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Programme 
 
21st September 2009 Evening Welcome reception (including buffet supper) - Grey 
College 
 
22nd September 2009 - Water in and on Earth 
09.15  Welcome - Jeroen van Hunen (Durham University, UK) 
09.30 Keynote Lecture: Distribution of water in the Earth's upper mantle and its role in 

magma formation - Katie Kelley (University of Rhode Island, USA) 
10.15 Invited Talk: Mantle serpentinization at continental margins - Tim Reston 

(University of Birmingham, UK) 
10.30 Invited Talk: Water recycling in the mantle - Marge Wilson (University of Leeds, 

UK) 
10.45 Break 
11.15 Keynote Lecture: Blood from a stone: water and life on the early Earth - Stephen 

Parman (Brown University, USA) 
12.00 Discussion 
12.15 LUNCH 
13.15 Keynote Lecture: The ins and outs of subduction zones: transport of water from the 

hydrosphere to the deep Earth -  Peter van Keken (University of Michigan, USA) 
14.00 Invited Talk: Just how wet and hot are subduction zones? - Jon Blundy (University 

of Bristol, UK) 
14.15 Invited Talk: The dynamics of hydrous melt transport in the mantle - Richard Katz 

(University of Oxford, UK) 
14.30 Discussion. 
14.45 Break 
15.15 Keynote Lecture: Water and volcanism - Richard Arculus, IAS Fellow 2009-2010 

(ANU, Australia) 
16.00 Break-out discussions 
16.45 Wrap-up discussion, chaired by Jeroen van Hunen 
17.00 Visit to Durham Visualisation Laboratory, Hosted by Nick Holliman, including 3D 

movie Cosmic Origins 
17.30 CLOSE 
19.30 CONFERENCE DINNER 
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23rd September 2009 - Water Beyond the Earth 
09.00 Welcome - Martin Ward (Durham University, UK) 
09.15 Invited Talk: Clouds, Lightning and the Evolution of Life - Sir Arnold Wolfendale 

(Durham University, UK) 
09.30 Keynote Lecture: Water on the Moon - Luis Teodoro (ELORET, NASA Ames, 

USA) 
10.15 Invited Talk: How to detect water on the moon - Vince Eke (Durham University, 

UK) 
10.30 Invited Talk: The distribution of water in the inner Solar System - Lionel Wilson 

(Lancaster University, UK) 
10.45 Break 
11.15 Keynote Lecture: Water on Mars and other terrestrial planets - Monica Grady, IAS 

Fellow 2009-2010 (Open University, UK) 
12.00 Invited Talk: Water on Mars: Recent Results from the Phoenix Mission - Tom Pike 

(Imperial College, UK) 
12.15 Invited Talk: Liquid water and organics in comets: implications for exobiology - 

Max Willis (Cardiff University, UK) 
12.30 Discussion 
12.45 LUNCH 
13.45 Keynote Lecture: Water on the outer planets - Ian Wright, IAS Fellow 2009-2010 

(Open University, UK) 
14.30 Invited Talk: Water from Enceladus and chemical seeding of the Saturn System - 

Jane Greaves (University of St. Andrews, UK) 
14.45 Invited Talk: The impact of stellar activity on ice/rock planet detection: lessons 

from CoRoT - Suzanne Aigrain (University of Exeter, UK) 
15.00 Break 
15.30 Keynote Lecture: Extra-Solar planets and water in the habitable zone - Giovanna 

Tinetti (UCL, UK) 
16.15 Invited Talk: Water or mirage? Transmission spectroscopy of extra-solar planets - 

Frederic Pont (University of Exeter, UK) 
16.30 Wrap-up discussion, Chaired by Martin Ward 
16.45 CLOSE 
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Detecting terrestrial and water worlds: lessons from CoRoT 
 
Suzanne Aigrain, Frederic Pont (University of Exeter), Shay Zucker (Tel Aviv 
University) 
 
The space-based transit search mission CoRoT has been monitoring the brightness of tens 
of thousands of stars for the past 2.5 years over periods of up to 5 months to search for 
transiting exoplanets, whose density can be measured, giving a first estimate of their bulk 
composition. As well as the Jupiter-like giant planets which have been detectable for the 
past CoRoT should be sensitive to planets in the 2 - 20 Earth mass range, presumed to 
have a large component of ice/ water and silicates, usually referred to as Neptunes or 
Super-Earths, and the number of targets monitored is such that large numbers of detections 
were initially expected. However, whilst the detection of gaseous giant planets with 
CoRoT has proved relatively straight forward, CoRoT has discovered no Neptunes and 
only one Super-Earth candidate so far, which is at the very sensitivity limit of CoRoT and 
of the instruments used to perform ground-based follow-up. In this contribution I will give 
an overview of process of planet detection with CoRoT and of the various factors limiting 
this process, and argue that stellar activity (the evolution and rotational modulation of dark 
spots on the surface of stars) plays a major role. In fact, it is becoming increasingly clear 
that a major scientific contribution of CoRoT will be an improved understanding of the 
statistics of stellar activity and its impact on planet detection, not only with transits but 
also with the widely used radial velocity method, as star spots also induce radial velocity 
jitter. We will present preliminary results of a study we have initiated to quantify the 
activity signal and compare it to typical planetary signals, showing that the two types of 
signal are typically of similar amplitude, and - time permitting - illustrating the problem on 
specific examples of exoplanets detected by CoRoT and other programs. 

 
Figure) Smoothed light curve of CoRoT-7, in which the transits with a depth of 3/10000 
(corresponding to a 2-Earth radii planet) were recently detected (Leger et al. 2009). This 
object shows radial velocity jitter at the level of 40m/s, whereas the expected planetary 
signal has an amplitude of 2-8 m/s. 
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Water and Volcanism 
Richard J. Arculus 
Australian National University, Canberra, Australia 
Volcanoes and their eruptions must have been phenomena familiar to homo sapiens in the 
species’ African development. Among the first recorded philosophical speculations, 
Empedocles identified volcanic activity as a manifestation of “fire”, one of the “four 
roots” responsible for all structures in the world. Impressed by the maritime proximity of 
many European volcanoes, Spallanzani believed interaction between the sea and magma 
was critical in triggering explosive activity. Following the 18th century triumph of the 
plutonists over the neptunists with respect to the origins of igneous rocks, several 19th 
century geologists advocated exsolution of water, previously dissolved at depth in the 
magma rather than via shallow interactions with seawater as the driving force for 
explosions. Igneous petrology and volcanology generally made little contribution to the 
development of plate tectonic theory, but pioneers such as Holmes and Coats were early 
advocates of the importance of global recycling of water via subduction zones.  
It appears the most important continental crustal-forming building blocks are the basalt-
andesite-dacite-rhyolite suite formed in the island chains (arcs) at plate convergence 
boundaries. The bulk composition of the crust is known to be equivalent to dacite; the 
upper crust tends to be more granitic with a complementary, less siliceous lower crust. The 
aphorism “no H2O no granite, no oceans no continents”, summaries the importance of 
recycled water in the genesis of continent-forming, arc-derived magmas. Suppression of 
plagioclase crystallisation and early formation of magnetite is the critical difference 
between the evolution of relatively dry, reduced (mid-ocean ridge) and wet, oxidised (arc) 
magmas leading to the formation of volumetrically significant siliceous-feldspathic-rich 
residual melts in the latter case. Over the last decade, a surge of analytical effort 
concentrating on volatile contents of melt inclusions in phenocrysts, and glasses recovered 
from submarine-quenched arc and backarc basalts have documented the large range in 
water content (~0.5 to 8wt%) in convergent margin magmas. Another important difference 
between mid-ocean ridge and arc magmas is the stabilisation and important role of the 
hydrous phase amphibole in the evolution of arc magmatic systems. 
In addition to H2O, other potentially volatile and fluid-mobilised elements and compounds 
(including ore-forming metals) are mobilised in supercritical fluids exsolved from arc 
magmas. On the sea floor, these fluids become mixed with recycled seawater to emerge in 
hydrothermal vent systems. In convergent margin settings, precipitation of the metals 
leads to remarkably Au-Cu-Zn rich, and potentially mineable ore deposits. Terrestrial 
equivalents form the majority of the world’s “porphyry copper” systems, and constitute 
our largest Cu resource. 
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Figure) 2000 eruption of Kavachi, New Georgia Group, Solomons Island Arc 

