X-ray structure determination of tomato bushy stunt virus® and
southern bean mosaic virus® has established that quasi-
equivalence is used to conserve essential bonding specificity
among the 180 chemically identical subunits of these T=3
icosahedrai capsids. Our 22.5-A resolution electron density
map of the polyoma capsid reveals unexpected substructure in
the hexavalent capsomere that is inconsistent with the expec-
tation of quasi-equivalent bonding of identical subupits. (The
adjectives ‘hexavalent’ and ‘pentavalent’ are introduced to
identify the six- and five-coordinated morphological units
without prejudging the nature of their substructure.)

The starting point for our analysis of the polyoma capsid
diffraction data was a maodel representing the coarse surface
features seen in the three-dimensional image reconstruction
from electron micrographs of negatively stained particles®. The
capsomeres in this image reconstruction appear as hotlow,
st_ubby protrusions with no regular substructure, about 50 A in
diameter and separated from their nearest neighbours by 8C-
90 A at a radius of 200 A in the capsid. Pentavalent and

hexavalent morphological units appear to be about the same
size, which would not be expected if they were composed of
pentamers and hexamers of identical protein subunits.

Cells infected with polyoma virus and other papova viruses
produce, in addition to intact virions and empty capsids, hollow
tubular particles that appear to be polymorphic assemblies of
the capsomeres’. There are two categories of tube: wide tubes,

Fig. 1 T =7d icosahedral surface lattice with five., three- and
two-fold axes marked. The drawing shows one side of the poly-
hedral surface consisting of 60 six-coerdinated and 12 five-coor-
dinated lattice points at the same radius. The location of the
six-coordinated point is that determined for the hexavalent
morphological unit in the polyoma capsid-
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expansion could be the factor that triggered the formation of
the Laurentide ice sheet®®. However, the results of our experi-
ment are only preliminary as with only 2 yr of simulation their
statistical significance cannot be firmiy established. A
significance-testing formula™ will be needed which requires
several additional years of simulation, followed by a comparison
with results from higher-resolution models. To explain the
subsequent growth of the ice sheet, other factors not considered
in this simulation, such as the albedo feedback and modifications
of oceanic circulation®®>!, will have to be included in the model.
Other simulations with more realistic surface conditions for the
different phases of the ice sheet build-up will be necessary to
analyse in detail the mechanisms responsible for the compiete
transition to glacial conditions.

We thank A. Berger for his suggestion that we should under-
take this work and for many helpful discussions.
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African monsoons, an immediate
climate response to orbital insolation

Martine Rossignol-Strick

Laboratoire de Palynologie, Faculté des Sciences USTL, 34000
Montpellier, France, and Lamont-Doherty Geological Observatory,
Columbia University, Palisades, New York 10964, USA

The Croll-Milankovitch astronomical theory of climate'~* has
received strong support from the evidence of a linear climatic
forcing by obliguity and precession, although aonlinearity had
to be assumed for eccentricity*®, Moreover, intergiacials have
appeared to be controlled by the orbital insolation® although
a phase shift of 6,000-5,000 yr is seen between an astronomical
climate index and tetrestrial climate indicators, dominated by
the northern ice-sheet dynamics. Climate proxy data of low
latitudes are less directly dependent on the ice sheets, Here it
is shown that during the past 464,000 yr, African monsoons
signatled by the East Mediterranean sapropels were heaviest
always and only when a northern summer monsoon index,
computed from the orbital variation of insolation, reached
maximum values. This occurred during all the interglacials, but
also twice during glaciat periods. Thus tropical aridity is not
the single climatic patfern of glacial periods. An immediate
terrestrial climate response to orbital variations of insolation
is established,
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Heavy monsoons in Africa have been recorded by the black
organic-rich layers called sapropels in the subsurface of the
East Mediterrancan Sea, a consequence of heavy discharge’
from the Nile River, I show here that they responded immedi-
ately to the variable distribution of northern-summer orbital
insolation in time and space, described giobally by the astro-
nomical computation during the past 464,000 yr. Run-off from
the inaccessible Northern Ethiopian Highlands orographic rains
{May to September) produces the Nile River summer flood,
75-80% of the annual average discharge”, The annual progress
of the mean monthly rainfall in Ethiopia® shows that it belongs
to the monsoonal Sudanian Zone, with southwesterly winds at
850 mbar at least from June to August'®. The recent annual
rainfall variability is similar in the Highiands, evaluated through
the integrating mean Nile River discharge, and in the Sudanian
Zone in West Africa. As in most of the tropics, a sudden change
occutred in 1898"", when the mean Nile regime decreased

abruptly by 28% (rel. 8). Since 1898, the Nile flow™'! and the ,

Sudanian Zone ''* have both undergone drought phases in the
early 1910s, 1940s and late 1960s to mid-1970s, and relatively
wetter phases in the 1930s and 1950s to early 1960s.

