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Since we fi rst walked upright 
and contemplated our destiny, 
humankind has recognised its 
struggle with Nature. Humans 
were fragile, at the mercy of wind, 
sun, water, hunger and disease. 
Our ancestors soon began to 
engineer their world, to build, 
to cut forests and plough, to 
rearrange water and rock, and 
to make ever more dramatic 
changes to the face of the Earth. 

Civilisation developed, but people were still at 
the mercy of the elements. Even as late as the 
mid-eighteenth century, when Rousseau, Voltaire 
and other philosophers were debating Man and 
Nature, human existence was fragile. Now, our 
engineering has improved the quality of life, but 
has also triggered unexpected consequences that 
put humankind and the biosphere at risk. Nature 
has become fragile. 

We learned to make fi re and our thirst for energy 
began, but it was only when fossil fuels came into 
widespread use that the carbon cycle 
became unbalanced. Extra CO2 in the 
Earth’s atmosphere holds in heat, 
thus warming permafrost, promoting 
the release of more carbon dioxide 
and methane, increasing the heat-
holding capacity of our global 
green house. Global warming and 
climate change are one risk. In the 
air and in the sea, CO2 reacts with 
water, forming carbonic acid, H2CO3, 
driving pH down. More acidic sea-
water is a second risk. 

Concern about the effects of increased CO2 is not 
a sudden development. I remember people talking 
about “heat pollution” more than 30 years ago. I 
remember my children having less snow to roll 
in than I had as a child. Many of us remember 
Bob and Betty Berner’s book on the carbon cycle. 
Scientists have been publishing clear results for 
years, but society, government and industry did 
not hear the message. In the 1990s, models devel-
oped by John Edmonds and many others were 
predicting serious consequences if CO2 emissions 
were not cut. I heard a talk by Fred Mackenzie at 
a conference in Granada in December, 2000, when 
he presented modelling results that showed that 
even if we stopped burning fossil fuel that day, 
global temperature increase would not be stemmed 
for many years. The message was clear that it was 
already too late to prevent global warming, but 
it took several more years before the message 
began to be heard. This is not a question of belief. 
One cannot ask if one “believes” in global warming 
the way one might ask another if he believes in 
Santa. Now, abundant evidence leaves little room 
for doubt that climate is changing. Eleven of the 
last twelve winters have been the warmest since 
record taking began. Ice over the Arctic Ocean 
and Antarctica is thinning. Continued warming 
will have dramatic and devastating consequences 
for populations living near sea level – for humans 
as well as biota. 

One wonders what made society begin to hear 
the wake-up call. Was it more frequent and more 
violent storms and droughts than we remember? 
A documentary by a prominent American politi-
cian? The alarming number of threatened spe-
cies? Polar bears drowning from exhaustion? It 
has become an emotional and controversial topic. 
In society, in the press and at scientifi c meetings, 
new ideas are being discussed, new technologies 
developed. Now, in some countries, there is a 
strong desire in industry and government to respond. 
There is talk of stronger global agreements. But 
there is also complacency – or worse, an attitude 
that it is “too expensive” to change our energy-
greedy lifestyle. We are beginning to hear about 
models that promote a business-as-usual scenario, 
that optimise on the best adaptation strategies. 
People are adaptable – at least those who have 
resources. For those who do not, drought, fl ooding 
and changes in disease patterns will bring suffering. 

In August, at a conference in London, I heard 
Fred Mackenzie speak again, this time on changes 
in seawater acidity. The pH of the world’s oceans 

has already dropped by 0.1 pH unit 
as a direct result of CO2 uptake. 
Corals are already threatened, and 
other calcium carbonate–producing 
organisms will soon follow because 
CaCO3 stability depends on pH. Fred 
talked about a “tipping point”, when 
the buffer capacity of seawater is 
exhausted. The resulting pH drop 
would have dramatic consequences 
for marine organisms. An example 
is Emiliania huxleyi, a species of algae 
that blooms during the North Atlantic 
summer. It is characterised by elab-

orate, microscopic coccolithospheres of calcite. 
The algae produce oxygen and fi x carbon dioxide 
in mineral form. Species death caused by ocean 
water pH below that of calcite stability could alter 
global O2 and CO2 balances and remove a link in 
the food chain. There are many other examples. 
Ocean acidifi cation puts biodiversity at risk.

The geological record might offer some comfort. 
It tells us that conditions on the Earth have never 
been constant. Climate has changed and species 
have evolved in response. Slow change has pro-
moted diversity. However, the rock history book 
also warns us that catastrophic changes in condi-
tions are accompanied by mass extinctions. The 
concern about warmer climate and more acidic 
oceans is that change is occurring very fast – too 
fast for species to adapt.

Of course we must stop burning fossil fuels and 
develop sustainable alternatives, such as wind, 
solar, wave and geothermal power. We should not 
be burning hydrocarbons; they are too valuable a 
resource for petrochemical production. But even 
if we stop burning oil, gas and coal tomorrow, it 
would take years for CO2 concentration to return 
to early-twentieth-century levels. And we cannot 
stop using fossil fuels tomorrow. In this issue of 

Susan L. S. Stipp

THE CO2 CHALLENGE – A CALL TO ACTION

Humankind 
has engineered 

its way out of its 
vulnerability in the 
hands of Nature. 
Now, we stand 

with fragile Nature 
under our feet.

Cont’d on page 292
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THIS ISSUE 
This issue presents the current state of sci-
ence on the topic of CO2 sequestration. Five 
thematic articles discuss the technical aspects 
and the logistical pros and cons of the various 
CO2-storage options now being evaluated. This 
issue required extraordinary care and atten-
tion to detail because of its relevance to the 
ongoing debate about climate change, and 
Principal Editor Susan Stipp worked very hard 
with the guest editors and authors to ensure a 
timely and balanced coverage. We thank them 
all for their commitment and patience.

In this issue, our thematic coverage is pre-
ceded by three short pieces providing perspec-
tives from industry, science, and the political 
domain. They set the stage for the articles that 
follow. We plan to use this format from time 
to time, when the subject matter would benefi t 
from such a presentation.

ELEMENTS’ 2007 IMPACT 
FACTOR AT 2.23
Since its fi rst issue was published, in 2005, 
Elements has seen its impact factor climb 
from 0 to 2.23 in 2007. Considering the rate 
of increase, it is likely to continue its upward 
trend. Here is a list of the 10 most cited articles 
as of mid-September, 2008: 

Charlet L, Polya DA (2006) Arsenic  
in shallow, reducing groundwaters in 
southern Asia: An environmental health 
disaster. Elements 2: 91-96 (16 citations)

Self S, Thordarson T, Widdowson M  
(2005) Gas fl uxes from fl ood basalt erup-
tions. Elements 1: 283-287 (14)

Harley SL, Kelly NM, Moller A (2007)  
Zircon behaviour and the thermal his-
tories of mountain chains. Elements 3: 
25-30 (13)

Ohtani E (2005)  Water in the mantle. 
Elements 1: 25-30 (13)

Vaughan DJ (2006) Arsenic. Elements 2:  
71-75 (12)

Ferris JP (2005)  Mineral catalysis and 
prebiotic synthesis: Montmorillonite-
catalyzed formation of RNA. Elements 1: 
145-149 (11)

Morin G, Calas G  (2006) Arsenic in soils,  
mine tailings, and former industrial sites. 
Elements 2: 97-101 (10)

Campbell IH (2005)  Large igneous prov-
inces and the mantle plume hypothesis. 
Elements 1: 265-269 (10)

Wignall P (2005) The  link between large 
igneous province eruptions and mass 
extinctions. Elements 1: 293-297 (10)

SOCIETY NEWS HIGHLIGHTS
As managing editor, I get to read the society 
news pages several times, and I always fi nd 
lots of interesting items. Here are some I 
found particularly interesting in this issue. 
The International Association of Geoanalysts 
reports that a new osmium isotope refer-
ence material is now available for distribu-
tion (page 346). The Mineralogical Society 
of Great Britain and Ireland announces that 
it will cease publication of MinAbs Online at 
the end of 2008. On page 343 you can read 
a succinct history of Mineralogical Abstracts, 
which has been published since 1920. The 

Mineralogical Society of America reports on 
its plan for moving American Mineralogist to a 
paperless world (page 340). As most of the soci-
eties publishing a journal will eventually have 
to face this situation, we can take inspiration 
from their conclusions. I was also interested 
to read in the SFMC news (page 344) about 
the virtual gallery of mineralogy launched by 
the Museum National d’Histoire Naturelle. 
Relive or get a taste of the 2008 Goldschmidt 
Conference by checking the two-page spread 
provided by the Geochemical Society and the 
European Association for Geochemistry on 
pages 352 and 353.