 
In the past century, we have begun to appreciate the possible scale of explosive eruptions 
driven primarily by exsolution of dissolved H2O. We can confidently extrapolate from 
observed small events such as the 1980 eruption of Mt St Helens (~ 1 km3) through the 
1800 BP ~50 km3 Taupo (NZ) eruption to the >5000 km3 Oligocene eruption of the Fish 
Canyon Tuff in Colorado. These large eruptions can have significant environmental 
effects. Interaction of the hydrosphere (rainfall, lakes, ice) with fragmental volcanic 
deposits on slopes has resulted in landscape-modifying and societally-destructive events.  
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How Hot and Wet are Subduction Zones? 
 
Jon Blundy and Susanne Skora 
University of Bristol, UK 
 

Subduction recycles lithospheric materials into the mantle. H2O and incompatible trace 
elements released from the lithospheric slab as it heats up play a vital role in triggering 
melting of the overlying mantle wedge. Understanding how the subducted slab contributes 
H2O and trace elements to the mantle is key to constraining both subduction zone 
temperatures and associated volatile fluxes. 

Experimental data on the high pressure (2-3 GPa) and temperature (700-1300 °C) phase 
relations of subducted materials demonstrates the important role that residual accessory 
phases, such as rutile, allanite and monazite, play in controlling the incompatible trace 
element chemistry of slab-derived fluids [1-4]. 

Experiments on hydrous mid-ocean-ridge basalt [2] indicate that allanite and rutile are 
important residual phases up to temperatures of at least 900 °C, limiting the amount of 
high-field strength elements (HFSE), light rare earth elements (LREE) and Th that can be 
supplied to basalt-derived fluids. The only trace elements liberated to any appreciable 
degree from basalt are Sr, Ba, Ra and the alkali metals. 

Sediments contain much higher initial concentrations of incompatible trace elements 
than basalt. Global correlations between trace element ratios (e.g. Th/La) of subducted 
sediments and magmas erupted through the overlying crust testify to the important 
contribution that sediments make [5]. New melting experiments on hydrous red clay, a 
common deep-marine lithology, at 3 GPa show that in the absence of additional H2O 
negligible melt is produced for any reasonable temperature. In contrast, experiments with 
7-15 wt% added H2O produced copious melting at temperatures only 50-100°C above the 
solidus (~720 °C), e.g. with 15 wt% added H2O the red clay is >50% molten at 800 °C. 
The HFSE-rich accessory phases ilmenite and rutile persist to ~1000 °C, while monazite is 
stable to 780- 825 °C depending on the amount of added H2O. In our experiments 
monazite fractionates La from Th, such that fluids preserving the original sedimentary 
Th/La ratio must be generated at or above monazite-out temperatures in subducted slabs 
where red clay is the dominant sedimentary lithology. Slab-surface temperatures ≥780-825 
°C are at the high end of those calculated numerically [6]. 

We propose that the subducted-slab signature is imparted by fluxing of H2O derived 
from hydrated (e.g. serpentinised) portions of the deeper subducting slab. Fluxing of the 
basalt layer of the slab over a wide pressure range contributes only Sr to any appreciable 
degree. Conversely, the H2O flux triggers copious “flash melting” of the sediment at the 
point were its temperature exceeds ~800 °C. Without this addition of H2O sediment 
melting is too restricted to allow the requisite trace element signature to be supplied to the 
overlying mantle. The proposed two distinct sources of subduction zone fluids are 
consistent with isotopic studies of arc magmatism [7]. The availability of H2O in hydrated 
portions of subducted slabs, e.g. in the vicinity of fracture zones, may exercise an 
important control on the spatial distribution of subduction zone magmatism. 
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References. [1] Hermann (2002) Chem Geol 192:289; [2] Klimm et al (2008), J Petrol 
49:523; [3] Hermann & Rubatto (2009) Chem Geol 265:512; [4] Plank et al (2009) Nature 
Geosci doi:10.1038/NGE0614; [5] Plank (2005) J Petrol 46;921; [6] Van Keken et al 
(2002) Geochem Geophys Geosys 3:1056; [7] Elliott (2003 AGU Monogr 138:23.  



 13 

The physics of lunar ice detection 
 
V.R. Eke (Durham University, UK), L.F.A. Teodoro (ELORET, NASA Ames, USA) and 

R.C. Elphic (NASA Ames, USA) 
 

Are there significant deposits of water ice in the permanently shaded polar craters on the 
oon? The nswer to this simple question is that we do not know. How we know what we do, 
of relevance, is the subject of this contribution. The two main techniques so far used to 
address this question are radar polarimetry [1] and neutron spectroscopy [2]. 

1 Radar polarimetry – optics 
When circularly polarised light is reflected from a surface, its handedness is reversed. 
However, the light returned from some polar regions of the Moon contains more power in 
the same sense of polarisation as was transmitted down to the lunar surface, rather than the 
opposite sense. The circular polarisation ratio (CPR) is defined to be the ratio of detected 
intensity in the same sense polarisation to that in the opposite sense. There are two 
possible explanations for CPR values greater than 1: the light has undergone two sense-
reversing reflections off a surface that is rough on the scale of the wavelength of the 
radiation, or coherent backscatter is occurring within a low-loss medium such as water ice. 
The coherent backscatter opposition effect [3] requires a low-loss medium containing 
small (relative to the wavelength of the incident radiation, which is typically about 15cm) 
scatterers separate by of order the wavelength of the incident radiation. Multiple forward 
scatterings, which leave the sense of rotation unchanged, can guide the ray back out of the 
surface. When viewed from the direction in which the incident radiation came (ie at 
opposition), a returning ray will constructively interfere with one that took exactly the 
opposite path through the low-loss medium, leading to an enhanced CPR at opposition. An 
enhanced CPR was seen, albeit with poor spatial resolution, using signals transmitted from 
the Clementine mission [1]. However, CPR values exceeding 1 have also been detected 
near to craters that receive sunlight and thus cannot contain ice [4-5]. At present the most 
likely explanation appears to be that high CPR values merely imply surface roughness; the 
sort of blocky material that one would expect to find near to impact craters. 

