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hydrous silicic melts (20). Relative to oxygen 
fugacity, pressure and temperature are less im- 
portant in controlling the magnitude of the par- 
tition coefficients. In a series of experiments 
~vhere oxygen fugacity was 0.5 log units above 
the Ni-NiO buffer. D ranged from 47 to 137 at 
0.5 to 3 kbar and 750" to 850°C. Sin~ilarly. 
changing the alka1i;'aluminum ratio or adding 
snlall amounts of CaO or FeO did not change 
the order of magnitude of the partition coeffi- 
cients. However, larger concentratioils of CaO 
or FeO may stabilize sulfur-bearing minerals 
(1 7) or ii~uniscible sulfide melts. 

Explosive volcanic activity requires the 
presence of a free fluid phase. under conditioi~s 
slightly above the Yi-YiO buffer (with D rang- 
ing fro111 47 to 137), 2 weight % or less fluid in 
the magtna chamber will be sufficient to extract 
half of the total mass of sulfur out of the entire 
magma resei~oir. Because the mass of erupted 
nlagrna is usually only a fraction of the total 
melt stored in the inagma chamber (1, 21), it is 
not suiyrising that huge amounts of excess sul- 
fur are obseived upon elxption. Under reduciilg 
conditions, where H,S is the major sulfur spe- 
cies in the fluid, the extraction of sulfur be- 
comes even more efficient: ho\vever, such re- 
ducing conditions are probably unlikely to pre- 
vail ill the subduction zone setting of most 
explosive volcanoes (1-7). 

The priilciples outlined above can be illus- 
trated using some data kom the 1991 Mount 
Piilah~bo eruption. The Pinat~lbo magma con- 
tained 60 to 90 ppm of sulfur, was relatively 
oxidized (behveen the Ni-NiO and hematite- 
magnetite buffers), and originated from a mag- 
ma chamber with a confining pressure arouild 2 
kbar and a temperature arouild 780°C (1-3 and 
references therein). Accordingly, D should be 
close to 47. This would mean that the fluid 
phase in equilibriun~ with the hydrous melt in 
the magma chamber should have contained be- 
hveen 0.56 and 0.85 weight % SO,. To accouut 
for the estimated 17 megatons of SO, released 
would req~~ire 8 to 25 weight % of kee fluid in 
the empted magma that produced 5 to 10 h1l3 
of pyroclastic deposits. This number appears 
relatively large; however, seismic evidence 
suggests the presence of a lnagina chamber 
containing 40 to 90 lun3 of melt below Mount 
Pinatubo (21). Relative to the entire reseivoir of 
melt ill this chamber. the free fluid ohase re- 
leased upon el-tlption \vould only anlount to 0.9 
to 3 weight %. If one assumed such a snlall 
fraction of llydrous fluid to be present ill the 
nlagnla chamber before eruption, a sulfur par- 
tition coefficient of 47 would imply that 30 to 
59% of the total sulfur in the entire nlagma 
chamber is concentrated in the fluid, provided 
that the fluid has reached equilibriunl \vitll the 
entire resewoir. This is possible if one assumes 
an upward accumulation of fluid over long 
periods into shallower parts of the magtna 
chamber, as suggested by Gerlach et 01. ( I ) .  If 
the ollglnal s u l k  content in the melt had been 

90 ppn~,  the highest value found ill melt inclu- 
sions (2), this \vould amount to a total mass of 
5 to 24 megatons of SO, extracted by the fluid. 
consistent \vitll the estimate of 17 nlegatoils 
released upon eruption. 

The calculations presented above empha- 
size the importance of considering the amount 
of sulfur stored in the entire magma chamber 
in estimating the sulfur released in explosive 
volcanism. Estinlates based on the sulftlr con- 
tent of the ei-upted melt alone would severely 
underestimate the environmental impact of 
explosive volcanis~n in the geologic past. 
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Oxygen-isotope ratios of precipitation (6180,) inferred from deep-lake ostra- 
cods from the Ammersee (southern Germany) provide a climate record with 
decadal resolution. The record in detail shows many of the rapid climate shifts 
seen in central Greenland ice cores between 15,000 and 5000 years before the 
present (B.P.). Negative excursions in the estimated S180, from both of these 
records likely reflect short weakening of the thermohaline circulation caused 
by episodic discharges of continental freshwater into the North Atlantic. De- 
viating millennial-scale trends, however, indicate that climate gradients be- 
tween Europe and Greenland changed systematically, reflecting a gradual 
rearrangement of North Atlantic circulation during deglaciation. 