MULTI-SOCIETY CATALOGUE
Our 2009 multi-society mineralogy/geochem-
istry catalogue is being mailed with this issue 
of Elements. This is the fourth catalogue we 
have published, and it is a collaborative effort 
among the participating societies. Please keep 
it as a reference for the coming year or give it to 
a colleague or student as an encouragement to 
join one of the participating societies. If each 
of us did this, the mineralogy-geochemistry-
petrology community could double instantly. 
Imagine our impact! Membership in any of the 
participating societies includes a subscription 
to Elements. 

Pierrette Tremblay, Managing Editor  

We thank the Chemical Sciences, 
Geosciences and Biosciences 

Division, Offi ce of Basic Energy 
Sciences, Offi ce of Science, U.S. 
Department of Energy (DOE) for 

fi nancial support of this issue.

Elements, we present ways to remove CO2 from the atmosphere and 
sequester it in a way that minimises risk to life at the Earth’s surface. 
Also in this issue, we introduce a new feature called “Perspectives”. 
The short articles, written by well-respected leaders from industry, 
academia and government, are intended to provide a platform that 
will stimulate constructive and cooperative discussion and develop-
ment of solutions.

Humankind has engineered its way out of its vulnerability in the 
hands of Nature. Now, we stand with fragile Nature under our feet. 
Global warming is a serious concern. Increased acidity in the oceans 
is changing biological habitats. 

It will take a concerted effort, and there will be tough choices for 
society, science, government and industry, in both the developed and 
the developing worlds. We need to reduce personal consumption of 
goods and energy. Society needs to accept responsibility and bear 
the costs of a lower-CO2 world. We need serious commitment, now, 
from government and industry, at a global scale, but particularly 
from the developed countries. Hard decisions will require political 
and industrial leaders with courage, who are steadfast, especially in 
the shadow of a fi nancial crisis.

The best way to meet the CO2 challenge is through fundamental 
understanding of how our world works, in order to (1) provide the 
fastest and most direct way to develop sustainable energy-production 
methods and more effi cient manufacturing, heating/cooling and 
transport, and (2) capture CO2 from fi xed-source contributors such 
as power plants and industry and convert it back to rock form, stable 
for geological time. A key is basic understanding of how rocks weather 
in the biosphere and how new minerals are formed. Our scientifi c 
community is the only one with the necessary set of skills to tell 
the world how to transfer carbon from the atmosphere into a stable 
environment. This is THE geochemical/mineralogical/petrological 
theme of the decade! How can we focus more of our creativity, trai-
ning and academic positions on solving this problem? We have the 
opportunity – and a heavy responsibility – to pass to our children a 
world that they will be able to live in.

Western society has been dozing for 30 years, choosing to ignore the 
warnings, or believing they were wrong. They are not wrong. It’s time 
to wake up, get our heads out of the sand, and do something.

Susan L. S. Stipp
University of Copenhagen

stipp@nano.ku.dk
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THE CHALLENGE 
OF CO2 STABILIZATION1

Steven E. Koonin2, Chief Scientist, BP

Stabilizing atmospheric greenhouse gas concentrations 
by mid-century is one of the world’s great challenges; it 
will require a complex mix of technology, economics, and 

politics. In order to appreciate what might be done to move 
toward that goal, I review the energy landscape as important 
context to understanding the political and technical steps that 
might be taken.

THE GLOBAL ENERGY LANDSCAPE
The world’s demand for energy today is characterized 
by a large, slowly growing per capita consumption 
among the one-sixth of the global population that lives 
in the developed world and by a small, rapidly growing 
per capita consumption in the developing world. 

Plausible projections to mid-century (FIG. 1) show 
growth of future demand driven both by the eco-
nomic improvement of one-third of humanity and by 
population growth, from the present 7 billion to an 

approximate maximum of about 9 billion. Energy demand is expected 
to increase by some 40% by 2030 and almost double by mid-century, 
with 75% of this increase coming from the developing world. 

Now, and in a future projected from historical trends, the great majority 
of the world’s primary energy comes from fossil fuels. Coal, oil, and 
gas provide almost 80% of today’s primary energy. Even though the 
use of renewable energy sources is expected to grow strongly, by 2030 
it will still account for only a very small fraction of the world’s energy 

production. Projections show that for the next many decades, most of 
our energy will still come from fossil fuels, because of their availability, 
low cost, and ease of use. 

At current consumption rates, 40 years of conventional oil and 60 years 
of gas are known to be economically recoverable, with further, equal 
amounts of each that will likely be identifi ed. And there is at least 
150-years worth of coal, conceivably much more. Among these various 
fossil fuels, oil is particularly important for transport because of its high 
energy density; on the other hand, coal is used almost exclusively for 
electric power generation, and gas consumption is split among power 
production, industrial processes, and building-heat applications. 

The much-discussed “peaking” of oil refers to reaching a maximum in 
the production of conventional crude. Whether or not that occurs in 
the next several decades, there is a variety of sources from which other 
liquid hydrocarbons can be produced; these range from tar sand oil and 
shale oil to coal-derived liquids and biofuels, which can signifi cantly 
supplement conventional crude production. The extent to which these 
alternatives will be deployed will depend upon economics, technology, 
and security of supply.

The conventional use of fossil fuels adds greenhouse gases (GHGs), pre-
dominantly CO2, to the atmosphere, as shown in FIGURE 2. Indeed, 60% 
of anthropogenic emissions arise from energy production, of which 
roughly 40% each come from power and heat and 20% from transport. 
Agriculture and deforestation make substantial non-energy contribu-
tions to the balance. The various GHGs have a range of atmospheric 
lifetimes; CO2 has the longest, on the order of a thousand years.

Greenhouse gases have accumulated in the atmosphere to the point 
where they are very likely contributing to the climate change we are 
observing, and they will likely infl uence the climate even more strongly 
as they accumulate further in the coming decades. While the detailed 
impacts of future anthropogenic climate change are not known, we 
do know broadly that they will cause disruptions and entail costs that 
could range from merely inconvenient to catastrophic. The much-dis-
cussed increase in global temperature, whatever it turns out to be, is 
not particularly refl ective of the possible consequences. These include 
increased desertifi cation and precipitation, shifts in vegetation and 
fauna, sea level rise, severe storms, and so on. These are not things 
we’d want to happen.

FIGURE 1 Global energy demand and supply through 2030. Mtoe = million tons 
of oil equivalent. SOURCE: IEA WORLD ENERGY OUTLOOK 2007 (REFERENCE CASE)

FIGURE 2 GHG emissions by source in 2000 

Cont’d on page 294

1 This paper contains material adapted from a Drell Lecture at Stanford University in 
January, 2008, and an Edison Lecture at the University of California at San Diego in 
July, 2008. A more complete presentation of some of the material can be found at 
http://clients.mediaondemand.net/BP/.

2 Steven E. Koonin has served as chief scientist of BP, the world’s second-largest 
independent oil company, since 2004. As chief scientist, Koonin is responsible 
for BP’s long-range technology plans and activities, particularly those “beyond 
petroleum.” Koonin received his BS in physics at Caltech and his PhD in theoretical 
physics from MIT. In 1975, he joined the faculty of Caltech, became a full professor 
in 1981, and served as provost from 1995 to 2004. Koonin is a fellow of the 
American Physical Society, the American Association for the Advancement of 
Science, and the American Academy of Arts and Sciences, as well as a member of 
the Council on Foreign Relations and the Trilateral Commission.
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The cumulative nature of the GHG problem implies that drastic reduc-
tions in emissions are essential if we are to make a meaningful impact 
on concentrations. The usual societal response of dealing incompletely 
with a problem will only delay—not prevent—dangerous conditions. 
Emissions by the end of this century must be reduced by about a factor 
of two from their current value if we are to have any hope of stabiliza-
tion. This requirement fl ies in the face of an anticipated doubling of 
energy demand by the middle of the century. So we must cut the carbon 
intensity of our energy system by a factor of four or so. 