2 Neutron spectroscopy – nuclear physics 
Cosmic rays bombard the Moon, which has no atmosphere to protect its surface from these 
energetic particles. They can penetrate up to 10m into the regolith while losing energy via 
multiple collisions with nuclei. Neutrons with energies exceeding 100keV can be knocked 
out of the nuclei during these collisions. They subsequently scatter off surrounding nuclei 
until either they are absorbed or they escape from the lunar surface. The initially fast 
neutrons lose energy mainly by exciting nuclear transitions, which subsequently decay 
with the release of gamma rays. Below energies of 100keV the neutrons are in the 
epithermal regime, where the predominant loss mechanism is via the kinetic energy of 
nuclear recoil. Importantly, energy is most effectively drained away from epithermal 
neutrons by nuclei that are of similar mass, ie hydrogen. Thermal neutrons, with energies 
below 0.3eV, are readily absorbed by nuclei. The mean path between collisions for the 
neutrons is about 10cm, so those emitted from the lunar surface have a spectrum of 
energies that reflects the elemental composition of the top metre or so of the regolith. In 
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particular, a deficit of epithermal neutrons is the signature of a high concentration of 
hydrogen. Results from the neutron spectrometer on board Lunar Prospector showed that 
there was an excess of hydrogen in the vicinity of the lunar poles [6-7]. Furthermore, with 
the aid of a pixon image reconstruction method, this hydrogen has been shown to be 
concentrated into the regions in permanent shade near to the lunar poles [8-9]. 

Upcoming experiments 
The ongoing lunar missions, Chandrayaan-1, Lunar Reconnaissance Orbiter (LRO) and 
Lunar Crater Observation and Sensing Satellite (LCROSS) should help to determine the 
answer to the question posed at the start of this abstract. The Mini-RF experiment located 
on both Chandrayaan-1 and LRO will perform bistatic radar reflection experiments that 
should greatly improve the spatial resolution of the current maps. This might be sufficient 
to discriminate between the surface- and volume-scattering possibilities for the regions of 
high CPR. LRO also carries the LEND experiment, which will attempt to improve upon 
the maps of hydrogen concentration returned by the Lunar Prospector mission. Finally, 
and most dramatically, LCROSS will smash into one of the permanently shaded polar 
craters with what should be sufficient energy to eject some of the crater material into the 
sunlight where its composition can be determined spectroscopically. Of the three 
techniques, this is the only one that directly detects water. 

 
References. [1] Nozette S. et al. (1996) Science, 274, 1495-1498; [2] Feldman W.C. et al. 
(1997) JGR, 102, 25565-25574; [3] Hapke B. (1990) Icarus, 88, 407-417; [4] Stacy N.J.S. 
et al. (1997) Icarus, 276, 1527-1530; [5] Campbell D.B. et al. (2006) Nature, 443, 835-
837; [6] Feldman W.C. et al. (1998) Science, 281, 1496-1500; [7] Feldman W.C. et al. 
(2001) JGR, 106, 23231-23252; [8] Elphic R.C. et al. (2007) GRL, 34, L13204; [9] Eke 
V.R. et al. (2009) Icarus, 200, 12-18.
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Evidence for water on Mars 
 
Monica M. Grady 

The Open University, UK 
‘Scientists find evidence for water on Mars’ is a headline that has been appearing in 
newspapers at intervals since the Mariner 9 mission of 1971-72. The headlines have come 
with increasing frequency (but smaller typeface) in the last decade, as a series of missions 
has explored the surface of Mars in greater detail. What has changed over the years is the 
interpretation of the timing and extent of water on Mars: when was water present on Mars 
(4 billion years ago? 4 million years ago?) and how much water has there been (global 
oceans? inland seas?). There are three methods by which we can investigate, not just the 
evidence for water on Mars, but what effects that water has had on the landscape, its 
temperature and composition. 
Satellite imagery of the surface of Mars acquired by orbiting spacecraft has shown many 
features that have been interpreted as having been produced by water. Images show 
networks of channels cutting the Martian surface that exhibit all the features shown by 
rivers on Earth at different ages. Large scale evidence for a frozen sea has also been 
published1. As well as altering the landscape, water alters surface mineralogy: water-
soluble salts are precipitated as evaporites (typically minerals such as anhydrite, gypsum 
and carbonates) and primary silicate minerals are hydrated and altered to clay minerals and 
hydroxides. Such secondary alteration products have been identified by instruments on 
several orbiting spacecraft, and their observation has allowed construction of a relative 
chronology for the formation of secondary minerals from different weathering regimes on 
Mars2. 
Landed craft: additional evidence for alteration of the surface by water has come from 
the findings of NASA’s Mars Exploration Rovers (MER), Spirit and Opportunity. One of 
the first images seen of the Opportunity landing site was of pale rocks standing proud from 
the reddish sandy coloured horizon. Closer examination of these rocks has shown them to 
contain small spherules. These spherules weather out of the rock and are present on the 
surface. It is thought that they have been produced by the action of water. They are 
weathering and evaporation products. The Mossbauer spectrometer on Opportunity found 
the hydrated sulphate mineral, jarosite mineral present in the soil, showing that the rocks at 
Meridiani Planum had been altered by water3, 4. 
Meteorites from Mars: the third set of observations of Mars, complementary with those 
made by remote means, are data acquired through laboratory analysis of Martian 
meteorites. The meteorites have been altered by weathering on Mars’ surface, leading to 
the production of secondary minerals (clays, carbonates and sulphates5, 6) associated with 
which are low concentrations of Martian organic material7. Recognition of complex 
assemblages of salt (halite) with carbonates and clay minerals in nakhlites has allowed 
interpretation of the scale and mode of fluid flow on the surface of Mars: results from the 
nakhlites imply that when water was present on the surface, it was warm and briny, and 
restricted in flow8. In other words, it might have been locked in enclosed basins that 
occasionally overflowed in episodes of flash flooding. The complex assemblages of 
secondary minerals shed light on the temperature and salinity of the water that flowed 
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across Mars’ surface. The zoned nature of some of the minerals tells us how fluid 
composition has changed, either in terms of temperature or in terms of the salts dissolved 
in the fluid. The restricted nature of the alteration assemblages also indicate the restricted 
nature of the fluid flow.  
References: 
[1] Murray J. B. et al. (2005). Nature 434, 352-356; [2] Bibring J.-P. et al. (2005). Science 
307, 1576-1581; [3] Christensen P. R. et al. (2004). Science 306, 1733-1739; [4] 
Klingelhöfer G. et al. (2004). Science 306, 1740-1745; [5] Bridges J. C. & Grady M. M. 
(1999). Meteoritics and Planetary Science 34, 407-415; [6] Bridges J. C. et al. (2001). 
Space Science Reviews 96, 365-392; [7] Carr R. H. et al. (1985). Nature 314, 248-250; [8] 
Bridges J. C. & Grady M. M. (2000). Earth and Planetary Science Letters 176, 267-279. 
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Water from Enceladus and chemical seeding of the Saturn System 
 