During the northérn-summer monsoon in Africa™", two
synoptic elements are closely correlated with the rainfall varia-
bility, while the duration of the rainy season, normal during
dry years, lengthens during wet years", First, the amount of
rain in the Sudan Zone diminishes when the seasonally migrat-
ing ‘heat trough’ is less marked, pressures being higher than
average'*"'>. It increases when the poleward excursion of the
trough is larger'>'*'". -

Second, the equatorial westerlies, which straddle the
Equator, seem to respond to the steepness of the meridional
and longitudinal pressure gradients between the heat trough
low pressure and the higher pressure near the cooler
Equatorl4.ls.18—23-

In summer 1972, an extreme large-scale north tropical
drought occurred in Africa, Central India, the Caribbean and
Venezuela accompanied by a very strong wet El Nifio in the
south tropics'>'*'2**® The African heat trough (ITCZ) was
not marked, the Equator-to-ITCZ pressure gradient was small,
the equatorial westerlics and their associated upper level
eacterly jets were weak while the low-level tropical easterlies
were stronger'®'"*®_ Zonaily averaged atmospheric tem-
peratures (surface to 100 mbar)*® were globally below average
in 1971, and until summer 1972 at 10-30° N (—0.6°C), while
the Equator (—0.5°C in 1971) was already above average
{(+0.2 °C) in summer 1972. This weakened the Equator (cold)-
north tropics (warm) temperature gradient in summer 1972.
Thus, the extreme drought was accompanied by lower tropical
temperature and weaker Tropic-Equator gradient. The
Southern Hemisphere temperature gradient was also decreased
by above average South Pole temperatures from 1970 to 1975
(+0.4°C in 1972) and the south oceanic anticyclones were
displaced southward'’.

Since 1900, no extremely wet year has occurred in West
Africa'™*, In the less dry 1958 '****%7 the global mean tem-
peratures were above average in the northern subtropics
(+0.6°C), below at the Equator (-0.7°C), producing a
stee;;gr Equator-Tropic gradient, and average at the South
Pole™.

Based on the previous analysis, the following synoptic situ-
ation is proposed for presently unknown very heavy African
monsoon: {1) A well marked heat trough, with very low press-
ures, reaching the Tropic (23°27'N) in summer. (2) Strong
Equator-to-Tropic baroclinicity. The Southern Hemisphere
winter baroclinicity, (20-70°S)} reflects the strength of the
southern winter trade-winds'’.

To reconstruct the African monsoons of the Quaternary, this
prescribed meteorology will be formulated by using the boun-
dary radiative values of orbital insolation during the caloric
northern summer half-year®.

The insolation at the north Tropic Iy reflects the intensity of
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h&eat troligh, The latitude of the Tropic shifts by 2°41"
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according to the Earth's axis obliquity, with a 41,000-yr

The gr.adient of insolation I;-Ig between the north Tropic
and the Equator reflects the baroclinicity between these lati-
tudes.

An orbital insolation monsoon index M at time ¢ is estab-
lished:

M= [1" + (IT‘ _IEr) = 2[1-' _IEI
The variation of M for the past 464,000 yr is shown in Fig. 1.
The astronomical time scale is adjusted on the §'®0 chrono-
stratigraphy of core RC9-181 in Fig. 1. The Southern Hemi-
sphere winter baroclinicity is described by the 20°-70° § insola-
tion gradient:

G,=l—Ix

The insolation values appear as their deviation from the
AD 1950 absolute values, shown on the upper line. The perieds
of highest insolation of the northern summier display the highest
monsoon index M, as well as the largest Southern Hemisphere
winter gradients.

The East Mediterranean sapropel and §'*0 stratigraphy of
core RC9-181 {ref. 31} is shown in Fig. 1. The chronostratigra-
phy of the §'®0 stage boundaries® establishes the correlation
of the Mediterranean marine record with the monsoon index.
The extinction of the coccolith Pseudoemiliana lacunosa, obser-
ved worldwide within stage 12 (ref. 33), has been recognized
below sapropel 11 (ref. 31). Reexamination of the core showed
that sapropel 2 does not exist (. McCoy, personal communi-
cation). .