Complicating the situation is the heterogeneity of the emissions rates 
across the globe. As is the case for energy, per capita GHG emissions in 
the developed world (OECD nations) are large but growing relatively 
slowly, while those in the developing world were, until recently, much 
smaller, but are rising rapidly, as shown in FIGURE 3.

From this fi gure and related data, it is easy to see that: (1) emissions 
from the developing world now exceed those from the developed world; 
(2) with current trends, every 10% reduction that the developed world 
makes in its emissions (something it has not yet managed to do) is 
offset by less than four years of growth in the developing world; and 
(3) if the per capita emissions of either China or India were to grow to 
be equal to those of Japan (one of the least emitting of the developed 
countries), global emissions would increase by 40%. This contrasts 
sharply with the 50% decrease required by the end of this century for 
GHG stabilization.

MEASURES TO STABILIZE 
GHG CONCENTRATIONS
The picture painted by the factual discussion above suggests that it 
will not be a simple matter to stabilize atmospheric GHG concentrations. 
Three categories of measures could or should be taken to move toward 
that goal.

Promote Conservation
The most straightforward and cost-effective measure to reduce GHG 
emissions is conservation: the use of less energy. For example, about 
half of the world’s energy is consumed in buildings for heat, light, and 
ventilation, and there are already many technologies that would enable 
this energy to be used more effi ciently. Yet these technologies are not 
aggressively deployed, because of economic and social barriers. 

Urban energy systems are another potential big win. Today, half of 
the world’s people lives in big cities; by 2030, it will be 70%. Urban 
development with careful attention to building design, the integration 
of residential, commercial, and industrial spaces, and effi cient transport 
systems for people, goods, and information could signifi cantly reduce 

energy use. However, greater effi ciency does not guarantee conserva-
tion (for example, air conditioners that run with less energy would 
cost less to operate and thus lead to wider use). Higher prices and/or 
policies are needed to guarantee conservation, but these are politically 
diffi cult steps. 

Decarbonize the Energy Supply
Assigning a serious cost to GHG emissions is an almost-essential policy 
measure, and this is now being implemented in some places around 
the world. Simple considerations show that in the developed world, 
a price of about $50/t CO2 would induce signifi cant decarbonization 
(emissions reduction) of the energy supply, principally in power gen-
eration and heat. In transportation, reducing carbon emissions from 
mobile sources would require prices four to fi ve times higher. This 
asymmetry is fortunate; stationary sources are responsible for 80% of 
energy-related emissions.

At a meaningful carbon price, the supply side of the heat and power 
sector would respond by increasing the proportions of gas power, 
onshore wind power, and nuclear power. Carbon capture and storage 
(CCS) will become increasingly attractive as a technology that can scale 
to a meaningful amount at reasonable cost. All of the above-ground 
elements of CCS have been demonstrated, but they have not yet been 
implemented on a commercial scale. The long-term integrity of below-
ground containment is plausible, but also remains to be demonstrated. 
Monitoring criteria, liability, and public acceptance are all crucial issues 
to be worked on. The fully mature technology is expected to have costs 
comparable to those of nuclear power. 

Several nations in the developed world are moving at various speeds 
toward pricing carbon, although it remains to be seen whether the 
price can be maintained at a high-enough level for a long-enough time 
to induce change. It is more diffi cult to imagine a meaningful price 
coming into effect in the developing world for many decades. Differing 
carbon prices around the world would surely impact trade patterns, 
industrialization, and outsourcing. 

Adaptation and Geoengineering 
Given the current energy landscape and its likely evolution, there is the 
possibility, if not the probability, that the world’s best conservation and 
decarbonization efforts will not reduce emissions enough, and rapidly 
enough, to prevent concentrations rising above perceived dangerous 
thresholds. The obvious question “What then?” has seen little public 
discussion, perhaps for fear of distracting from the goal of mitigating 
emissions. Yet, given the realities, I believe it is irresponsible not to be 
considering this matter seriously. 

Adaptation is already going on in parallel with mitigation efforts. 
Changes in infrastructure, agriculture, and behavior must be a major 
response to cope with a changing climate. Since adaptation can occur 
proportionally to the degree of climate change and since it is immediate 
in space and time, adaptation is likely to be the dominant response from 
society. There are reasons to believe that adaptation will be effective, 
given the extreme range of environments that humans already inhabit. 
However, it will be more diffi cult in the developing world, particularly 
in regions whose population lives at close to subsistence level (to say 
nothing about the risks to the biosphere).

And should the worst of the possible climate changes come to pass, 
geoengineering could emerge as the least bad of several bad choices. 
We are already intervening inadvertently in the climate system through 
GHG emissions. Other, more intentional, actions that one can imagine, 
such as removing GHG from the atmosphere through large-scale bio-
sphere or thermochemical interventions or decreasing by a small amount 
the sunlight absorbed by the Earth, may offer a temporary, palliative 
response to a climate system gone awry. Apart from technical chal-
lenges, geoengineering presents diffi cult social issues, including ques-
tions such as “Who gets to decide?” or “What are the trigger points 
for intervention?” or “Who bears the liability for unintended conse-
quences?” It is a route that future generations might very reluctantly 
consider as a last-ditch response to catastrophic climate change. 

FIGURE 3 Annual CO2 emissions from fossil fuels for OECD and non-OECD nations, 
1865–2005. Source: Adrian Ross, October 6, 2008
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CO2 CAPTURE AND 
STORAGE: POSSIBILITIES 
AND PERSPECTIVES
Wallace S. Broecker*, Professor, Columbia University

Few concerned with the need to stem the ongoing buildup of 
CO2 in our atmosphere believe that this can be accomplished 
solely by some combination of conservation and non–fossil 

fuel energy sources. While both of these components are 
absolutely essential to any solution, even according to the most 
optimistic projections, they will fall short of the requirement to 
halt the CO2 rise. Here, I present an objective description of 
solutions that have been proposed and end with my opinions, 
based on a long career of studying global chemical cycles.

The CO2 rise must be halted, but the 
methods to accomplish this are still 
under debate. The facts are as follows. 
The growing demand for energy in devel-
oping countries certainly will far out-
strip attempts at energy savings by the 
leading world powers. Coal will remain 
the cheapest source of energy for a very 
long time, and enough exists to fuel the 
planet for at least 150 years. The tech-
nology already exists to convert coal to 
gasoline at a cost less than what we now 
pay for petroleum. Thus, in the absence 
of some miracle that reduces the price of 
solar electricity or other renewable energy 
forms, additional options for halting the 

CO2 rise will be required. These options fi t into a single category: CO2 
capture and storage (IPCC 2005). If we are to halt the rise in CO2, 
we will have to implement technologies to capture it at its source in 
electrical power plants, and also to pull it back out of the atmosphere. 
And, of course, means for storing or disposing of this CO2 will also 
have to be developed.  

Evidence from studies of ice core and sediments demonstrates that since 
agriculture began ~8000 years ago, the climate has remained remark-
ably stable (Broecker 1997). This is in stark contrast to the preceding 
~100,000 years, when there were very signifi cant temperature fl uctua-
tions, from warm to glacial in just a few decades. Such rapid change 
suggests sensitivity to internal or external climate feedback. Also, the 
abrupt changes in paleotemperatures and atmospheric CO2 concentra-
tions (e.g. Petit et al. 1999) estimated from the ice and rock record may 
be telling us that the Earth’s climate system has several distinct modes 
of operation and that it can jump from one mode to another in a matter 
of a decade or so. The only element of our climate system that has 
multiple modes of operation is the ocean’s thermohaline circulation, 
which is sensitive to the fresh-water budget at high latitudes (Broecker 
1997). This raises the question of whether the mode shifts revealed in 
the climate record were initiated by the oceans, and if so, what infl u-
ence would there be from a rise in temperature driven by greenhouse 
gases (GHG). Increased polar ice melting from GHG-induced global 
warming could, in turn, infl uence thermohaline circulation. Rather 
than showing a linear evolution, the climate might follow a nonlinear 
path with sudden and dramatic surprises when GHG levels reach an 
as-yet-unknown trigger point.

