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chain length or coverage (24)  
The value of T, represents the adhesive 

contribution to friction because it gives the 
yield stress in the absence of an external 
pressure. In Fig. 2A, the interactions are pme- 
ly repulsive (1; = 2'l6), and T, is negative. 
Including the attractive tail of the potential 
and increasing E,. increases T, to positive 
values, but the maximum value of T, that we 
have found for inconlmensurate surfaces is 
- 0 . 3 ~ 1 ~ ~  or 12 MPa. This value is compara- 
ble to the largest value observed between 
mica surfaces and also to the maximum pres- 
sures accessible in these experiments (12, 
13). The pressures in typical load-bearing 
contacts are much larger. In this limit, T, 

becomes irrelevant and k7 approaches a. 
Because experiments find different for 

different materials, some potential parame- 
ters must change a. Figure 2B shows the 
effect of changing one parameter at a time 
from our standard set. Increasing E_/E from 1 
to 2 produces almost no change in T?, but 
decreasing uw/u from 1.0 to 0.9 increases a 
by 50%, and increasing this ratio to 1.5 de- 
creases a by a factor of 6. The opposite trend 
is seen for d/u, where an increase from 1.2 to 
1 5 Increases a to 0 073. 

These trends can be understood in terms of a 
simple geometrical model. At the large pres- 
sures of interest, the repulsive interactions be- 
tween wall ato~ns and monomers are dominant. 
Atoms and monomers cannot be closer than an 
effective hard sphere diameter on the order of 
u,~. This diameter is very insensitive to pressure 
because the repulsive force rises as ~ , ~ ( u ~ l r ) ' ~  as 
I .  decreases. For the same reason, changing cW 
by a factor of 2 has little effect on the system. In 
contrast, decreasing u,ltl allows monomers to 
penetrate more deeply into the wells between 
wall atoms. In order to slide, monomers must 
move up a ramp defined by the surface of 
closest approach. To overcome the normal load, 
4 lnust e q ~ ~ a l  L times the maximum slope of the 
ramps. As u\,id decreases, the ramps become 
steeper, resulting in the increase in a seen in Fig. 
2B. We have confirmed that the surfaces do 
indeed move apart as the yield stress is ap- 
proached and that this displacement increases 
with a. 

The values of a in Fig. 2 range fro111 0.008 
to 0.15 and are similar to measured values for 
soille veiy smooth, weakly interacting surfaces 
such as MoS, (11) or mica (12). Most unlubii- 
cated macroscopic objects exhibit p,< of 0.1 to 
0.5 and have inuch more complex 
chemistries. and third bodies. It remains to be 
seen how our results relate to this rich spectrum 
of experimental systems One possibility is that 
the atomic-scale rougluless present on most 
surfaces increases a (16). For example, we find 
a = 0.3 at a coverage of 118 for surfaces made 
by slicing through an amorphous sol~d. The 
inclusion of grain boundaries, steps, and other 
defects would also affect a. Some of the in- 

crease in u mav be due to 7,lP in Ea. 2 A final 14. J. N. Closli and C. M. McClelland, Phys. Rev. Lett. 70, , 
possibility is that more realystic models for hy- lgbO (Igg3). 

drocarboll molecules and illteractiolls with 15. The interfacial interactions may be strong enough t o  
meet this condition in special cases, such as clean 

surfaces would increase a. Sonle thin molecular metal surfaces in ultrahiRh vacuum, 
layers are used as boundaq lubricants to lower 16. Real surfaces are rarely perfect single crystals, but  
static friction, and the relation between nlolec- including disorder wi thout  th i rd bodies does no t  

ular struckre and the fiiction between incom- seem t o  explain experimental observations. The 
static fr ict ion between stiff random surfaces is a mensurate surfaces will be an interesting ques- finite-size effect that drops as the inverse of the 

tion for future studies. contact diameter. We find that  values can be ap- 
preciable on the scale of AFM tips (<40 atomic , , 
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Experimental Evidence for the 
Source of Excess Sulfur in 

Explosive Volcanic Eruptions 
Hans Keppler 

The amounts of sulfur released in explosive volcanic eruptions are often orders 
of magnitude larger than those expected to result from the degassing of the 
erupted Si02-rich magma. Experimentally measured fluidlmelt partition coef- 
ficients of sulfur ranged from 47 under oxidizing conditions (where SO, is the 
dominant sulfur species in the fluid) to  468 under reducing conditions (where 
H2S dominates). Therefore, a few weight percent of hydrous fluid accumulated 
in the top of a magma chamber may extract most of the sulfur out of the entire 
magma reservoir and generate sulfur excesses upon eruption. 