The Greeillaild ice cores show strong quasi- glacial transitions. These Dansgaard-Oeschger 
periodic cliillatic oscillations during the long- events (DOES) ( I )  are characterized by rapid 
er tern1 interglacial-glacial and glacial-inter- waimings of almost glacial-interglacial ain- 

ulitudes within decades. follo\ved bv some 
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2000 to 3000 years of gradual cooling, and a 
final cold phase of about 1000 years' dura- 
tion, often with a weak, positive internal 
trend. Similar features have been found for 
Europe in long continental records of vege- 
tation and magnetic sediment properties (2), 
as well as in marine proxy records (3). Mod- 
eling studies and data provide support for two 
alternative mechanisms: (i) triggering by os- 
cillations of the i~ortllern hemispheric ice 
sheets (3) or (ii) oceanic oscillatioi~s without 
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or with only weak external triggering (4). 
Here we present a detailed quantitative esti- 
mation of 6l8OP in mid-Europe (from Am- 
mersee, Germany) for the time period from 
15,000 to 5000 years before the present, in- 
cluding the youngest of these DOES. The new 
record, in which each analysis comprises 
- 1 1 years, permits comparison of European 
and Greenland climate during this period 
based on the same proxy and with almost 
identical temporal resolution and precision. 

The Ammersee is a hard-water lake 20 lan 
long and 8 1 m deep and is situated about 50 lan 
southwest of Munich The modem isotope hy- 
drology of the lake is such that the oxygen 
isotopic composition of lake water (61803 is 
simply linked to the oxygen isotopic composi- 
tion of precipitation (6180p) (5). Even extreme 
hydrological shifts, such as a 50% decrease or 
increase in the input into the lake or in evapo- 
ration h m  the lake's surface, would change 
the observed offset between 6180L and 6180p 
(0.75%) only by 20.38%. The 6180 of ostra- 
cod shells h m  the profundal Ammersee can be 
used as direct tracer for 8l8OL. Water temper- 
atures below 50-m water depth were probably 
close to 4OC throughout the lake's history. The 
temperature-dependent fractionation between 
calcite and water (- -0.25 %dK) can therefore 
be considered as constant. Vital offsets for 6180 
of the used species are known (6). A 200-year 
record of 6l8OP h m  ostracods from this lake is 
well correlated with 200 years of mean air 
temperatures from the Hohenpeipenberg obser- 
vatory in the watershed of the Ammersee. The 
inferred temporal 6180p-temperature gradient 
for this period is 0.58 % P C  (5), almost identi- 
cal to the interannual temperature sensitivity of 
6l8OP in Europe as derived h m  three decades 
of direct measurements (0.6 %I0C) (7). 

6180 records of lake marls (8, 9) and of 

benthic ostracods (IU-12) in Europe, includ- 
ing littoral and sublittoral cores from the 
Ammersee (13, 14), have provided qualita- 
tive evidence for contemporaneous variations 
in 6l8OP of Greenland and Europe during the 
Late Glacial. However, extracting 6180p from 
such records has been impeded by secondary 
hydrological, water-temperature, and archive- 
specific effects and by their low temporal 
resolution (usually considerably more -than 
100 years per sample). 

We analyzed data from two new cores 
from the Ammersee collected at 70-m water 
depth (AS96-1 and AS93-1). Together with 
the record from core AS92-5 (15), these new 
data provide an almost continuous 6180L 
record for the period from 15,500 to 5500 yr 
B.P. (Fig. 1) at a temporal resolution of - 11 
years. We infer 6180p from 8180L by correct- 
ing for the observed present-day difference of 
-0.75%0, assuming that variations of the 
drainage-basin water balance (precipitation 
minus evapotranspiration) and of the long- 
term humidity have only negligible effect. 

Within the sample resolution, the three 
major isotope shifts in AS96-1 match the 
major lithological changes. These changes 
are also seen in the shallow-water cores, and 
we thus used them to correlate the record 
with the regional pollen assemblage zones. 
The youngest part of the Ammersee 6'80p 
record (AS92-5, 8500 to 5000 cal. yr B.P.) 
has been correlated to the GRIP 6180ic, 
record with four 14C measurements of macro 
remains (15). The new records also repro- 
duce in great detail the GRIP 6180 variations, 
if we account for the different offsets of the 
depth scales and the generally lower sedi- 
mentation rates at sites AS93-1 and AS96-1 
(Fig. 1). The clearly visible common features 
(the rapid transitions as well as the N-shaped 

early-Holocene event and the 8.2-ky event; sol- 
id lines in Fig. 1) and one 14C date (1 1,580 + 
100 14C-yr B:P., at 1167.25-cm core depth) 
were used as tie points for an initial age model. 
This corrects for the major changes of accumu- 
lation rates, expected as a result of observed 
lithological changes. Linear interpolation of the 
sample ages between these tie points is suffi- 
cient to achieve agreement within -100 years 
of even very small 6180 shifts (dashed lines in 
Fig. 1). Wiggle matching only was used to 
provide a final match, likely compensating 
moderate variations of sedimentation rates 
within the lithological units. 

