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Plenary Session, Friday November 19th 

Hot and Cold: Extreme Climates in Space and Time

Auditoire J. Deiss, Pérolles 2, Fribourg

13:30 - 13:50 Bernhard Grobéty 
President SGM 2010

Opening address by the President of the Geoscience Department, University 
of Fribourg

13:50 - 14:30 Paul F. Hoffman 
Harvard University

The snowball Earth hypothesis and its recent progress
(Joint IUGS-CH & IUGG-CH Union Lecture)

14:30 - 15:10 James Zachos 
UC Santa Cruz

Extreme warming and ocean acidification 55 million years ago:  
lessons for the future?

15:10 - 15:20 Musical Interlude Swiss Ice Fiddlers

15:20 - 16:00 Hubertus Fischer
University of Bern

Climate studies on ice cores – tepid, warm and piping hot

16:00 - 16:20 Coffee Break

16:20 - 17:00 John M. Reynold 
Reynolds Internat. Ltd

Assessing and managing glacial hazards in a changing climate

17: 00 - 17:05 Musical Interlude Swiss Ice Fiddlers
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ECAB

Impact of global change on the insurance business
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Gilles Borel 
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0. Plenary Session
1 Hoffman P.F.:  The snowball Earth hypothesis and its recent progress

2 Zachos J.:  Global warming and ocean acidification 55 million years ago: Lessons for the future?

3 Fischer H.:  Climate studies on ice cores – tepid, warm and piping hot

4 Reynolds J.M.:  Assessing and managing glacial hazards in a changing climate

1

The snowball Earth hypothesis and its recent progress

Paul F. Hoffman

Dept of Earth and Planetary Sciences, Harvard University, Cambridge, MA, USA
School of Earth and Ocean Sciences, University of Victoria, Victoria, BC, Canada

The snowball Earth hypothesis invoked runaway ice-albedo feedback, also called ‘the large ice-cap instability’, to account 
for geological evidence that Neoproterozoic ice sheets reached sea level close to the palaeoequator and also on marine 
carbonate platforms, diagnostic of the warmest parts of the surface ocean. This occurred during two discrete glaciations 
and it was hypothesized that both terminated abruptly when ocean-atmosphere CO2 (which accumulated over time becau-
se of dominished silicate weathering) achieved a critical greenhouse radiative forcing. In the decade since the hypothesis 
was first widely discussed, its empirical basis (stratigraphic, palaeomagnetic and geochronologic) has been verified for 
both glaciations, its theoretical foundations have been tested in a variety of climate models, and the key prediction that 
highly anomalous CO2 levels were required for deglaciation has been supported by boron, carbon and, most convincingly, 
by large mass-independent oxygen isotope (negative d17O) anomalies in both synglacial and syndeglacial sulfates. 

Existing U-Pb dates imply that the older (‘Sturtian’) glaciation lasted for 50-57 Myrs and began at 717 Ma. The younger 
(‘Marinoan’) glaciation lasted no more than 24 Myr and it terminated at 635 Ma. The two were separated by an interval 
less than 15 Myr in duration when large ice sheets were apparently absent. Between 717 and 635 Ma, the continents were 
mainly situated between 30°N and 60°S latitudes. All but the southernmost land areas bore dynamic ice sheets that f lowed 
directly into the ocean at palaeolatitudes as low as 22°N (Sturtian, Yukon Territory) and 14°N (Marinoan, South Australia). 
During pan-glacial times, the ocean presumably shrunk by up to 25%, with a proportional increase in salinity, because ice 
sheets must have grown sufficiently thick (i.e. ~2.0 km above sea level) to reach dynamic steady-state. Field evidence from 
Namibia for tropical tidewater ice sheets, ice streams and large changes in relative sea level will be presented. 

Compatible evidence for substantial subglacial meltwater production and open water in proglacial marine settings has 
wrongly been hailed as refuting the snowball Earth hypothesis: the hypothesis predicts that snowball glaciations began 
cold and dry, but ended warm and wet. Won’t the surviving glacial sedimentary record be dominated by the period of most 
rapid ice sheet drainage, which would have followed after the buttress of an unlimited ice shelf (‘sea glacier’) was remo-
ved? Deposition of classic Marinoan glacigenic sequences at the (warm and wet) glacial termination is consistent with U-Pb 
dating (Nantuo Formation, South China) and triple-oxygen CO2-proxy data (Wilsonbreen Formation, NE Svalbard). 