OVERVIEW OF POSSIBILITIES

Capture of CO2 Emissions from Electrical Power Plants
Currently, roughly one-third of the CO2 produced from fossil fuel 
burning in the USA is emitted from electric power plants. Retrofi tting 
coal-fi red plants currently in use for CO2 capture is in many cases more 
expensive than replacing these plants with a new breed in which coal 
is treated with steam, thereby creating carbon monoxide and hydrogen 
(Rubin 2008 this issue). These gases would be oxidized in fuel cells, 
creating CO2 and H2O as end products. But this option currently does 
not cover the remaining two-thirds of American fossil fuel energy use. 
Hence, were there only the capture option, some means of extending 
its reach would have to be developed. For example, automobiles could 
be run on the hydrogen or the electricity generated by these plants, or 
gasoline and jet fuel could be manufactured by combining the hydrogen 
and carbon dioxide. 

Capture of CO2 Directly from the Atmosphere
Lackner et al. (1999) point out that despite the fact that air contains 
far less CO2 than the gas emitted from an electric power plant, the cost 
of capture is dominated by the portion that represents release of the 
CO2 from the capture medium. Thus, capture from air is as feasible as 
direct capture from a smoke stack. Lackner et al. (1999) also point out 
that a wind turbine moving at a reasonable wind velocity would only 
have to be two orders of magnitude larger than a collector that captures 
CO2 to compensate for the emissions from a diesel engine that gener-
ates the same amount of electricity. Hence, just as wind turbines are 
competitive, so also should be air capture. The problem is that no one 
has yet demonstrated that CO2 can be captured from air at an accept-
able energy cost. To my knowledge, only one serious effort is underway 
to develop such a system. GRT, a company in Tucson, Arizona, USA, 
has been working on this problem for almost fi ve years. They claim to 
have found the key and promise that by 2010 a commercial prototype 
will be available.

CO2 Burial in Spent Petroleum Reservoirs
At best, only about half of the petroleum contained in oil fi elds comes 
out easily. As this resource becomes ever more scarce, hence more 
expensive, it will become fi nancially favorable to implement what is 
known as improved (IOR), enhanced (EOR), or tertiary oil recovery 
(Lake 1989). In one method, CO2 is pumped into the reservoir, where it 
entrains part of the remaining petroleum, decreasing the oil’s viscosity. 
The CO2 is carried back to the surface and is then separated from the 
petroleum and reinjected. In itself, this is not a storage solution, but 
because large quantities of CO2 are needed and must be transported to 
the reservoir, future demand by oil companies could provide a jump-
start for the commercial implementation of CO2 capture and transport. 
Also, when the enhanced recovery process has run its course, the spent 
reservoir can become a CO2 storage depot. Oil-reservoir storage is dis-
cussed in detail by Benson and Cole (2008 this issue).

CO2 Burial in Saline Aquifers
Large regions of every continent are underlain by sedimentary rocks. 
Below a depth of a kilometer or so, the pores in sedimentary rocks are 
generally fi lled with hypersaline water, which is of no value for agricul-
ture. A strategy for CO2 disposal is to drill into these aquifers and pump 
in liquid CO2, displacing the resident water. The Norwegian company 
Statoil is already successfully disposing of CO2 separated from natural 
gas in such an aquifer beneath the North Sea (Torp and Gale 2004).

CO2 Disposal in the Deep Sea
The ultimate fate of the majority of fossil fuel CO2 is dissolution in sea 
water. There, it is neutralized to HCO3

- by reacting with carbonate and 
borate and with the CaCO3-rich sediment that covers much of the deep 
sea fl oor. However, the deep sea is ventilated on a time scale of many 
centuries, so little of the excess CO2 produced during this century 
would be neutralized in this way. However, an option to short-circuit 

* Wallace S. Broecker is the Newberry Professor at Lamont-Doherty Earth Observatory 
of Columbia University. He is internationally recognized for his research on climate 
change (Elements 3: 88 and page 300 this issue). He is a coauthor of Fixing Climate: 
What Past Climate Changes Reveal About the Current Threat – and How to Counter It, 
just published by Hill and Wang, New York. Cont’d on page 296
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the slow delivery pathways is to pump liquid CO2 down into the deep 
sea. CO2 delivered to depths exceeding 3.5 km is denser than seawater 
and would sink to even greater depths (IPCC 2005; Adams and Caldeira 
2008 this issue). Further, it rapidly reacts with seawater to form an even 
more dense clathrate slush, which would accumulate on the ocean fl oor 
and then gradually dissolve and disperse.

CO2 Disposal in Basalt
Layered basalt provinces, such as the Columbia River sequence in the 
USA, the Deccan Traps in India, the Siberian Basalts in Russia, and 
many more, offer not only storage depots for captured CO2 but, more 
importantly, a means of low-temperature mineralization. Water charged 
with abundant CO2 reacts with basalt, releasing Mg bound in pyroxene 
and olivine, which then combines with carbonate to form highly stable 
MgCO3 (magnesite). Water with lower quantities of CO2 reacts with 
plagioclase, releasing Ca which forms CaCO3 (calcite). While these reac-
tions have been carried out in the laboratory and are known to occur in 
nature, many questions still exist about their kinetics and by-products 
(McGrail et al. 2006; Matter et al. 2007; Oelkers et al. 2008 this issue). 
What fraction of the CO2 injected into basalts can react before it fi nds 
its way back to the surface? Do the carbonate minerals so formed clog 
the plumbing? Will alteration by-products (silica, clay minerals, zeolite, 
etc.) coat the surfaces, slowing the reaction between the CO2-charged 
water and the rock? Clearly, experiments must be conducted to answer 
these and other questions.

Disposal in Lakes Beneath Ice Caps
Although very likely unacceptable from an environmental perspective, 
disposal of CO2 in lakes beneath the Antarctic ice cap is certainly a 
geochemically sound storage option. At the temperatures and pressures 
prevailing in that environment, CO2 would form a clathrate that would 
settle to the rock fl oor beneath the lake. Unlike disposal in the deep sea, 
the clathrates would not dissolve because, in the closed system of the 
lake, the overlying water would quickly become saturated in CO2 gas. 
Although the formation of clathrates (6H2O-1CO2) would remove CO2 

from the lake’s water, the heat released during their formation would 
melt a nearly equivalent amount of ice from the lake’s roof. 

Mineralization of Magnesium-rich Rocks
In the long term, it might turn out that the best option is to mine 
ultramafi c rock (i.e. rock made almost entirely of magnesium and silicon 
oxides), grind it in a processing plant, and react it with captured CO2 
to form MgCO3 (magnesite) (Seifritz 1990; Lackner et al. 1995). The 
products would be stored in the pits created by the mining. The main 
obstacle is to fi nd a means to do it economically in terms of both money 
and energy costs (IPCC 2005). 

Seafl oor Disposal
Going a step beyond storage in the deep sea, it has been proposed that 
CO2 be injected into the basalts that line the mid-ocean ridge crest 
or in CaCO3-rich sedimentary sequences (House et al. 2006; Levine 
et al. 2007). 

A FEW WORDS IN PERSPECTIVE
After this brief, objective summary of capture and storage options, I 
now add my own opinions. These are based on a long career, much of 
it spent studying global geochemical cycles.

With regard to capture, I strongly favor direct capture from the atmo-
sphere. For a number of reasons, I consider it an absolutely essential 
component of any strategy designed to stem the buildup of CO2:

1. Because facilities for such capture are not linked to the energy grid, 
they can be located anywhere on the planet.

2. As envisioned by Global Research Technologies, GRT, the company 
in Texas developing this technology, the individual units will be 
“Toyota”-sized (each capable of capturing one ton of CO2 per day), as 
opposed to “battleship”-sized coal-gasifi cation facilities. As a result, 
they could be mass produced and more easily distributed. As is 
the case of automobiles, the design could be continually upgraded, 
making them ever more durable, effi cient, and economical.

3. Once the rise in CO2 has been stemmed, air capture can be used 
to bring the CO2 content of the atmosphere back to an acceptable 
level.

4. Because some sort of international agreement regarding the distribu-
tion of future CO2 emission rights will eventually have to be negoti-
ated, as a bargaining chip, the rich nations could offer to remove a 
portion of the CO2 released during the preceding decades. In this 
way the playing fi eld can be leveled. 