Jane Greaves (University of St Andrews, UK) and the SUPA Astrobiology Team 
 
Saturn’s moon Enceladus is unique in the Solar System in having a ‘geyser’ where sub-
surface water jets out into space. Studying the composition of the ejecta could reveal the 
first signs of biotic molecules beyond the Earth. The mass spectrometer on board Cassini 
has sampled the plume in flybys, discovering that it is composed mainly of water, but also 
finding traces of simple organics. Models predict that the water should spread far from 
Enceladus, creating a broad vapour torus within Saturn’s E-ring. We have searched around 
Enceladus for a range of simple chemical species, using ground-based millimetre 
telescopes. Water detection is frustrated by the Earth’s atmosphere so only weak upper 
limits were set - a situation that can shortly be improved by spectroscopy from the 
Herschel satellite. However, we did detect abundant methanol, spreading outwards from 
Enceladus’ orbit: the figure shows a grid of spectra where CH3OH is found spread out 
westwards of Enceladus into the outer ring system. The molecules 
are orbiting at 6-9 Saturn radii - similar to model predictions for the water belt, and also 
encompassing the moons Dione and Rhea. This suggests that ejecta from Enceladus can 
‘seed’ large regions of the Saturn system with water and simple prebiotic organics. While 
methanol is a direct product of methanotrophic life, the high abundance observed probably 
rules out a biological origin. 
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Hydrous reactive flow in subduction zones  
 
Richard F Katz  
University of Oxford, UK 
 
It is broadly accepted that the dominant mechanism of melt production in subduction 
zones is hydrous flux melting.  This type of melting occurs when hydrous fluids, released 
by metamorphic reactions in the subducting slab, metasomatize the mantle wedge.  As 
hydrous fluid rises off the subducting slab it encounters higher temperatures within the 
mantle.  The volatile elements in the hydrous fluid (principally water) depress the solidus 
of the mantle and cause melting.  This can be thought of as a reactive flow process 
whereby a chemically reactive liquid migrates through a soluble matrix, up a solubility 
gradient---with increasing temperature, the hydrous fluid becomes increasingly 
undersaturated in silicate rock components.  The fluid is therefore corrosive and hydrous 
melting is understood as a dissolution process. Under these conditions, the flow can be 
affected by the Reactive Infiltration Instability, which leads to channelization.  In this talk 
I introduce a themochemical/fluid dynamical model to investigate this scenario and show 
that for plausible conditions in the mantle wedge, channelized magmatic transport is 
expected.  

 20
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Distribution of water in the Earth’s upper mantle and its role in 
magma formation 
 
Katherine A. Kelley 
University of Rhode Island, USA 
 
Water plays a central role in mantle and magmatic processes at subduction zones. In 
particular, H2O-rich components driven from subducted oceanic plates enter and modify 
the mantle wedge beneath arc and back-arc volcanic systems, changing the mantle 
composition and influencing the melting process. Water has a well-established effect of 
lowering the peridotite solidus, which enables the mantle wedge to melt under P-T 
conditions that may preclude melting at drier tectonic settings. Geochemical and 
petrological studies of arc and back-arc basalts (particularly glasses and melt inclusions) 
show that magmatic H2O contents are high at volcanic arcs (e.g., Fig. 1), and that higher 
magmatic H2O contents broadly correspond to greater extents of mantle melting, although 
in detail there may be local variations in the extent of melting generated by a given amount 
of H2O addition. Some arc, and particularly back-arc, localities also indicate significant 
extents of mantle melting despite 
little to no H2O addition from the 
subducted plate, suggestive of a role 
for decompression melting as well. 
In particular, the combination of a 
ridge-like decompression melting 
regime with the H2O-rich flux from 
the subducted plate beneath back-
arc basins offers several important 
constraints on the primary controls 
of the H2O-fluxed melting process. 
Through analogy with mid-ocean 
ridge basalts (MORB), the dry, 
MORB-like basalts from back-arc 
basins yield important constraints 
on the range of mantle potential 
temperatures present in back-arc 
mantle wedges, which are within the 
range seen for global MORB 
(~1350-1500°C). As back-arc basin 
basalts become more H2O rich, they 
indicate higher extents of mantle 
melting, which correlates roughly 
linearly with H2O addition to the 
mantle wedge. Regional variations in the efficiency of hydrous melting at global back-arc 
basins may be related to differences in the mean pressures of melting created by the 
variations in mantle potential temperature. Globally, subduction zone magmas become 
more H2O-rich with decreasing distance to the trench and slab (Fig. 1). Arc volcanoes also 
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show increases in the extent of mantle melting as a function of H2O, and both are 
generally higher at arcs relative to back-arc basins due to the larger H2O fluxes from the 
slab. The efficiency of H2O-fluxed melting beneath arcs may also be a function of the 
mean temperatures and pressures of melting, although the additional consideration of a 
more refractory mantle solidus, related to more depleted mantle beneath many arcs, may 
also be required. 
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Elevated H2O and diverse δ18O in South East Indian Ocean 
MORB: Recycling of Subducted Oceanic Crust 
 
Colin G. Macpherson1, David W. Graham2, Adrian J. Boyce3 
1) Durham University, UK; 2) Oregon State University, USA; 3) Scottish Universities 
Environmental Research Centre,UK 
 
Mid-ocean ridge basalt (MORB) provides a valuable means of examining regional-scale 
variations in the composition of the mantle and, in turn, sheds light upon the processes that 
have influenced the long-term evolution of the mantle. Trace element concentrations of 
MORB vary widely. Those with the lowest concentrations and, generally, depleted in the 
most incompatible elements are referred to as normal or N-MORB. Those with higher 
contents of many trace elements – and water - and higher ratios of more to less 
incompatible elements (e.g. relatively high La/Sm) are termed enriched or E-MORB. 
There are many processes that might contribute to the spectrum of N- to E-MORB 
compositions, including changes in mantle temperature, in the depth and rate of melting 
and in sources. 
Oxygen isotope ratios (δ18O values) are an important tool for determining the origin of 
mantle heterogeneity. Intra mantle differentiation processes should not influence δ18O 
because the high temperatures involved lead to negligible fractionation of 18O from 16O. In 
contrast, material that has been at, or close to, the surface acquires more δ18O diversity as 
it interacts with various solid and liquid reservoirs at low temperature. Therefore, δ18O 
diversity in mantle and mantle-derived rocks provides strong evidence for crustal 
recycling. 
We have determined δ18O values and water concentrations for MORB from the South East 
Indian Ridge (SEIR) from 88°E to 118°E. While previous geochemical studies suggest 
that there are changes in the rates, extents and pressure of melting, these should have 
negligible effects upon δ18O. In addition, however, the abundance of pyroxenite veins 
increases towards the east, as demonstrated by an increasing proportion of E-MORB. 
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Figure 1. Composition of MORB glasses from the SEIR, where E-MORB are 
identified using chondrite-normalised La/Sm; (La/Sm)n > 0.8. Left Panel: δ18O 
versus (La/Sm)n. Right Panel: δ18O versus the concentration of water. 
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The new δ18O data demonstrate that the sources of SEIR N-MORB are similar to those 
expected for melts from the upper mantle. In contrast, E-MORB possess a wider range of 
δ18O values extending to values higher and lower than those of N-MORB (Fig. 1). This 
suggests that E-MORB sources beneath the SEIR contain a contribution from recycled 
crust. These sources have also produced the most water-rich basalts along the ridge (Fig. 
1). Preliminary δD data indicate that hydrogen in E-MORB is isotopically distinct from N-
MORB and are consistent with a source containing recycled crust. 
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Blood from a stone: water and life on the early Earth 
 