Explosive volcanic eruptions often inject tion (9) .  Accordingly, it is believed that the 
enormous amounts of sulfur dioxide into the release of sulfur is mainly responsible for the 
stratosphere (1-8). Oxidation of SO, produc- subsequent global cooling observed after ex- 
es sulfate aerosols that can backscatter sun- plosive volcanic activity (9-13). Anlounts of 
light for months or even years after the emp- volcanic sulfur measured from satellites are 

often orders of magnitude larger than those 
Bayerisches Ceoinstitut, Universitat Bayreuth, 95440 expected to result fr'om the degassi~lg of the 
Bayreuth, Germany. elupted silicic melt. The 1991 eruption of 
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Mount Pinatubo released 17 megatons of 
SO,, one to two orders of magnitude inore 
than the total ainount of sulfur degassed froin 
the empted inagma (1-3). Similar sulfur ex- 
cesses have been observed in other recent 
volcanic eruptions, including Mount St. 
Helens 1980 (4), El Chichon 1982 ( 9 ,  Ne- 
vado del Ruiz 1985 ( 6 ) ,  and Redoubt 1989 
17). A variety of sources for excess sulfur 
\ ~ 

have been proposed, including breakdown of 
anhydrite CaSO, (14), evaporation of hydro- 
thermal systems or of precipitated sulfur near 
the surface (15), degassing of unerupted inag- 
ma at depth (16), magma mixing (3), and the 
release of a hydrous fluid present inside the 
magma chamber before the eruption (1, 2, 4, 
5) .  Most of these models may only be plau- 
sible under special circumstances, for exain- 
ple in the presence of abundant anhydrite 
phenocrysts in the lava or in cases where 
extensive hydrothermal systems existed be- 
fore the eruption. Here, I tested whether small 
anlounts of hydrous fluid 111 the magma cham- 
ber could extract most of the sulfur out of the 
entire rese~~roir by measuring the partition co- 
efficient of sulfur between hydrous fluids and 
water-saturated Si02-rich s~licate inelts (I). 

Little is known about the distributioil of 
sulfur between hydrous fluids and magmas. 
Some attempts have been inade to estimate the 
sulfur contents of hydrous fluid in equilibrium 
with silicate melt and sulfur-bearing minerals In 
experimental charges (1 7). These inass balance 
calculations suggested that under some condi- 

Fig. 1. Distribution of sulfur between haplogra- 
nitic melt and hydrous fluid at 2 kbar and 
850°C. Oxygen fugacity in the experiments was 
0.5 log units above the Ni-NiO buffer (NNO + 
0.5) or equivalent to  the Co-COO buffer (CCO). 
Fluidlmelt partition coefficients D were deter- 
mined by linear regression. 

tions the fluid phase might be rich in sulfur, H2S0, in water and glasses of haplogranitic 
while under other conditions hardly any sulfur compositions (40 weight % NaAlSi,O,, 35 
enters the fluid. weight % SiO,, and 25 weight % KAlSi,O,). 

I performed experiments such that only After run durations between 2 and 64 days, 
hydrous fluid and silicate melt coexisted in samples were quenched to room temperature 
the exper~mental charges Under these condi- w~thin 1 to 2 s and the quenched glasses were 
tions, flu~dlinelt partition coefficients can be analyzed for sulfur by electron in~croprobe 
measured with high precision. Sulfur reacts 
with most noble metals conventionally used 
as sample containers in experimental studies, 
such as Pt, Ag, and Pd. Therefore. I used gold 
as a capsule material. Test experiments 
showed that no measurable amount of sulfur 
(< 1% of the charge) was lost from the gold 
capsules or absorbed by gold during the runs. 
Experiments were carried out in rapid-quench 
cold-seal vessels using water as a pressure 
inediuin at 0.5 to 3 kbar and 750" to 850°C. 
Under these conditions, gold is sufficiently 
peinleable for hydrogen to allow control of 
the redox conditions in the charge by external 
buffers (18). In most experiments, the oxida- 
tion state of the charge was controlled by the 
intrinsic oxygen fugacity of the autoclave 

(19); 30 to 40 spots per sample were analyzed 
using a defocused beam and counting times of 
60 s per spot. The fluid composition was deter- 
mined by mass balance. Fluid/nlelt partition 
coefficients D were calculated according to 

D = ~ t l U l d / ~ , , , , l t '  where ctl,,1, and c,,1e,, are the 
concentrations (in weight percent) of sulfilr in 
the fluid and the melt, respectively (Table 1). 

Sulfiu. always partitions into the hydrous 
fluid (Fig. 1). At an oxygen filgacity 0.5 log 
units above the Xi-NiO buffer, D is 47 i- 4. 
Experiments under even inore oxidizing con- 
ditions equivalent to the hematite-magnetite 
buffer gave virtually identical results. Under 
more reducing conditions equivalent to the Co- 
COO buffer, D is 468 2 32; this is an excep- 
tionally high value for a fluidmelt partition 

imposed by the reaction of the Nimonic 105 coefficient. The strong influence of oxygen fu- 
superalloy with water, which yielded an ox- gacity on the behavior of sulfur inay be con- 
ygen fugacity about 0.5 log units above the trolled by speciation. Under oxidizing condi- 
Ni-NiO buffer. In some experiments, an ex- tions near the Ni-NiO buffer, sulfur is present 
termal Co-COO buffer was used. A few exper- mostly as SO,, while H,S dominates at the 
iments were also carried out with an external Co-COO buffer, according to micro-Rarnan 
heinatite-magnetite buffer in rapid-quench spectra of fluid inclusions tsapped in the 
TZM-alloy bombs with argon as the pressure quenched glass. A similar change in speciation 
inediuin. Starting inatei~als were solut~ons of with oxygen fugacity is known to occur in 

Table 1. Distribution of sulfur between hydrous fiuid and haplogranitic melt at 2 kbar and 850°C. 
Uncertainties of the fluid composition are less than 5% of the values given. The detection limit of sulfur 
in the quenched melt was 10 ppm. Numbers in parentheses are estimated errors in the last digits. 