We tested this age model (GRIP-AS) by 
developing a second independent chronology 
for the AS96-1 record. The low-6180 events in 
the Ammersee record were matched to the Late 
Glacial cold phases as determined by lithologi- 
cal and palynological signals in a varved record 
h m  Lake Meerfelder Maar (MFM), situated 
about 500 lan northwest of Ammersee (16). 
The Laacher See T e p h  (12,880 yr B.P.) was 
used as an additional control point. The result- 
ing depth-age functions (Fig. 2) confirm the 
reliability of our age model. Age differences 
between GRIP-AS and MFM-AS only exceed 
150 years close to the base and top of the MFM 
chronology, where significant climate events 
are rare. 

The Ammersee and GRIP 6180p records 
were transformed into contemporaneous 10- 
year averages. Adjusting the records to the re- 
spective modem 6180p values and expanding 
the European scale by the slope (1.5) of the 
linear regression (R2 = 0.85) illustrates (i) that 
the correlation on centennial times scales might 
be even higher and (ii) that the records on 
millennia1 scale systematically deviate from the 
overall linear correlation (Fig. 3). The high 
similarity of short-term climate events, despite 
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the important differences of the respective 
boundary conditions and the possible moisture 
sources for the sites, suggests that both records 
mainly reflect air temperatures. A comparison 
of glacial to modem air-temperature differences 
for a number of atmospheric general circulation 
models also shows a 1.5 times stronger temper- 
ature change in Greenland than in mid-Europe 
(1 7).  

The common rapid transitions Oldest 
Dryas-Bslling (OstD-Bs), Allersd-Younger 
Dryas (All-YD), and Younger Dryas-Prebo- 
real (YD-PB), and the smaller centennial neg- 
ative excursions can only be explained by 
climatic changes that occurred contempora- 
neously in both regions. Probably they are the 
local expression of rapid changes of the At- 
lantic northward heat transport by way of the 
salt conveyor-belt system. The cause of the 
centennial negative excursions, all within 
longer phases of relatively high 6I8Op in 
Greenland and Europe, could be episodic 
short outbursts of large freshwater reservoirs, 
forming at the borders of the retreating ice 
sheets in Europe and North America. Such a 
mechanism is likely responsible for the last of 
these excursions (the 8.2-ky event) (15, 18, 
19) and also was proposed for the Gerzensee 

and PB oscillations (20). Evidently, such out- 
burst events were too short to result in a 
longer term reorganization of the North At- 
lantic circulation. Similar events might have 
been part of the centennial-scale variability 
within the warm phases of the earlier DOES, 
but because of their stochastic behavior do 
not provide an explanation for such regular 
millennia1 oscillations, including Bs-All-YD. 

During OstD and the fvst 300 years of B0, 
13~~0,  in mid-Europe is relatively low. From 
14,400 to 12,600 yr B.P., 6l8OP in central 
Greenland is decreasing, whereas in mid-Eu- 
rope long-term 6180p seems more or less sta- 
ble, leading to a positive relative difference. 
Consequently, the All-YD transition in central 
Greenland is relatively less pronounced than in 
mid-Europe. During the earliest part of the Ho- 
locene (1 1,600 to 10,000 yr B.P.) AI80 ,-,, 
again is positive, whereas from 10,000 to 8700 
yr BP 6l8OP in Europe was relatively lower. 

Sea-surface temperatures reconstructed 
from foraminifera and diatom assemblages in 
the North Sea and Norwegian Sea (21-23) 
show features similar to the record from Am- 
mersee, including the plateaulike Bs-All. A 
decrease in 6180 during Bs-All is seen in all 
deep-ice cores from the Greenland ice sheet 

(24). Although other than regional tempera- 
ture variations could have contributed to the 
observed relative differences of 6180p be- 
tween Europe and GRIP (25), we consider 
A180Eu.,, as a valid proxy for the climatic 
asymmetry between Greenland and Europe 
and its temporal evolution. 