Stephen W. Parman 
Brown University, USA 
 
This talk will examine what we know about water in the early Earth.  When did the first 
ocean form?  How hot was it?  What was its composition?  Since all known life is water 
based, answering these questions about the early oceans is key to understanding the origin 
and early evolution of life. 
 Early Water - The earliest widely accepted evidence for liquid water on the Earth’s 
surface is in the form of 3.7-3.8 billion year old metamorphosed rocks in the Isua 
(Greenland) supracrustal sequence (Figure 1).   These contain pillow basalts, banded iron 
formations and clastic sediments, all indicative of liquid water.  The oldest known rocks 
are the Acasta gneisses (Figure 1), but to date no supracrustal samples have been found 
and so there they do not provide direct evidence about liquid water. The oldest known 
materials on Earth are single zircon crystals from the Jack Hills (Australia) have been 
dated at up to 4.4 Ga.  While the zircons themselves were formed by igneous processes, 
they have fractionated 18O/16O ratios, which is usually associated with low temperature 
processes involving liquid water.  
 Paleo-ocean temperature - Paleo-ocean thermometers are in general agreement 
that the oceans were hotter in the Archean, in some cases suggesting temperatures as high 
as 80oC.  This is in line with genetic studies that indicate early life was thermophilic.  
However, biochemically it is difficult to understand how life formed in a hot ocean 
because many of the proteins essential to life break down at these temperatures.  Various 
models have been proposed to explain this apparent paradox. 
 On the other side of the temperature problem is global glaciation.  The early sun 
was a third to a quarter less luminous than today.  If it had the same atmosphere as today, 
the early Earth surface temperatures would have been well below 0oC, freezing most 
water.  While there is some evidence for large Archean glaciations, the geologic evidence 
for liquid water suggests the Earth was not in perpetual deep freeze.  The most common 
solution is that the early atmosphere was thicker than today’s and provided a warmer 
thermal blanket.   

Paleo-ocean composition - A range of observations suggest there was little free 
oxygen in the atmosphere prior to 2.45 Ga.  Thus the oceans were reducing, and in 
particular contained significant quantities of dissolved Fe (causing the early oceans to be 
red, not blue).   
 Early Life - The oldest biologic structures are stromatolites in rocks up to 3.5 Ga.  
Though some may have been produced abiotically, some appear to have all of the 
hallmarks of a biological origin.  No fossils have been found in the 3.7-3.8 Isua 
supercrustal rocks.  However, carbon isotopes in Isua samples have been fractionated to 
light values which seems to require biologic processing.  Thus isotopic evidence for life is 
fairly firm back to 3.8 Ga.  Recently, sub-micron diamonds have been found within the 
Jack Hills zircons.  The carbon isotope ratios of these diamonds are light, which has been 
used to suggest a biological origin, though this has been questioned.   
 Overall, the evidence suggests that both liquid water and life appeared very early in 
our planet’s history, at least by 3.8 Ga, and maybe as early as 4.2 Ga.  Such an early origin 
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implies that life appears readily when water is present and that life could be relatively 
common in the universe. 
 

 
 
Figure 1 (from Valley, 2007, Elements 2: 201-204). Timeline for the first billion years of 
Earth history. Key events are shown along with oxygen isotope ratios (δ18O) of zircons 
from igneous rocks and their U–Pb age.  Primitive rocks in equilibrium with the Earth’s 
mantle have average δ18O of 5.3‰. Higher “supracrustal” values (6.5 to 7.5) result from 
processes that require liquid water on the surface of the Earth. Thus, the end of the 
Hadean was at or before 4.2 Ga. 
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Water on Mars: Recent Results from the Phoenix Mission 
 
W. T. Pike1, S. Vijendran2, H. Sykulska1,U. Staufer3, M. Hecht4 
1 Imperial College, London 
2 ESTEC,  Noordwijk, the Netherlands 
3 MNE, TU Delft, The Netherland 
4 California Institute of Technology, USA 
 
Introduction: The Phoenix mission, following the current NASA directive to “follow the 
water” was tasked with reaching down to the ice thought to be just below the surface of 
the Martian northern plains. We discuss here what the mission discovered for all three 
phases of water, with particular reference to the history of liquid water.  
Mission results: The Phoenix mission was specifically targeted to explore the region of 
Mars which from gamma-ray spectroscopy data appeared to contain water some tens of 
centimetres below the soil. Within the first 24 sols of the mission the robot arm was able to 
dig down less than ten centimetres to an icy layer and break off centimetre-sized blocks 
which were subsequently observed to sublimate at the rate expected for water ice (fig. 1). 
Further excavation revealed both segregated ice and soil-ice mixtures around the lander. 
 Chemical analysis of the soil above the ice showed the distinctive signature of perchlorate 
salts, a highly oxidized and very soluble species. Microscopic analysis of the soil showed 
the material above the ice to be well mixed, with a two major components of rounded 
grains of various colours showing no signs of chemical weathering and a fine uniformly 
red dust as has been seen as ubiquitously cloaking the surface of Mars. Using a 
combination of optical and atomic-force microscopy the particle size distribution of this 
soil was determined from 0.1 to 200 μm. The proportion of clays in the soil is 
exceptionally low. Towards the end of operations frost was seen forming on the ground, as 
presaged by humidity measurements taken at the site. LIDAR measurements also indicated 
ice trials high above in the atmosphere.  
Discussion: Phoenix was able to identify unambiguously the presence of water ice below 
the surface of Mars. This layer may well be extensive as subsequent remote imaging has 
shown ice revealed by meteorite impacts down to latitudes of 43°N (Byrne et al., LPSC 
40). Hence water in the solid phase is likely to be ubiquituous at depths of less than a 
meter across a good proportion of the planet. The presence of the highly soluble 
perchlorates, with no evidence of concentrated exposures, would suggest that bulk liquid 
water has not been seen at the site in the recent past. This conclusion is corroborated and 
extended by consideration of the lack of clay-sized particles found at the site. From known 
clay growth rates it is likely that the soil has seen substantially less than a 10,000-year 
exposure to water. If the grains in the soil are sourced from the nearby Heimdal crater, 
estimated at 500 million years old, the limited water exposure extends at least back to the 
impact date, and probably much further. 
Conclusion: From these results it would appear that the surface of Mars shows little 
evidence of extensive liquid water for a minimum of many hundreds of millions of years, 
though there are obvious signs of transient melting due to episodic impact melting of the 
underlying ice. This evidence is consistent with the chronlology of Mars suggested by 
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Bibring et al. (Science, 2006) in which the siderikian epoch began more than 3 billion 
years ago. These results have direct implications for the future search for signs of past or 
present life on Mars.