With regard to disposal, I lean toward the deep ocean as the most favor-
able early-stage option. However, in response to the strong Greenpeace 
stand against what they refer to as ocean “point pollution,” little is being 
done to explore either the costs or the environmental consequences 
of this option. Their stand includes a threat to disrupt any attempt 
to conduct pilot experiments, so in a sense, they hold a pocket veto. 
I consider this to be an extremely unfortunate circumstance, and I 
have initiated a campaign aimed at convincing them to abandon such 
aggressive tactics.

I am also convinced that, in the long term, we must turn to solu-
tions that involve chemical neutralization (immobilization) of CO2, 
as opposed to simply storing it in gaseous form. Hence, I consider 
petroleum reservoirs and saline aquifers as interim storage solutions. 
Ultimately, we must learn to economically bind CO2 with the magne-
sium and calcium contained in silicate rocks, whether it be under in 
situ or ex situ conditions. As a participant in the basalt storage project 
currently underway in Iceland (Oelkers et al. 2008 this issue), I have 
become aware of the complexity of the required research.

Looming in the wings is yet another technological fi x designed to deal 
with the rise in greenhouse gases. It involves purposely altering our 
planet’s albedo by delivering large quantities of SO2 to the stratosphere 
(Wigley 2006). Once there, it would be oxidized to form H2SO4 aerosols. 
These aerosols would refl ect sunlight away, thereby countering green-
house warming. I do not consider this to be a solution, but rather an 
insurance policy against a bad CO2 trip. As we have assumed the role 
of planetary stewards, we must strive to clean up our waste products, 
rather than treat them with Band-Aids!
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SOLVING THE BIGGEST 
PROBLEM
Ólafur Ragnar Grímsson, President of Iceland 

Important decisions concerning the future direction of 
mankind must be based on the best available scientifi c 
knowledge. Real progress is achieved when we suceed in 

bringing together, for a common purpose, scientists and decision 
makers. In that spirit, I have supported cooperation between 
universities in Iceland, Europe and the United States aimed at 
sequestering carbon dioxide in basaltic rock, hoping that we can 
prove that it will stay there in solid form forever.

Over a decade ago, when I delivered as President 
my fi rst New Year’s Address to the people of 
Iceland, I emphasised the importance of dealing 
with the threat of climate change. I referred to 
the scientifi c work of Dr. Wallace C. Broecker, 
professor at Columbia University. At the time, I 
had never met him, but I was impressed by his 
research into the conveyor belt of the ocean cur-
rents and how it advanced our understanding 
of global climate. 

When Wally Broecker and I subsequently met 
at the Global Roundtable on Climate Change, 
convened in New York at Columbia University, 
I discovered his interest in Iceland, and thus I 
decided to encourage cooperation among Wally, 

his Columbia colleagues, Klaus Lackner and Juerg Matter, and out-
standing Icelandic scientists.

It was both a pleasure and an honour to be able to invite Wally Broecker 
to Iceland to deliver the fi rst Presidential Lecture, a new series which 
I initiated early in 2006. During his stay in Iceland, we decided to 
establish cooperation among the Icelandic scientifi c community, energy 
companies, environmental agencies and international experts to further 
Wally’s idea of setting up a scientifi c consortium in Iceland which would 
conduct a pilot project on binding carbon in Icelandic basaltic rocks. 

I believed that if we could succeed in getting such players interested in 
the project, it could lead to a major contribution from Iceland to the 
fi ght against climate change. 

The Icelandic people have for centuries been proud of Iceland Spar, the 
mineral that shines like silver; in our language it is called “silver-rock”. 
We know that it is formed through the interaction of carbon, oxygen 
and basalt. Thus it is exciting for us to fi nd out whether this compound 
can be created in a special way; whether carbon dioxide can be bound 
chemically into a solid form underneath the beautiful Icelandic land-
scape instead of being released into the atmosphere.

We succeeded in establishing a fully fl edged scientifi c project involving 
world-class scientists, professors, doctoral students and energy-company 
experts. They were all enthusiastic. It has been a great pleasure for 
me to work with Sigurður Reynir Gíslason and other professors at the 

University of Iceland, the experts at Reykjavík Energy and foreign sci-
entists, such as Eric Oelkers, who has been fi rmly behind the project 
from the very beginning.

It is still too early to predict a breakthrough from this intriguing project, 
but when international journalists or world leaders want to know more, 
my answer has always been: these outstanding scientists and experts 
would not be spending their valuable time on this effort if there was 
not at least a reasonable probability of success. When we know the 
results, and if they are positive, we will be able to engage in discussions 
with government leaders, scientifi c institutions, universities and other 
organisations in Russia, India, the United States and other countries 
where there are huge expanses of basaltic rock.

I welcome the opportunity to share these refl ections with your readers 
and thus encourage scientists to work hand in hand with policy-makers 
in order to solve the biggest problem facing mankind at the dawn of 
the 21st century. 
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The CarbFix CO2 injection site in southwest Iceland. The Hellisheidi power plant under 
construction is in the lower right, the moss-covered basaltic lava fl ow in the center of 
the fi gure, and the basaltic hyaloclastite (broken glass) mountains in the distance. The 
injection well is located in the lava fi elds in the upper left part of the photo. PHOTO: 
S. R. GÍSLASON

Ólafur Ragnar Grímsson, 
the President of Iceland 

Helgi Arnar Alfreðsson, one of several PhD students in the CarbFix project, sampling 
one of the monitoring wells at the Hellisheidi site. PHOTO: E. S. EIRKSDOTTIR

ELEMENTS OCTOBER 2008297

PERSPECTIVES



UNDERSTANDING THE TRIPLE POINT 
Timothy L. Killeen1 and Teofi lo (Jun) Abrajano2

A column called “Triple 
Point” is an apt venue 
for an essay on some 
of the biggest chal-
lenges in geosciences 
research today. The 
triple point of water is 
the intersection of the 
stability fi elds of vapor, 
solid, and liquid water, 
and understanding the 

processes governing the distribution, transport, and storage of water in 
all its forms is one of the most compelling research challenges facing 
our community. The extent to which the water cycle varies in space 
and time is inextricably linked to other parts of the climate system, as 
well as to land- and water-use decisions. Hence, the confl uence of three 
divariant fi elds at the triple point is a powerful reminder of the nexus 
of water-cycle research, climate-change prediction, and the healthful 
sustainability of the human environment. 

Consider, for a moment, the dilemmas of our genera-
tion: the world’s population has doubled to over 6.5 
billion in the last century; water use has accelerated 
about six fold over the same time frame; our climate 
is undoubtedly changing, although regional- and dec-
adal-scale changes remain uncertain; and—a sobering 
reality—human impact now rivals natural processes in 
affecting mass transfer at the Earth’s surface. The fl ip 
side of these changes is the increasing demand for more 
precise prediction of water sustainability, ecosystem 
and soil quality, and human hazards (e.g. fl oods) on a 
regional scale and at human time frames. Is our com-
munity poised to make precise predictions about the 
response of the water cycle to our changing environ-
ment? Are our predictions suffi ciently reliable to guide 
policies and plans for society? 

So, yes, there are reasons for concern and urgency. The great majority 
of today’s active geoscientists were trained to be specialists and reduc-
tionists. We break down complex systems into fundamental component 
parts and we understand them at that level, and then we understand the 
whole by probing the summative interactions of the component parts. 
Traditional disciplinary fi eld boundaries have developed in the science 
of the component parts. In the case of water, for example, meteorolo-
gists focus their attention on atmospheric phenomena affecting precipi-
tation; hydrologists study water sources and transport on and beneath 
the ground; soil scientists focus on the reaction of water with weathered 
rocks; biogeochemists and ecologists worry about the coupled cycles of 
water, organic components, and nutrients; sedimentologists track water 
transport and deposition of soil and sediment particles; and geomor-
phologists are primarily concerned with the sculpturing of landscapes 
by water. Programs at research institutions have generally mirrored 
this intellectual alignment, and funding agencies have provided sup-
port for understanding the core science. This approach has served us 
well in the past and will continue to be the foundation of important 

discoveries in the future. But large-scale issues need a sophisticated 
understanding of the non-linearly interacting parts. The diffi culty of 
upscaling behavior and properties known at smaller scales has chal-
lenged traditional reductionist approaches, and we are only beginning 
to recognize the full complexity and emergent properties of larger Earth 
systems (e.g. large watersheds, regional basins). 