A sapropel was formed every time the increasing northern
summer insolation produced an index M above the threshold
value of 41, and no sapropel occurred outside of these periods.
The origin of the only exception, ‘missing’ sapropels in stage
9, has to be investigated. Four other cores with § O curve are
also shown* . The epipelagic 80 depletion events of the
Nile floods appear when the sampling interval is very dense’.

Two physical parameters combme to produce threshold M:
the magnitude and the latitude of the insolation maxima, seen
in the first two columns of Fig. 1. These maxima have to be
higher in the Southern than in the Northern Hemisphere to
reach threshold M. At 11,000 yr BP, the maximum was the
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smallest which triggered a sapropel, but it was the furthest north
(10-25°N).

The mid-latitude insolation gradient, reflecting trade-wind
strength, is controlled by the 20° lat, insolation, since the largest
orbital insolation variations occur in the tropics. As seen in Fig,
2, high M and sapropel formation correlate well with the largest
insolation gradients of the southern winter, supporting the 1972
drought analysis and Kraus's hypothesis'?, but not with those
of the northern summer.

Corresponding to highest M, sapropels deposited most
frequently during the warming phases of interglacials®'=**-¢,
Northern tropical rainfall in all longitudes was heaviest from
12,500 to 8,000 yr BP {ref. 7), particularly during the Indian
monsoon ", successfully simulated at 9,000 yr BP (refs 40,
41). During the 127,000-yr BP Eemian insolation peak, the
Indian monsoon also increased®’, and lakes appeared in Libya
around 130,000 yr BP (ref. 42). The sapropel pollen record seen
in Fig. 3 shows the warm, sub-humid character of the Mediter-
ranean area vegetation during these interglacial sapropels, with
high values for trees {(Quercus and Pinus), low for steppe
(Artemisia).

However, the thick and widespread sapropels §6 and 38
formed during periods with large ice sheets: glacial stage 6, and

cold interstadial 7d within interglacial stage 7. Their planktonic

fauna was cold*'**, and their pollen record points to a continen-
tal dry Mediterranean climate, with high values for steppe, low
for trees. Precisely during these two periods, M was among the
highest ever at 176,000 yr 8P and 220,000 yr BP, with the inso-
lation peaks centred at 0-10° and 0-5° N lat. Actual trade winds
were the strongest ever, enlarged by the tropical warming and
the polar ice-sheets cooling. At 220,000 yr BP, highest M fol-
lowed very abruptly a record low at 231,000 yr BP. At 60°N,
the very low June-to-August insolation between 230,000 and
225,000 yr BP {ref. 3), resulted in the voluminous ice-sheet
depicted by the previously described®*’, brief but severe
isotopic enrichiment of stage 7d.

Thus African tropical aridity during northern glacial periods,
as seen at 18,000 yr BP, is not an exclusive climatic pattern.
Large northern ice sheets have been coeval with very wet
African northern tropics, suggesting that ice-sheet global cool-
ing alone is not able to produce tropical aridity. High local
tropical insolation appears therefore as the foremost climatic
Parameter correlated with heavy African monsoon, and the
difference between the tropical aridity around 18,000 yr BP and
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Fig. 3 Elements of pollen spectra of sapropels in Mediterranean
core RC9-181. Sapropel numeration as in Fig. 1. Macedonia stages
from refs 59, 60.

the 176,000 and 220,000 yr BP heavy monsoons is prominently
the tropical insolation.

The north-tropical lowest insolation of 22,000 yr 8P, which
was oaly —3.langleys at 25° N, triggered the arid period which
lasted until 13,000 yr BP and suggests feed-back processes per-
petuating the drought through increased albedo'**4~*%.

During the last glacial, M was always higher than presently
from 25,000 to 66,000 yr BP, with minor peaks at 32,000 and
60,000 yr BP. Correspondingly, a wet phase is recorded around
and below 30,000 yr BP by sapropels near the Nile mouth*’,
around 30,000 yr BP in sub-Saharan Africa*® ™, between
40,000 and 20,000 yr 8p in Lake Tchad*, between 30,000 and
21,000 yr BP in Ethiopian Rift Lakes’***, around 36,000 and
from 30,000 to 21,000 yr BP in south-west Arabia®*"".