 29 

Detecting water, oceans, and weather on extra-solar planets  
 
Frederic Pont 
University of Exeter, UK 
 
It is now becoming possible to measure the atmospheric spectrum of extra-solar planets, 
by a series of clever tricks using planets that transit their parent stars. Potentially, the most 
precise method is transmission spectroscopy, which consists in measuring the effect of the 
atmosphere as it filters part of the starlight during the transit. Claims of the detection of 
water and other molecules with this method have been made using the Hubble and Spitzer 
space telescopes on the brightest transiting hot jupiters. Transmission spectroscopy 
became a promising way to characterize the atmosphere of extra-solar telluric planets and 
detect water vapor. However, these results do not survive closer scrutiny. Further 
observations on a neptune-size exoplanet and models of telluric planet atmospheres show 
that the detection of water in smaller and cooler planets that hot jupiters with transmission 
spectroscopy will be a tall challenge. The successor of the Hubble Space Telescope, 
JWST, is probably needed. Meanwhile, a different method has gathered steam: the Epoxi 
space mission has observed the Earth from a large distance over a few days, measuring the 
changes of its global brightness in several coloured filters. It turns out that the land-and-
oceans pattern stands out rather clearly in the time evolution of the signal. If such 
measurements can be obtained from an extra-solar telluric planet—a very big “if” at 
present—we may be able to recognize our kind of world without direct detection of water 
vapor.  
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Mantle serpentinization at continental margins 
 
Tim Reston 
University of Birmingham, UK 
 
Mantle serpentinization occurs whenever aqueous fluids, water in the broad sense, come 
into contact with mantle peridotites at temperatures below about 400°C.  The reaction 
leads to a reduction in both seismic velocity (the main means how serpentinized mantle is 
recognised in the subsurface) and density, and an increase in volume.  Depending on the 
exact composition of the peridotite and any dissolved phases transported within the fluids, 
the reaction also can produce magnetite, brucite, magnesite, calcite, methane, strongly 
reducing and alkaline conditions and heat.  Serpentinization at mid-ocean ridges produces 
hydrothermal systems that support unusual biota; serpentinization has been proposed both 
as a means of supporting life on other planets and as a possible origin for life on Earth. 
The main settings for mantle serpentinization are those places where mantle rocks are 
affected by active tectonics, i.e. at the plate boundaries.    This include rifted continental 
margins, where the continents are pulled apart and new divergent plate margins develop, 
the convergent margins where oceanic lithosphere is subducted beneath the continents and 
the mid-ocean ridges, including transform faults. 
At rifted margins, serpentinized mantle both subcrops beneath postrift sediments within 
the continent-ocean transition zone and occur as a layer ~ 5 km thick beneath  the thinned 
and broken edge of the continental crust.  In both cases, the source of water for the 
serpentinization is seawater, passing into the mantle along faults and fractures either 
through the thinned crust or where mantle rocks have been exhumed by extensional 
tectonics.  Thus the process can only start once the entire crust has thinned sufficiently to 
have become completely brittle: there is excellent correlation between the landward limit 
of serpentinized mantle and where the crust is thin enough to have been completely brittle 
during rifting.  Similar processes occur at slow-spreading ridges where the tectonically 
active zone is cool enough for faults to penetrate through the thin and discontinuous 
magmatic crust to both bring water into the mantle and to exhume mantle rocks.  
The final settings where large-scale mantle serpentinization occurs are the convergent 
margins.  The oceanic lithosphere entering the subduction zone includes those 
serpentinites formed at mid-ocean ridges, but this is probably outweighed by new 
serpentinization occurring at different settings within the system.  First, the plate bends as 
it enters the trench, leading to the development of deeply penetrating faults: that these 
allow water to depth to serpentinize the mantle is evidence by reduced sub-Moho seismic 
velocities of the oceanic plate near the trench.  Second, dehydration of subducted 
sediments leads to the hydration (serpentinization) of the mantle rocks in the overriding 
plate, leading to a change from stick-slip sliding (seismogenic) to stable sliding as the 
plate boundary passes by the Moho of the overriding plate.  Finally, deserpentinization of 
the subducting plate is thought to release fluids into the overriding asthenospheric wedge, 
leading to partial melting and arc magmatism.  The balance between serpentinization and 
deserpentinization may have a major role in the geological water cycle. 
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Water on the Moon 
 
L.F.A. Teodoro1, V.R. Eke2, and R. Elphic1 
1 NASA Ames Research Center, USA; 2 Durham University, UK 
 
[1, 2, 3] found evidence of hydrogen near the lunar poles using data collected by the 
neutron spectrometer on board the Lunar Prospector. [4] strongly suggested this hydrogen 
is concentrated into the permanently shaded ‘cold traps’ near the lunar poles. This is 
important because if the hydrogen is to be in the form of a volatile compound, then it is 
only stable within these ‘cold traps’. As the most likely candidate is water ice [5], this is of 
relevance both for improving the understanding of the solar system and for the upcoming 
lunar exploration. If the hydrogen is distributed throughout the polar regions in a more 
uniform way, then it is more plausible that it is merely the result of the solar wind 
implanting hydrogen into the regolith [6]. The excess of polar hydrogen would then be a 
consequence of the lower polar temperatures reducing the rate at which it diffuses out of 
regolith grains. Discriminating between these two scenarios hinges on an improved 
determination of the spatial distribution of the polar hydrogen using a more sophisticated 
method of analysis and a better map of permanent shadow. This key note talk presents the 
results of applying a Pixon image reconstruction approach to the Lunar Prospector 
epithermal neutron data coupled to the shadow maps drawn from the preliminary 
KAGUYA (SELENE) laser altimetry observations [7]. These results have been provided 
to the LCROSS targeting team, which is slated to impact into a potential ice-bearing 
permanently-shadowed location at the Moon’s south pole. 
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Water vapour in the atmosphere of extrasolar planets 
 
Giovanni Tinetti 
University College London, London, UK. 
 