Many leading Proterozoic palaeontologists consider that a totally ice-covered ocean of geological duration is not consistent 
with the observed survival of many eukaryotic algal and protistan clades. This judgement was not audibly withdrawn 
after sea-glacier dynamic modeling showed that crack systems would have perpetually existed on a snowball Earth along 
marine ice grounding-lines subjected to lateral shear. Palaeontologically-based skepticism encouraged climate modelers to 
renew testing the plausibility of a snowball Earth under reasonable Neoproterozoic forcings, and also to seek stable solu-
tions in which tropical ice sheets on land coexisted with ice-free tropical or equatorial oceans. In the first half of the last 
decade, climate models were interpreted as indicating that a Neoproterozoic snowball Earth was implausible, that it could 
not be terminated in a geologically permissable timeframe, and that biologically more benign intermediate solutions were 
not only stable but more probable. In the more comprehensive and sophisticated models of the second half of the decade, 
the once promising intermediate solutions appear less and less likely to be stable solutions, and something closer to the 
original snowball hypothesis appears plausible, both to initiate and to terminate. 

The origin of multicellularity in animals (i.e. demosponges) is closely tied to the pan-glacial intervals by microfossils (South 
China) and biomarkers (Oman). Genomic studies indicate that many, if not all, of the genes required for multicellularity 
in animals (and plants) are far more primitive than multicellularity itself. Accordingly, the argument that the duration of 
a snowball Earth was too short to have impacted the protracted evolution of those genes is transformed into a new ques-
tion. Did a snowball Earth create a selective situation in which existing genes were coopted for multicellularity in animals?
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Global warming and ocean acidification 55 million years ago:  
Lessons for the future?

James C. Zachos

Earth and Planetary Sciences Dept., University of California, Santa Cruz, CA 
(jzachos@pmc.ucsc.edu) 

Over the last century roughly 380 Pg C has been emitted to the atmosphere contributing to nearly 1°C of global warming. 
Of the total emissions, the ocean has absorbed more than 30%. Because the ocean is thermally stratified and the vertical 
mixing time of the ocean is slow (~ 500 y), most of the absorbed CO2 has accumulated in the thin surface layer. As a con-
sequence, both the pH and carbonate saturation state of seawater are measurably decreasing.  With unabated carbon 
emissions over the next several centuries, the pH of the surface ocean is projected to decrease by as much as 0.7 pH units.  
In addition, as the atmosphere and upper ocean warm, the % of emitted carbon absorbed by the ocean is likely to decrease 
partly as a consequence of the pH change, but also because of increased stratification (Friedlingstein et al., 2006; Le Quere 
et al., 2009).

In terms of rate, the anthropogenic carbon cycle perturbation appears to be unprecedented in Earth history. The closest 
analog is the release of carbon that triggered the Paleocene-Eocene Thermal Maximum (PETM; ~56 Mya), a transient global 
warming of 5 to 6°C. The primary evidence for the carbon cycle perturbation is a large negative carbon isotope excursion 
(CIE), and widespread dissolution of seafloor carbonate.  New estimates on the rate and magnitude of the CIE and extent 
of carbonate dissolution (Zachos et al., 2005) have proved critical for quantifying several features of the event including 
the magnitude of ocean pH change and hence the mass of carbon released during the PETM. Simulations using box and 
earth system models suggest that the total mass of carbon released was between 4500 to 6000 PgC (Panchuk et al., 2008; 
Zeebe et al., 2009).  Although this is similar to the projected anthropogenic mass (~4500 PgC), the f lux was spread over 5 
to 10 ky, a period significantly longer than the turnover time of the ocean, thus enabling some degree of buffering by 
mixing with the deep sea and dissolution of carbonate sediment.  As a consequence, the magnitude of peak warming, and 
impacts on surface ocean saturation state were nominal.  The changes in deep-sea carbonate chemistry, however, were 
clearly severe and long lasting (>100 ky). 

Given the faster rate of release (a few 102 vs. 103y), most impacts of the current and projected anthropogenic carbon emis-
sions should be more severe than observed for the PETM, particularly the magnitude of global warming and surface ocean 
acidification.  However, other impacts and responses will be similar, for example the undersaturation of the deep sea, as 
well as the long time scale for C sequestration and climatic recovery (>100 k.y.). Finally, the large mass of carbon released 
during the PETM is difficult to reconcile with just a single source.  Aside from possible volcanic driven emissions (e.g., 
Svensen et al., 2004) which would have been rate limited, the largest potential sources with sufficient capacity are the two 
large reservoirs of reduced carbon, soil peat and marine hydrates (CH4), raising the specter of a predominantly feedback 
driven carbon release.