The Earth’s surface is complex and dynamic, and a holistic under-
standing of its interacting parts is required if we are to make precise 
predictions of future water balance in any region of the world, under 
scenarios of changing climate and land use. This paradigm shift requires 
new tools and approaches, and regional-scale observatories and mod-
eling of the coupled climate–water cycle at a compatible scale are at 
the core of the needed approach. 

We must continue to make observations at many temporal and spatial 
scales to help drive our emerging theoretical understanding. Regional 
observatories focused on water balance and cycles are examples of an 
emerging large-scale observatory approach supported by the National 
Science Foundation of the U.S.A. For example, Earthscope is a down-
ward-looking observatory that assesses surface movement and stress 
release at the subcontinental scale. Both the Ocean Observatory Initiative 

(OOI) and the National Ecological Observatory Network 
(NEON) will likewise be deploying cyber-accessible, 
interactive, remote systems to observe interconnected 
processes in the Earth’s ocean and terrestrial ecosys-
tems, respectively. We use the word “telepresence” to 
indicate that such systems are here for all, and, in 
building these observing systems, we are accelerating 
our journey from sampling science to network science. 

Terrestrial observatories (e.g. NSF-funded critical zone 
observatories and WATERS test beds) are in their infancy, 
but they are critical testing grounds for the develop-
ment and deployment of new observational methods to 
predict coupled atmosphere–land processes and water 
balance in terrestrial environments at watershed-to-
regional scales. These observatories are platforms for 
studying the fundamental water and surface processes 
in real time (i.e. hours, seasons, years, decades), and 
they are designed to uncover both long-term trends 

and abrupt or extreme events. They will complement time-continuous 
remote observations that are already in place, as well as the observations 
of ecological processes that will be the focus of NEON. The deployment 
of such observation systems is also designed to study interconnected 
processes (atmosphere, hydrosphere, biosphere, pedosphere), and this 
will feed much-needed data to validate and constrain coupled, regional 
models of climate and the water cycle. Terrestrial observatories are 
purposely networked at the national scale in order to aid in under-
standing regional, continental, and global patterns. Hence, the key 
output of terrestrial observatories is a fundamental understanding of 
the interlinked parts: regional climate; spatial and temporal patterns of 
precipitation distribution; and the partitioning of precipitation among 
runoff, evapotranspiration, soil moisture, and groundwater recharge. 
This partitioning is specifi c to the regional landscape, ecology, soil 
lithology, development and land use, season, prior soil saturation, and 
the time–space heterogeneity of the precipitation events. This is impor-
tant, challenging science. 

Large-scale terrestrial observatories are unlikely to be a panacea for our 
current limitations in predicting the complex response of the water 
cycle to climate change and land- and water-use decisions. At the very 
least, however, they will be a major step towards understanding the 
improvements needed in our predictive capabilities and towards the 
development of strategies to reduce predictive-model uncertainties. 
Region-specifi c models and mechanistic generalizations derived from 
such models will be our main tools for predictions that need to be made 
at the scales required to inform policy and water-resource-management 
decisions. Ralph Waldo Emerson said: “Nothing great has ever been 
accomplished without enthusiasm.” We are going to need all our collective 
enthusiasm to succeed in solving these tough scientifi c challenges.

1 Timothy L. Killeen is the Assistant Director for Geosciences, National Science 
Foundation since July 2008. Prior to this appointment, Killeen was director of the 
National Center for Atmospheric Research (NCAR) for eight years. He came to 
NCAR from the University of Michigan where he was professor of atmospheric and 
space sciences. Killeen received a BSc in physics and a PhD in atomic and molecular 
physics from the University College, London. Killeen is past president of the 
American Geophysical Union (AGU).

2 Teofi lo (Jun) Abrajano is the head of the Surface Earth Processes Section (GEO 
Directorate) at the National Science Foundation and, concurrently, professor and 
director of Environmental Science at Rensselaer Polytechnic Institute, Troy, New 
York. His research focuses on contaminant fate and transport in aquatic systems, 
biogeochemistry of marine and terrestrial freshwater systems, and Holocene  
paleo-climate/environments. 

“The human right to 
water is indispensable 

for leading a life in 
human dignity. It is a 
prerequisite for the 
realization of other 

human rights.”

—U.N. Committee on 
Economic, Social and 

Cultural Rights

Timothy L. Killeen Teofilo Abrajano
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I read the “Triple Point” essay by Rodney Ewing, “Museums Are Not 
Attics” (Elements, August 2008), then thought about it for a while. 

Ewing only touched the tip of an iceberg. I am retired, but work part-
time for the geology department (a small department with 4–5 full-time 
staff) at California State University, Bakersfi eld. During one quarter, I 
taught the mineralogy and petrology classes and had my nose rubbed 
in the working collection of minerals and rocks. There I found nice 
quartz crystals (without a label) in a coffee can; fi ne samples of twinned 
epidote pushed to the far back of a cabinet; a great example of chevron 
folds used as a door stop; an excellent technical sample of analcime in 
a pasteboard box tossed in with 40 miscellaneous, dirty rock samples; 
and hundreds of samples with no labels or documentation. I found 
these only because I was looking for example samples for my classes. I 
greatly doubt that such archival problems are unusual for small depart-
ments.

The geology department has one (shared) technician to care for the 
samples, as well as to provide equipment and support for all the labora-
tory classes. This explains the pasteboard boxes and coffee cans and the 
fact that one corner of a crowded supply room houses all the supplies 
and equipment for all the classes offered by the department. A year 
later, I proposed a solution:

  creation of a rock and mineral library (I used the term “library” 
instead of “collection” because the former more correctly indicates 
the function and purpose of the collection)

  donation of one half of my time (if I could have afforded it, I 
would have donated all of my time)

  development of a labeling system and a computer-generated docu-
mentation system that would be designed to facilitate addition of 
samples and system maintenance

  sorting and weeding out of the existing samples

  purchase of 50 lockable drawer cabinets that could be housed in 
a couple of rooms (this was the main cost)

  hiring of a student laboratory assistant for a year

I estimated the cost at about $90,000 for one year, with minor upkeep 
once the system was set up. The department staff thought it was a great 
idea. The Science Division and the university didn’t have the money 
and were not interested. I tried again two years later—same result. This 
was, of course, right when the university was developing a Division I 
athletic program (as opposed to a Division II program).

From the viewpoint of the rest of the university, what was the point? 
These were just rocks, and you can pick up rocks anyplace or buy 
them cheaply from any science supply house; nor would they disap-
pear like some endangered species. Most of the rest of academia (also, 
unfortunately, many of our colleagues) do not understand the utility 
of carefully labeled, described, and preserved samples; nor do they 
appreciate the beauty and rarity of a 1.5 cm long, twinned crystal of 
epidote. On the other hand, we mineralogists and petrologists have 
not done a very good job of explaining the utility of such a “library.” 

If you really want to feel upset, multiply this by several hundred small 
geology departments around the world with inadequate support and 
space. My personal collection (from over 40 years of geology work) of 
mineral and petrology samples is worth ~$5000 and is fully labeled 
and documented. There are a few very rare or world-class samples, 
but nothing a museum would want. I am 74 years old and not much 
longer for this world. Would I donate this collection to a small geology 
department? Knowing what I do, not very likely. Would I recommend 
that other people donate their samples to a small department? No. Do 
I cry? Yes, some. 

Dr. Wallace Kleck
Tehachapi, California

ABOUT MINERAL COLLECTIONS 
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BALZAN PRIZE FOR SCIENCE OF CLIMATE CHANGE 
TO WALLACE S. BROECKER

The International Balzan Foundation awarded 
one of its prestigious prizes to Wallace S. 
Broecker “for his extraordinary contribu-
tions to the understanding of climate change 
through his discoveries concerning the role 
of the oceans and their interactions with 
the atmosphere, as well as the role of glacial 
changes and the records contained in ice 
cores and ocean sediments. His contributions 
have been signifi cant in understanding both 
gradual and abrupt climate change.”