Water is predicted to be among the most abundant (if not the most abundant) molecular 
species after hydrogen in the atmospheres of close-in extrasolar giant planets (`hot 
Jupiters'). In 2007, water vapour was observed to be present in the atmosphere of the hot-
Jupiter HD 189733b by using the wavelength-dependent variations in the effective radius 
of the planet at the infrared wavelengths. Since then, several observations with similar 
techniques confirmed the presence of water vapour in the atmosphere of other hot Jupiters, 
and evidenced the additional contribution of carbon-bearing molecules such as methane, 
carbon dioxide and moxide. 
While transit photometry and spectroscopy may reveal us today the characteristics of hot 
gaseous planets, the new generation of space telescopes, such as the James Webb Space 
Telescope, will allow us to probe the atmospheres of terrestrial planets, in the habitable 
zone of stars colder than our Sun. Investigating the presence of water in those atmospheres 
will be even more important, given the crucial role that water might have in the origin and 
development of life. 

 
Artist's impression of an extra-solar planet viewed from its parent star (EAS, NASA, M. 
Kornmesser).
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The ins and outs of subduction zones: transport of water from the 
hydrosphere to the deep Earth 
 
Peter E. van Keken (University of Michigan, USA), Brad Hacker (University of 
California at Santa Barbara, USA), Ellen Syracuse (University of Wisconsin, USA), Geoff 
Abers and Marc Spiegelman (both at Columbia University, USA) 
 
Significant amounts of water are brought into the Earth’s subduction zones in the form of 
sediments, hydrated oceanic crust and serpentenized mantle. Upon subduction, water is 
released by compaction of the sediments and a series of metamorphic reactions at shallow 
to intermediate mantle depths. It is generally accepted that the dehydration reactions play 
an important role in the generation of intermediate depth seismicity and that the resulting 
flux of volatiles to the mantle wedge is the principle mechanism for melting that leads to 
arc volcanism. However, the details of the metamorphic reactions, the quantitative flux 
from the slab into the mantle wedge, and the transport pathways of fluids and melts to the 
arc are not clear.  
We provide a global comparison of the thermal structure and dynamics of subduction 
zones using high resolution finite element models with realistic rheology. The thermal 
structure is used to estimate the dehydration rates in slabs, which in turn is used in newly 
developed models for the migration of fluids inside the slab and wedge. The combined 
dynamical-petrological-hydrological modeling provides a new quantification of the water 
cycle in subduction zones, provides reasonable matches to a number of recent geochemical 
and geophysical observations at subduction zones, and predicts that substantial amounts of 
water can be recycled to the deep mantle.  

 
Left: Sketch of geophysical and geochemical processes in subduction zones (modified from 

van Keken, 2003). Middle: Temperature prediction for the Nicaragua subduction zone. 
Right: predicted maximum water content of subducting slab. 
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Martian relic sea environments: potential microbial habitats 
 
Max .K. Wallis and Janaki T. Wickramasinghe 
Cardiff University, UK 
The creation of lakes and seas by flooding occurs rarely on Mars, but can still be 
significant for the planet’s ecosystems supposing that terrestrial-like polar and permafrost 
micro-organisms are present.  Metabolic activity is thought to continue at low rates at -
20˚C, perhaps as cold as -40˚C, so certain organisms could live under protective mm-scale 
crusts in micro-layers of mobile water warmed by midday insolation. Connection of such 
isolated environmental niches to the planet as a whole is necessary.  Meteorite impacts 
provide one linking mechanism – on the kyr to Myr timescale.  We consider the freezing 
of lakes generated by subcrustal outflows or large bolide impacts and the subsequent 
evolution of these formations via sublimation and meteorite impact, to assess how 
associated life-forms might retain viability and spread to other habitats.  Km-sized 
cratering events on 10-100 kyr scale eject frozen fragments regionally and might retain 
liquid water for years only, but their 10m thick ice under dirt crust could persist for Myr, 
as inferred in the Elysium Sea.   The rare impacts of km-size bolides eject fragments over 
planetary scales, some landing in relatively friendly polar-ice habitats. 
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Liquid water and organics in Comets: implications for exobiology  
 
J.T. Wickramasinghe, N.C. Wickramasinghe and M.K. Wallis  
Cardiff University, UK   
Liquid water in comets, previously inferred from aqueous alteration of carbonaceous 
chondrites, now appears very probable.  New evidence has come from the discovery of 
clay minerals in the ‘Deep Impact’ comet (Tempel 1) as well as inferred from its 
topography with smooth terrains and pedestal craters. Infrared spectral indication of clay is 
confirmed by modelling data in the 8–40 m and 8–12 m wavebands on the basis of 
mixtures of clays and organics. Radiogenic heating producing liquid water cores in freshly 
formed comets appears more likely on current evidence for solar system formation. Here 
we investigate transient subsurface melting in comets when in the inner solar system. 
 Thin crusts of asphalt-like material, formed due to solar processing and becoming hot in 
the daytime, can enable melting of sub-surface icy material a few centimetres deep. 
Supposing comets were seeded with microbes at the time of their formation from pre-solar 
material, we would expect amplification and evolution within the early liquid interior and 
in the transient ponds or lakes, to be later released as the outer layers are stripped away via 
sublimation. Comet Tempel-1 from the ‘Deep Impact’ mission (courtesy NASA). 
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The Distribution of Water in the Inner Solar System. 
 
Lionel Wilson      
Lancaster University, UK; Brown University, USA;  University of Hawai’i, USA 
The relevant issues are the distribution of water in the inner part of the proto-solar nebula, 
the extent to which water was incorporated into and retained within planetesimals as they 
were themselves forming and subsequently accreting to form the inner planets, and the 
extent to which the inner planets were provided with water by cometary impacts after most 
of their accretion had taken place.  We have a little information relevant to this and a lot of 
uncertainties.  Thus, the variation of temperature with radial distance from the centre in the 
proto-solar nebula is very model-dependent and poorly constrained by observations.  We 
use the meteorites from main-belt asteroids as indicators of primitive asteroid 
compositions and hence water content, but this is confused by extensive aqueous and 
igneous alteration of asteroids that formed early and contained powerful short-half-life 
radioisotopes, and by the likelihood that orbital evolution of giant planets, especially 
Uranus and Neptune, may have “contaminated” the main belt with bodies that accreted 
further out.  Another problem concerns the relative timing of the addition of water to the 
newly-formed inner planets from comets perturbed inward by giant planet orbit changes, 
and the giant impacts that (almost certainly) formed our Moon, (probably) stripped the 
outer layers from proto-Mercury, and maybe despun Venus and caused Mars’ dichotomy.  
We have long taken the apparent absence of water and CO2 in lunar igneous samples as 
strong evidence of the giant impact formation of the Moon, yet small amounts of water 
have recently been identified in Apollo samples.  While we thought the Moon had lost its 
low-molecular-weight volatiles during its impact-related formation we were happy to 
assume that Mercury would be equally “dry”, yet MESSENGER images show a good 
candidate for a volatile-driven explosive eruption (Fig. 1).   
  