REFERENCES
Friedlingstein, P., Cox, P., Betts, R., Bopp, L., et al., 2006: Climate-carbon cycle feedback analysis: Results from the 

(CMIP)-M-4 model intercomparison. Journal of Climate, 19, 3337-3353.
Le Quere, C., Raupach, M.R., Canadell, J.G., Marland, et al., 2009: Trends in the sources and sinks of carbon dioxide. 

Nature Geoscience, 2, 831-836.
Panchuk, K., Ridgwell, A., and Kump, L.R., 2008: Sedimentary response to Paleocene-Eocene Thermal Maximum carbon 

release: A model-data comparison. Geology, 36, 315-318.
Svensen, H., Planke, S., Malthe-Sorenssen, A., Jamtveit, B., Myklebust, R., Eidem, T.R., and Rey, S.S., 2004: Release of 

methane from a volcanic basin as a mechanism for initial Eocene global warming. Nature, 429, 524-527.
Zachos, J.C., Rohl, U., Schellenberg, S.A., Sluijs, A., Hodell, D.A., Kelly, D.C., Thomas, E., Nicolo, M., Raffi, I., Lourens, L.J., 

McCarren, H., and Kroon, D., 2005: Rapid acidification of the ocean during the Paleocene-Eocene thermal maximum. 
Science, 308, 1611-1615.

Zeebe, R.E., Zachos, J.C., and Dickens, G.R., 2009: Carbon dioxide forcing alone insufficient to explain Palaeocene-Eocene 
Thermal Maximum warming. Nature Geoscience, 2, 576-580.
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Climate studies on ice cores – tepid, warm and piping hot

Hubertus Fischer

Climate and Environmental Physics, Physics Institute, & Oeschger Centre for Climate Change Research, University of Bern
(hubertus.fischer@climate.unibe.ch)

In view of the recent ongoing human induced climate change the natural ariability in climate (temperature, precipitation) 
and greenhouse gas concentrations becomes of major concern. Direct atmospheric observations of these parameters, how-
ever, are restricted to a few centuries when it comes to temperature and only a few decades when it comes to greenhouse
gases. Accordingly, reliable records from natural climate archives are the only way to extend such observations back in 
time.

Ice cores from both polar regions represent one of the most important of such climate archives, providing quantitative 
climate data over up to 800,000 years back in time in very (in many cases seasonal) resolution. Moreover, bubble enclosu-
res in ice core represent the only archive of the air composition in the past. Here the latest highlights of climate and
greenhouse gas reconstructions using ice cores from both polar ice sheets will be presented, and put into relation to the 
current climate.

4

Assessing and managing glacial hazards in a changing climate

Prof. John M. Reynolds

Reynolds International Ltd, Unit 17, Mold Business Park, Wrexham Road, Mold, Flintshire, CH7 1XP, UK
(jmr@reynolds-international.co.uk)

Glaciers around the world are undergoing considerable retreat and downwasting with a few exceptions.  As a result, the 
number of glacial lake systems is increasing as is the volume of water stored behind moraine dams; so the hazard is gro-
wing.  At the same time, communities and infrastructure are being developed in remote mountain environments, espe-
cially associated with hydropower schemes and mining, thereby increasing local vulnerability. Taken together, the overall 
risks in mountain environments are also rising.  This has been apparent in the Swiss Alps, for example, for many years 
and is attracting growing publicity.

The scientific community has a responsibility to develop robust techniques by which mountain hazards, and in the 
present case, glacial hazards, can be assessed objectively.  This is important so as to be able to advise responsible agencies 
as to the relative priority of hazardous lakes. Appropriate vulnerability assessments can then be made with a view to ma-
naging the overall and consequent risks.

It is important that the underlying physical processes at work and affected by changing climate are understood so that 
the methods of hazard assessment reflect our best knowledge of those environments.  Key processes, such as the destabi-
lisation of high mountain walls by thawing permafrost coupled with changing thermal regimes of steep glaciers, need to 
be much better understood, as they are likely to trigger more rock/ice avalanches into the future.  The impact of these into 
glacial lakes can be potentially devastating.  Avalanche push waves in excess of 100 m high can be formed that repeatedly 
overtop unstable moraines and can lead to pulsed f lood events downstream.

In this presentation, examples of glacial hazard assessment will be provided from the Himalayas, and from the Peruvian 
Andes.  Case histories of successful mitigation will also be presented including details of a major rock/ice avalanche that 
occurred in April 2010 in the Cordillera Blanca, Peru, which demonstrated the effectiveness of earlier mitigation works 
that saved many lives earlier this year. Reference will also be made to other examples of glacial hazards projects in Chile, 
Kyrgyzstan and Pakistan.