The goal of the International E. Balzan Prizes 
is to foster culture, the sciences and the most 
meritorious humanitarian initiatives of peace 
and brotherhood among peoples, regardless of 

nationality, race or creed. Each prize has a value of one million Swiss 
francs (about 650,000 euros); half of the prize must be designated by 
the prize-winner for research work, preferably involving young scholars. 
The International Balzan Foundation was established in 1956 by Angela 
Lina Balzan in memory of her father, Eugenio Balzan, who was co-
publisher for many years of the Corriere della Sera, an infl uential Italian 
newspaper. It awards four prizes every year in the fi elds of natural sci-
ences, humanities, social sciences, and art. 

A prolifi c researcher, teacher and author, Broecker has published more 
than 400 scientifi c articles and is the author or coauthor of several 
textbooks. He is the Newberry Professor of Earth and Environmental 
Sciences at Columbia University. Among his many awards and citations, 
Broecker was elected to the National Academy of Sciences in 1979. He 
is also a member of the American Academy of Arts and Sciences and 
a Fellow of both the American and European Geophysical Unions. In 
1996, he was presented with the National Medal of Science by President 
Bill Clinton and he was the recipient of the Blue Planet Prize. He was 
also awarded the 2006 Crafoord Prize in Geosciences.

INAUGURAL IMA MEDAL TO CHARLES T. PREWITT
The IMA is proud to announce that Professor 
Charles T. Prewitt of the Carnegie Insti-
tution has been designated as the first 
recipient of the IMA Medal for Excellence in 
Mineralogical Research. The IMA expressed 
admiration for his research eminence in 
developing a wide variety of new fi elds in 
crystal chemistry, materials science and min-
eral physics. 

In crystallography he was one of the pioneers 
in the use of the single-crystal diffractometer, 
creating computer programs to handle dif-
fraction data, and more recently in his use 

of synchrotron radiation for solving problems in mineral physics. In 
experimental techniques he was in the forefront of the development 
of new methods in high-temperature and high-pressure mineral syn-
thesis. Charles Prewitt has not only produced an enormous number of 
extraordinary publications, he is also responsible for directing much 
larger research projects on an international basis. He was director at 
the Geophysical Laboratory in 1986–1999. His research on silicates 
and oxide materials, specifi cally, his development of the principles 
of ionic radii in these materials, has been highly infl uential in the 
Earth and materials sciences over the past 40 years. Charles Prewitt will 
receive the award and also give a lecture during the 2009 Goldschmidt 
Conference in Davos. 

KILLAM PRIZE TO FRANK HAWTHORNE 
Frank C. Hawthorne, University of 
Manitoba, was awarded the Killam Prize 
in Natural Sciences for 2008 by the Killam 
Foundation of the Canada Council for the 
Arts. Isaac Walton Killam was one of the 
most successful Canadian business and 
fi nancial fi gures in the fi rst half of the 
20th century. His wife formed the Killam 
Foundation, which provides funds for 
the Canada Council for the Arts to award 
annual Killam Prizes in Natural Sciences, 
Health Sciences, Engineering, Social 
Sciences and Humanities. Worth $100,000 
each, they are among Canada’s most pres-
tigious awards. This is only the second 
time that the prize has been awarded to 
a geoscientist.

Frank Hawthorne’s work on quantitatively predicting mineral stability 
as a function of chemical bonding at the atomic level has advanced min-
eralogy beyond traditional descriptive methods. He combines chemical 
theory and mathematics with new and innovative ways of under-
standing minerals. He has done groundbreaking research on crystal 
structures and crystal chemistry of complex minerals and has contrib-
uted to advances in a number of topical areas, including environmental 
mineralogy (e.g. the disposal of high-level wastes). Dr. Hawthorne has 
received many awards, including the principal medals for research 
from the Royal Society of Canada, the Mineralogical Association of 
Canada, the Mineralogical Society of Great Britain and Ireland, and the 
Geological Association of Canada. He was awarded a Canada Research 
Chair in Crystallography and Mineralogy (2001). He is an Offi cer of 
the Order of Canada (2006), and a Foreign Member of the Russian 
Academy of Sciences (2006).

DONALD B. DINGWELL NOMINATED
TO ACADEMIA EUROPÆA

Donald B. Dingwell has been named 
Chair of the Earth and Cosmic Sciences 
section of the Academia Europaea, 
Europe’s Academy of Arts and Letters. The 
Academy is composed of 14 sections. Earth 
and Cosmic Sciences is one of the oldest, 
with over 300 members. The section chair 
represents the section in the Council of 
the Academy. 

Dingwell is Chair of Mineralogy and 
Petrology at the LMU University of Munich 
and currently serves as the Director of 
Earth and Environmental Sciences. In 
2007, he was awarded a research profes-
sorship via the Bundesexzellenzinitiativ. 
He has been a member of the Deutsche 

Mineralogische Gesellschaft for 20 years; he is also a member of the 
Mineralogical Society of America, the Mineralogical Association of 
Canada, and the Geochemical Society.

Wallace S. Broecker. PHOTO 
COPYRIGHT COLUMBIA UNIVERSITY

Charles T. Prewitt

Frank C. Hawthorne

Donald B. Dingwell
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KAREN L. VON DAMM 
(1955–2008)

Karen Von Damm, a full professor and 

world-renowned researcher in marine 

geochemistry at the University of New 

Hampshire, passed away at her home 

in Durham, New Hampshire, USA, on 

August 15, 2008, after being diagnosed 

with liver cancer in April, 2008. She was 

53 years old.

Professor Von Damm received her BS 
degree in geology and geophysics in 

1977 from Yale University, where she completed a senior thesis in 
geochemistry under the tutelage of Professor Karl Turekian. Karen’s 
graduate studies were in the Woods Hole Oceanographic Institution 
(WHOI) and Massachusetts Institute of Technology (MIT) Joint Program 
in Oceanography, under the supervision of the late Professor John 
Edmond. She received her PhD in oceanography from WHOI-MIT in 
1983. In her dissertation, she described the fl uid chemistry of the fi rst 
deep-sea high-temperature “black smoker” hydrothermal vents to be 
sampled on a mid-ocean ridge (on the East Pacifi c Rise at lat 21º N, and 
in Guaymas Basin, Gulf of California). 

She subsequently spent two years as a National Research Council post-
doctoral associate in the laboratory of Dr. James L. Bischoff at the U.S. 
Geological Survey in Menlo Park, where she conducted experiments to 
determine the solubility of quartz in seawater at elevated temperatures 
and pressures. Following this, Professor Von Damm spent four years as a 
staff geochemist and environmental scientist at the Oak Ridge National 
Laboratory in Knoxville, Tennessee. She concurrently was a research 
associate professor at the University of Tennessee in Knoxville, where 
she continued her research on mid-ocean-ridge hydrothermal systems. 
Since 1992, Professor Von Damm was on the faculty at the University of 
New Hampshire (UNH) in Durham, New Hampshire, as a professor of 
geochemistry in the Department of Earth Sciences and as a researcher 
at the Institute for the Study of Earth, Oceans, and Space. She also 
served briefl y as an assistant director of the Complex Systems Research 
Center at UNH. Karen was highly committed to teaching thousands 
of UNH undergraduate students in oceanography and geochemistry 
courses, and to careful training of her graduate students and postdoc-
toral associates. In these capacities, she was a powerful role model for 
young female scientists. At the national level, she served as chair of 
the RIDGE Steering Committee from 1995 to 1998, and more recently 

as chair of a committee to design a 21st-century research submersible 
for the U.S. science community. She was held in highest esteem by her 
students and by her colleagues at UNH and around the world.