The strong correlation in the tropics between warm periods
and heavy rainfall suggests that in the geological past during
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such periods, whatever their cause, heavy precipitation on the
continents extended stratified estuarine circulation to continen-
tal shelves and oceanic basins, and produced marine organic-
rich sediments similar to the Quaternary Mediterranean
sapropels, which eventuaily became petroleum and phosphorite
source beds. The same process accounts for the origin of strata-
bound ores associated with organic-rich black shales.
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Radiocaesium from Sellafield
effluents in Greenland waters

A. Aarkrog*, H. Dahlgaard®, L. Hallstadius?,
H. Hansen* & E, Holm#}

* Risg National Laboratory, DK 4000 Roskilde, Denmark
t University of Lund, Lasarettet, $ 22185 Lund, Sweden

Since the middle of the 1970s, discharges of radiocaesium to
the Irish Sea from the British Nuclear Fuels Lid Sellafield
(formerly Windscale) installation in Cumbria have increased
the concentrations of “*"Cs and '*Cs in the northern North
Atlantic. In coastal British waters'® enhanced concentrations
have also been seen in the North Sea® 5, the Danish Straits and
western part of the Haltic Sea®’®, the Norwegian coastal cur-
rent™”, and the Barent and Greenland Seas’. We report here
that radioczesium from Sellafieid is now detectable in the East
Greenland polar current. The transit time from Sellafield is
estimated at 6-8 yr. The concentrations in the polar current
are approximately one-thonsandth of those found in the North
Channel by the outlet from the Irish Sea.

In August 1982 groups from Risg National Laboratory and
Lund University collected 200-1samples of the surface seawater
along the Greenland east coast {see Table 1) using a pump
from M/S Nefla Dan, The radiocaesium was contained in
precipitates of 100 g AMP {ammonium molybdophosphate)®
taken on board and later measured by Ge(Li) spectroscepy for
"*"Cs. To determine '**Cs it was necessary to concentrate the
activity. After being dissolved in NaOH the radiocaesium in
0.5 kg AMP aliquots (representing 1 m? of water) was reprecipi-
tated as 0.5 g Cs,PtCl, with a 90% recovery of activity. This
Proccdure improved the measuring peometry and removed
*"Ra and **Ac (y photon: 794.9 keV), which disturbed the ¥y
measurement of '**Cs {y photons: 604.7 keV and 795.8 keV)
when performed directly on the AMP. The removal of **Ac
was so efficient that both photo peaks of **Cs gave the same
results, and the high resolving power of our Ge(Li) spectrometer
meant that it was not necessary to correct for interference from
the 609.4 keV peak of *'*Bi. The procedure applied had a lower
limit of detection for **Cs of 0.01 Bqm ™.

The mean '*’Cs concentration at the five western stations,
5.43+0.08 (x1s.e.m.) Bqm™, was significantly (P —~99%)
lower than that of the five eastern ones, 6.70+£0.38 Bqm .
The "*“Cs concentration was 0.043 Bqm™> at the eastern and
0.012 Bqm™ at the western stations.

Fallout from nuclear-weapons testing in the atmosphere is
the main source of '"*’Cs in the oceans. To determine the
‘non-Seilafield’ contribution of '*’Cs in the samples we utilized
our measurements of surface seawater collected at Danmark-
shavn (76°49'N, 18°36'W) and Angmagssalik (65°35' N,
37°52° W) during 1978-80°. Ostlund'’ has found that “the
average age of the freshwater component is 111 yr from its
first appearance at the shelf to its emergence from the basin as
a constituent of the modified Atlantic (Arctic) water in the East
Greenland current”. Both Danmarkshavn and Angmagssalik
are situated in the polar current respectively north and south
of our sampling stations. This residence time of ~11 yr is
compatible with our own **Sr and 'Cs observations in
surface seawater collected annually at Danmarkshavn and
Angmagssalik since 1963,

The time constant A for the decrease of "’Cs in the polar
current is the sum of the radioactive decay constant for "*7Cs,
Acs (=In2/30.5 yr™"), and the time constant for the freshwater
component in the Arctic Ocean is Aag (=1/11 yr™Y).

Hence A =0.023+0.091=0.114 yr !

which corresponds to an effective half life of **"Cs in the polar
current of in 2/0.114 = 6.1 yr,
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