  Fig. 1.  Pyroclasts &                   Fig. 2.  Pyroclastic deposits in situ & photomicrograph 
   volatiles on Mercury.                  of glass bead shape varieties on the Moon. 
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Perhaps the most immediate topic needing to be pursued for the Moon is the consequence 
of the presence of small amounts of water for our understanding of explosive lunar 
eruptions, until now inferred to be driven solely by CO produced by a “smelting” reaction 
between graphite and metal oxides.  The size distributions of pyroclastic glass beads (Fig. 
2) may help us understand how the relative amounts of early (CO) and late (H2O) volatile 
release during ascent of lunar magmas led to the wide variety of eruption products seen. 
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Water recycling in the mantle 
 
Marjorie Wilson 
University of Leeds, UK 
 
It is now widely accepted that seawater (in the form of hydrothermally altered oceanic 
crust plus subducted sediments) is recycled back into the Earth’s mantle at subduction 
zones and that dewatering of such recycled materials is a significant trigger in the 
production of subduction zone magmas. Many attempts have been made to quantify the 
fluxes and mass balances, although these remain controversial.  There is, however, 

increasing agreement that not 
all of the  “recycled seawater” 
is stripped off in subduction 
zones and that some fraction is 
transported into the deeper 
mantle along with the remnant 
oceanic lithosphere that has 
passed through the subduction 
zone “filter”. Seismic 
tomography studies indicate 
potential storage of such 
materials in the mantle 
Transition Zone (TZ; 410-660 
km) and at the core-mantle 
boundary (D”). Evidence is 

presented that “slab graveyards” within the TZ are the location of a second stage of super-
critical fluid release which triggers a distinct style of within-plate magmatism. 
Since the advent of plate tectonic theory the causes of within-plate volcanism, apparently 
unrelated to plate boundary phenomena, have remained enigmatic. Whilst extensional 
tectonics and various forms of mantle plume activity have been proposed, none of the 
existing hypotheses have been able to explain all the available data (both geophysical and 
geochemical) satisfactorily. In 1995 Granet, Wilson & Achauer proposed, on the basis of 
results from a detailed local seismic tomography experiment in the Massif Central, France, 
that the extensive Tertiary-Quaternary volcanism in this part of Europe was related to the 
upwelling of a narrow, upper mantle plume rooted in the Transition Zone (TZ: 410-660 
km depth) at the base of the upper mantle. Similar structures were hypothesized to exist 
beneath each of the major volcanic fields within Europe and were considered to be both 
thermally and chemically anomalous. Ritter et. al. (2001) subsequently confirmed this 
based on the results of a high-resolution seismic tomography experiment beneath the Eifel 
volcanic field in Germany. The debate might have ended here but for an apparent 
anomaly, identified in many regional seismic tomography studies (e.g. Piromallo & 
Morelli, 2003), which demonstrates quite robustly that the Transition Zone beneath central 
Europe and the Mediterranean is seismically fast and therefore unlikely to be the source of 
thermally driven convective instabilities (or upper mantle plumes).  
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Wilson (2008) recently proposed an alternative explanation for the plume-like structures in 
the upper mantle beneath Europe as the products of localised super-critical fluid streaming 
from the top of the TZ. According to this model water is concentrated in the base of the 
upper mantle by subduction processes during Africa-Eurasia collision where it is stored in 
high-pressure mineral phases (cf Hirschmann, 2006). Periodic fluid release from the top of 
the TZ, triggered by metamorphic breakdown reactions, causes partial melting in the 
overlying mantle. The resultant melts are predicted to be of carbonatitic or kimberlitic 
composition, becoming more silica-rich (melilitites, basanites, alkali basalts) as the fluid 
stream rises and the degree of melting increases. Evidence for the existence of such deep 
mantle fluids comes from studies of fluid/melt inclusions in diamonds believed to have 
been exhumed from Transition Zone depths in kimberlite host magmas. This model 
provides an excellent generic explanation for intra-plate alkaline magmatism in regions 
which have experienced an earlier phase of subduction e.g. Europe; eastern China, western 
USA and thus may be a universal paradigm. 
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Clouds,Lightning and the Evolution of Life. 
 
Sir Arnold Wolfendale 
Durham University, UK. 
 
Clouds are a prominent feature of terrestrial landscapes,and elsewhere in the Cosmos.A 
crucial point concerns their possible initiation,and modulation,by Galactic Cosmic 
Rays,the intensity of which varies with time.It has been claimed that 'Global Warming' is 
caused by cloud cover 
following the Cosmic Ray variation.Is it true? 
High energy cosmic rays almost certainly initiate lightning strokes and we have suggested 
that CR-driven great excesses of lightning strokes in the early history of the Earth played a 
role in the origin of life,The production of NOx by lightning is well known and this was 
almost certainly responsible for the early appearance of vegetation  on the Earth.It is 
poisonous to mammals so the possibility arises of differential evolutionary tracks for 
plants and mammals.Here we have another instance of climate 
stress,in addition to the Ice-Ages,coming from astronomical phenomena. 
Clearly,water is involved in all these phenomena,whether in clouds,in ice crystals or in the 
primordial soup. 
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Water in the Outer Planets 
 
Ian Wright  
Open University, UK. 
 
The Solar System was formed 4.5 billion years ago from a flattened rotating disk of 
cosmic material. Although the details of this process remain a subject of research, both 
theoretical and observational, there are nevertheless some things we know for certain. For 
instance, the disk was relatively hot at the center, where the proto-Sun formed, and 
became progressively cooler outwards. Within this environment it is apparent that there 
were regions close to the center where water could not exist, or condense, and a boundary 
beyond which water was effectively stable. This notional “snow line” is considered to 
have been (notwithstanding planetary migrations) somewhere between the orbits of Mars 
and Jupiter. And so, within the Solar System, there are bodies far from the Sun that 
contain relatively high amounts of water and bodies closer in that contain very little. 
For practitioners of Solar System formation dynamics what is interesting is not necessarily 
the distribution of water itself (which, as shown above, is compatible with beer-mat 
philosophy) but rather the relationships of the various water reservoirs throughout the 
whole. The reference point for our deliberations here is, understandably, the Earth - this 
body demonstrably has water at its surface. So, we can be certain that the processes in 
operation 4.5 billion years ago were such that a largely rocky planet at a distance of 150 
million km from the Sun could definitely 
retain, or gather, sufficient H2O at its 
surface to allow the generation of an active 
hydrosphere. Indeed, a hydrosphere that 
has also been able to support a biosphere. 
So, can learn something about our own 
origins through a study of water in the 
Solar System at large? What we find when 
we pursue this idea is that the occurrences 
of water beyond Earth are totally 
fascinating in their own right. Furthermore, 
on a Solar System-wide basis, the water on 
Earth represents a tiny fraction of the 
whole. If we try to ignore our geocentric 
thinking and take a galactic perspective we 
conclude that maybe planets like Earth are 
quite rare. In contrast, icy bodies (planets, 
moons, comets) are likely to be relatively 
abundant. Perhaps it is bodies like these 
that are more likely to harbour the 
extrasolar life that drives the search for habitability in a broader context. 
We will look in detail at the water in the Solar System, consider the relationships between 
the various manifestations of the compound, and contemplate the issue of life both “here” 
and elsewhere. 
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