Professor Von Damm’s seagoing and laboratory research forms the cor-
nerstone to our understanding of seafl oor hydrothermal systems and 
was crucial to the spectacular advances made in this fi eld since the 
discovery of scalding “black smoker” hot springs on the mid-ocean ridge 
in 1979. Exploration of hydrothermal vents along the mid-ocean ridge 
was one of the most important developments in marine science during 
the last quarter of the 20th century, because this research changed 
preexisting paradigms for the chemical budget of the oceans, accre-
tion of oceanic crust along the mid-ocean ridge, biology of the deep 
sea, and origin of life on Earth. Much of what was learned depended 
directly or indirectly on accurate measurements of the temperatures and 
compositions of vent fl uids, which were made by Professor Von Damm 
and her students and coworkers on samples collected in three oceans 
(Pacifi c, Atlantic, Indian) during hundreds of submersible dives to the 
deep ocean fl oor. Karen’s careful analyses and innovative data inter-
pretation were groundbreaking, and they illuminated linkages between 
the chemical, physical, and biological processes controlling marine 
hydrothermal-fl uid properties and chemical fl uxes. In 2002, Professor 
Von Damm was elected as a Fellow of the American Geophysical Union 
(AGU) for her “unparalleled contributions to exploring and under-
standing the chemistry of submarine hydrothermal systems, and for her 
leadership and service to the mid-ocean-ridge scientifi c community.” 
This is a signifi cant honor, since only 0.1% of the AGU membership 
(totaling 48,000 scientists in 2008) can be elected an AGU Fellow. In 
2008 Professor Von Damm also was elected Fellow of both the European 
Association for Geochemistry and the Geochemical Society. From 1991, 
Professor Von Damm was engaged in exciting studies of how the fl uid 
chemistry at hydrothermal vents changes with time, before, during, 
and after mid-ocean-ridge volcanic eruptions. She and her colleagues 
received grants from the National Science Foundation (NSF) to mon-
itor the East Pacifi c Rise at lat 9–10º N, which is the only location 
on the mid-ocean ridge where two successive volcanic eruptions have 
been observed (in 1991–1992 and 2005–2006) and is one of only four 
“Integrated Study Sites” being studied under the auspices of the NSF 
Ridge 2000 Program. In addition to the many research articles that 
Professor Von Damm published in scientifi c journals, expeditions in 
which she participated have been featured in venues for the general 
public, including educational broadcasts on public television, IMAX 
fi lms, Internet websites, and an ocean-science encyclopedia.

Professor Von Damm conducted her extensive teaching and research 
despite lifelong health problems. She was brilliant and dauntless, and 
had great intellectual and personal integrity. Karen will be missed 
immeasurably by the many people whose lives and work were infl u-
enced by her and by her contributions to science. She is survived by 
her mother, Louise, who supported and nurtured Karen through her 
career and illness.

Dr. Rachel Haymon
University of California, Santa Barbara
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E. Eric Adams is a 
senior research engineer 
in the Department of 
Civil and Environmental 
Engineering at the 
Massachusetts Institute of 
Technology. He holds 
degrees from Harvey 

Mudd College (BS) and MIT (MS and PhD). 
His professional interests include environ-
mental fl uid mechanics, physical and math-
ematical modeling of pollutant transport and 
mixing, and the design and environmental 
evaluation of effl uent disposal systems. His 
recent research has focused on multiphase 
plumes with applications to ocean carbon 
sequestration, the fate of deep-sea oil spills, 
and dredged material disposal.

Sally M. Benson is 
the executive director 
of Stanford University’s 
Global Climate and 
Energy Project and a 
professor (research) in 
the Department of 
Energy Resources 

Engineering in the School of Earth Sciences. 
She is an internationally recognized expert 
in the storage of carbon dioxide in geological 
formations and was a coordinating lead 
author for the IPCC Special Report on Carbon 
Dioxide Capture and Storage, published in 
2005. She is currently the coordinating lead 
author of the chapter on carbon dioxide 
capture and storage for the Global Energy 
Assessment (GEA). Benson graduated from 
Barnard College with a BA in geology. She 
completed her MS and PhD at the University 
of California, Berkeley, in materials science 
and mineral engineering. 

Ken Caldeira is a cli-
mate scientist and chem-
ical oceanographer at 
Carnegie Institution’s 
Department of Global 
Ecology at Stanford 
University since 2005. 
He studies the global 

carbon cycle; marine biogeochemistry and 
chemical oceanography, including ocean 
acidifi cation and the atmosphere/ocean 
carbon cycle; land cover and climate change; 
the long-term evolution of climate and geo-
chemical cycles; and energy technology. 
Caldeira was a coordinating lead author 
of an Intergovernmental Panel on Climate 
Change (IPCC) report on carbon storage in 
the ocean. From the early 1990s to 2005, 
he was with the Energy and Environment 
Directorate at the Lawrence Livermore 
National Laboratory. Caldeira received his 

BA from Rutgers College and both his mas-
ter’s (1988) and PhD (1991) in atmospheric 
sciences from New York University.

David R. Cole is a 
Distinguished Staff 
Scientist and head of the 
Aqueous Chemistry and 
Geochem istry Group in 
the Chemical Sciences 
Division at Oak Ridge 
National Laboratory, 

Tennessee. He obtained his PhD in geochem-
istry and mineralogy from the Pennsylvania 
State University. His research interests include 
the application of conventional stable iso-
tope and ion microprobe techniques to prob-
lems of transport in high temperature 
magma–hydrothermal systems, diagenesis in 
sedimentary basins, alteration in geothermal 
systems, and paleoclimate reconstruction. 
He has been engaged in both bench-scale 
and fi eld-scale studies of water–rock interac-
tion relevant to subsurface CO2 injection. He 
is an associate editor of Geochimica et 
Cosmochimica Acta and American Mineralogist. 
He is the International Program Chair for 
the 2010 Goldschmidt Conference to be held 
in Knoxville, Tennessee.

Sigurdur Reynir 
Gislason is a research 
professor and chair of 
the aquatic geochem-
istry group at the 
University of Iceland’s 
Institute of Earth 
Sciences, where he studies 

water–rock, water–air and water–biomass inter-
actions by fi eld and laboratory experimental 
studies. Gislason was educated at the 
University of Iceland and at the Johns Hopkins 
University, USA, where he earned his PhD in 
geochemistry in 1985. He is the chair of the 
scientifi c steering committee for the CarbFix 
project. He currently serves on the editorial 
board of Chemical Geology, and he chairs the 
Geochemistry of the Earth’s Surface (GES) 
Working Group of the International 
Association of GeoChemistry.

Juerg Matter is a 
Doherty Associate 
Research Scientist at the 
Lamont-Doherty Earth 
Observatory of Columbia 
University in New York, 
USA. Juerg studied Earth 
sciences at the Swiss 

Federal Institute of Technology in Zurich 
(ETHZ), Switzerland, where he received a 
Master of Science degree before completing 
his PhD in natural sciences at ETHZ. His 

main research interests center on permanent 
carbon dioxide sequestration through miner-
alization in reactive rocks, including basalt 
and ultramafi c rocks, and through storage in 
suboceanic sediments. He is currently working 
on assessing the in situ mineral-carbonation 
potential of basalt and ultramafi c rocks and 
is developing monitoring techniques to trace 
CO2 transport and reactivity in the geologic 
subsurface. He is involved in several geologic 
sequestration fi eld projects in the U.S., 
Iceland, Oman, and India. 

Eric H. Oelkers is a 
research director at 
the CNRS in Toulouse, 
France. Eric received BS 
degrees in chemistry 
and in Earth and plan-
etary science from MIT 
before completing his 

PhD at the University of California, Berkeley. 
He is currently president of the European 
Association for Geochemistry, coordinator of 
the MIR and MIN-GRO European Research 
and Training Networks, and member of the 
Scientifi c Steering Committee of CarbFix. 
Eric’s research is aimed at providing the funda-
mental basis for sustainable development. 
This research includes developing the thermo-
dynamic and kinetic framework for (1) pre-
dicting the fate and consequences of CO2 
during sequestration efforts, (2) enhanced 
oil recovery, (3) understanding ore-forming 
processes, and (4) toxic/radioactive waste 
immobilization. 

Edward S. Rubin is 
the Alumni Professor 
of Environ mental 
Engineering and Science 
and holds joint appoint-
ments in the depart-
ments of Engineering 
and Public Policy and 

Mechanical Engineering at Carnegie Mellon 
University. He was founding director of the 
Center for Energy and Environmental Studies 
and the Environmental Institute. He was a 
coordinating lead author of the Special 
Report on Carbon Dioxide Capture and 
Storage by the Intergovernmental Panel on 
Climate Change (IPCC). He serves on advi-
sory committees of the U.S. Department of 
Energy, the U.S. National Academies of 
Science and Engineering, and the National 
Research Council’s Board on Energy and 
Environmental Systems. 
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