The two periods of positive excursions of 
AI8OEU-,, (central Greenland cold compared 
with Europe) coincide with the global meltwa- 
ter pulses Ia and Ib (26). Negative A180E,.,, 
excursions (Greenland relatively warm), in 
contrast, are dominant in periods for which 
we can assume that melting rates were low; 
the first follows iceberg discharge event HE1 
(3), which most probably left the northern 
hemispheric ice sheets in a subcritical stage, 
and the second is after the final deglaciation 
of Scandinavia. We therefore hypothesize that 
there is a causal link between long-term ice- 
sheet melting and the millennial-scale vari- 
ability of Greenland and European climate. 
After HEl, meltwater flux to the North At- 
lantic and the Arctic Ocean was low, which 
led to higher salinity, reduced sea-ice extent 
around the southeastern Greenland coast, and 
warmer conditions in central Greenland. 
With the onset of deep-water formation in the 
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Fig. 4. The 5-year 6180, record from Summit (lower graph) shows significantly higher variability 
during Younger Dryas than during Allererd and Preboreal. Short subdecadal positive excursions reach 
almost Holocene levels (arrows). In the European record (upper graph), only the highest and longest 
of these warm spikes is preserved, most likely as a result of high accumulation of detrital material, 
induced by the warm event itself by destabilizing frozen soils. 

Nonvegian Greenland Sea at the OstD-Bo 
transition, considerable parts of the surround- 
ing ice sheets started to melt, thus increasing 
the meltwater discharge into the Nordic seas 
and enhancing the export of low-salinity wa- 
ter and ice through the Fram and Denmark 
straits. We assume that this arocess succes- 
sively induced a broadening of the seasonal 
sea-ice belt around Greenland, leading to the 
long-term cooling trend during Bo-A11 in cen- 
tral Greenland, whereas Europe remained rel- 
atively warm until the east- and southward- 
moving polar front closed off the Iceland- 
Faroe strait and forced the deep-water forma- 
tion to take place farther south. Such a 
switch-off of heat transport to the Norwegian 
sea would explain the rapid decrease of 
S1'O, at the beginning of YD in both Europe 
and Greenland, and the relatively stronger 
isotopic reaction in Europe. 

For the 1500 years after the end of YD we 
assume that a similar meltwater feedback op- 
erated as during Ba-All, although more lim- 
ited because of the final Scandinavian degla- 

with the short positive excursion in the Ammer- 
see record (Fig. 4, large arrow). The YD-type 
thermohaline circulation at this time probably 
was less stable owing to a short outburst of 
walm North Atlantic water into a Nonvegian 
Greenland Sea covered with sea-ice, a rnecha- 
nism that also could apply for the final te~mi- 
nation of YD. 

The proposed meltwater feedback mech- 
anism for the gradual cooling into the YD 
might also explain the DOEs. In such an 
extended scenario, the smaller and more re- 
active Scandinavian ice sheet would be re- 
sponsible for the occurrence intervals of 
DOEs (2000 to 3000 years) (31). The more 
inert Laurentide Ice Sheet, by growing more 
or less continuously during a certain number 
of such DOEs, would progressively reduce 
their amplitudes, until finally collapsing into 
a massive iceberg discharge (Heinrich Event) 
at the end of such longer term cooling cycles 
(Bond Cycles, 7000 to 10,000 years) (31,32). 
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vider assembly at the gas inlet capillary of the spec- 
trometer (H.-H. Cordt and H. Erlenkeuser, in prepara- 
tion) was used, which provides reliable measurements 
for samples as small as 6 p g  with an external error of 
less than 0.08%0 on the 6180 scale ( Iu) .  6'80,, gives a 
reliable estimate of the oxygen isotopic composition of 
former lake water (6180,) after correction for a vital 
offset of 2 .2%~ (6) and the fractionation between water 
and calcite at 4°C [I. Friedman and J. R. O'Neil, U.S. 
Ceol. Suw. Pro5 Pap. 440 (1977)l. The tephra layer 
from the Laacher See eruption in AS96-1 (LST) is char- 
acterized by a strong increase in the magnetic suscep- 
tibility, large amount of well-preserved diatom frustels, 
and rare glass particles in the silt fraction. Geochemical 
analysis of these particles has not yet been performed. 
However, the relative position of the layer with respect 
t o  the S180 record is the same as for the well-marked 
LST ash layer in the littoral cores from Ammersee (74) 
[R. Klee, R. Schmidt, J. Muller, Limnologia 23, 131 
(1993)l and from Swiss Lakes (8). 
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