Run duration S in fluid S in melt 
Experiment 

(days) (weight %) (weight %) 
- 

Oxygen fugacity 0 5 log units above Ni-NiO buffer 
20 1 56 
20 4.41 
2 7 0.16 
2 7 0.40 
26 0.40 
14 1.56 
14 6.97 
45 0.79 
45 1.18 

4 1.56 
8 1.56 

16 1.56 
64 1.56 
32 1.56 

2 1.56 
4 4.41 

Oxygen fugacity of Co-COO buffer 
7 0.16 
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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 
where 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. Similarly, 
changing the alkali/aluminum ratio or adding 
small amounts of CaO or FeO did not change 
the order of magnitude of the partition coeffi­
cients. However, larger concentrations of CaO 
or FeO may stabilize sulfur-bearing minerals 
(17) or immiscible sulfide melts. 

Explosive volcanic activity requires the 
presence of a free fluid phase. Under conditions 
slightly above the Ni-NiO buffer (with D rang­
ing from 47 to 137), 2 weight % or less fluid in 
the magma chamber will be sufficient to extract 
half of the total mass of sulfur out of the entire 
magma reservoir. Because the mass of erupted 
magma is usually only a fraction of the total 
melt stored in the magma chamber (1, 21), it is 
not surprising that huge amounts of excess sul­
fur are observed upon eruption. Under reducing 
conditions, where H2S is the major sulfur spe­
cies in the fluid, the extraction of sulfur be­
comes even more efficient; however, such re­
ducing conditions are probably unlikely to pre­
vail in the subduction zone setting of most 
explosive volcanoes (1-7). 

The principles outlined above can be illus­
trated using some data from the 1991 Mount 
Pinatubo eruption. The Pinatubo magma con­
tained 60 to 90 ppm of sulfur, was relatively 
oxidized (between the Ni-NiO and hematite-
magnetite buffers), and originated from a mag­
ma chamber with a confining pressure around 2 
kbar and a temperature around 780°C (1-3 and 
references therein). Accordingly, D should be 
close to 47. This would mean that the fluid 
phase in equilibrium with the hydrous melt in 
the magma chamber should have contained be­
tween 0.56 and 0.85 weight % S02. To account 
for the estimated 17 megatons of S02 released 
would require 8 to 25 weight % of free fluid in 
the erupted magma that produced 5 to 10 km3 

of pyroclastic deposits. This number appears 
relatively large; however, seismic evidence 
suggests the presence of a magma chamber 
containing 40 to 90 km3 of melt below Mount 
Pinatubo (21). Relative to the entire reservoir of 
melt in this chamber, the free fluid phase re­
leased upon eruption would only amount to 0.9 
to 3 weight %. If one assumed such a small 
fraction of hydrous fluid to be present in the 
magma chamber before eruption, a sulfur par­
tition coefficient of 47 would imply that 30 to 
59% of the total sulfur in the entire magma 
chamber is concentrated in the fluid, provided 
that the fluid has reached equilibrium with the 
entire reservoir. This is possible if one assumes 
an upward accumulation of fluid over long 
periods into shallower parts of the magma 
chamber, as suggested by Gerlach et a I. (1). If 
the original sulfur content in the melt had been 

90 ppm, the highest value found in melt inclu­
sions (2), this would amount to a total mass of 
5 to 24 megatons of S02 extracted by the fluid, 
consistent with the estimate of 17 megatons 
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. Estimates based on the sulfur con­
tent of the erupted melt alone would severely 
underestimate the environmental impact of 
explosive volcanism in the geologic past. 
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glacial transitions. These Dansgaard-Oeschger 
events (DOEs) (1) are characterized by rapid 
warmings of almost glacial-interglacial am­
plitudes within decades, followed by some 
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 northern hemispheric ice 
sheets (3) or (ii) oceanic oscillations without 

A Mid-European Decadal 
Isotope-Climate Record from 

15,500 to 5000 Years B.P. 
Ulrich von Crafenstein,1* Helmut Erlenkeuser,2 Achim Brauer,3 

Jean Jouzel,1 Sigfus J. Johnsen4 

Oxygen-isotope ratios of precipitation (o18Op) 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 o18Op from both of these 
records likely reflect short weakenings 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. 

1654 4 JUNE 1999 VOL 284 SCIENCE www.sciencemag.org 

mailto:uligraf@lsce.cnrs-gif.fr
http://www.sciencemag.org

