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Preface

Europa, Jup ite r’s second large moon, almost certainly harbors a global sub-surface 

ocean containing 2-3 times the volume of all the liquid water on Earth. This ocean has 

likely persisted for the history of the solar system and as such it presents a compelling 

world in our search for life beyond Earth.

In the work presented here, results from the Galileo spacecraft magnetometer 

were used to investigate the sub-surface ocean chemistry and to derive relationships 

for salinity and ice layer thickness as a function of induced amplitude response. The 

best fit to  the currently available d a ta  was found to  be a 4 km ice shell and near­

saturation salt concentrations in the ocean. These results hold for both  the 3-layer 

spherical model (mantle-ocean-ice) and a 5-layer half-space model (adding an iono­

sphere and core). This is the first empirical constraint provided for the ice shell 

thickness independent of surface geology and therm al models. Interestingly, results 

for salt concentration imply th a t contemporary Europa could be suitable for halophilic 

organisms, but it may be too salty to  allow for the origin of life as we know it.

Along with numerical modeling of the magnetic field interactions, a cryostat- 

coupled vacuum chamber w ith a high-energy electron gun was constructed to  inves­

tigate magnetospheric interactions of the energetic particles w ith the surface ice of 

Europa and other icy satellites. The focus of this work was on electrons in the ~10 

keV range and ices at tem peratures of 80-120 K and pressures of 10- 9  torr.

Laboratory investigations of H2 O 2  production and saturation levels were con­

ducted for a  range of tem peratures, beam currents, and electron energies. Most 

significantly, experimental results were combined with a m athem atical model for to ­

ta l H2 O 2  production and destruction over the range of incident electrons energies
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(~  0.1 — 104  keV). Integrating down through the surface ice we find th a t sub-surface 

H2 O 2  concentrations could be significantly larger than  the observed surface abundance 

(several percent versus 0.13% by number relative to  water).

Ice mixtures of H20  and either C 0 2, propane, propene, butane, (l-,2-)butene, and 

ammonia were irradiated to  examine the resulting organic chemistry and possible pre- 

biotic chemistry. Radiolysis w ith C 0 2  yielded only CO and carbonic acid, w ith minor 

amounts of formaldehyde possibly present. No residues were left on the substrate af­

ter these experiments. During radiolysis of all hydrocarbon mixtures we observed 

the evolution of C 0 2  and m ethane coupled with polymerization of the short-chain 

alkane or alkene. In the case of alkenes, the 7r bond was seen to  rapidly disappear 

with increased dose. Refractory residues were left on the gold target mirrors and 

subsequent analysis indicated long aliphatic mixtures with alcohols, aldehydes, and 

esters. Adding ammonia to  the initial ice mixture yields the cyanate ion, formamide, 

nitriles, and a tentative identification of racemic alanine.

Considering the problem of observed, condensed phase oxygen on the surface of 

Europa, we show th a t mixed clathrate hydrates of 0 2, C 0 2, and S 0 2  could provide 

the necessary trapping mechanism for retaining 0 2. Calculations for oxidant deliv­

ery to the sub-surface ocean - accounting for consumption by geologically produced 

reductants - show th a t Europa’s ocean is not likely to  be oxidant limited. Were bi­

ology to  be present, the chemical energy available through delivery of radiolytically 

produced surface oxidants could be great enough to  support organisms comparable 

to  terrestrial ocean macrofauna.

This issue of biomarkers on the surface of Europa was explored by irradiating 

Bacillus pumilus spores in the Europa simulation chamber. Results indicate th a t the 

amide bands associated w ith a-helical proteins and /^-pleated sheets survive irradia­

tion and could serve as possible spectroscopic biosignatures, allowing differentiation 

of abiotic organic chemistry from biologically driven chemistry. The phosphodiester 

bonds of nucleic acids may serve a similar purpose, bu t more work needs to  be done 

w ith abiotic residues containing phosphorous. Finally, the technological challenges 

facing future spacecraft missions aiming to  search for life on Europa are considered.
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life, the universe, and everything.

Gerry grumbles and plays with his spiraling fu-manchu beard. I can see the gears 

of his brain churning behind his eyes. Finally, the answer pops out like coins from a 

one-arm jack hitting three roses: ‘You need to go work with Chris Chyba.’

Now up until th a t point I had known only the published name of Chris Chyba. I 

had never met him, nor had I heard him speak. But it clicked. Chris was working 
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Chapter 1

Introduction

“...our own eyes show us four stars which wander around Jupiter as does the Moon 

around the Earth, while all together trace out a grand revolution about the Sun in the 

space o f twelve years. ” -  Galileo Galilei, 1610

1.1 T he stars o f  M edici

On January 7th, 1610, the Galilean satellites came into existence, at least as far as 

human awareness is concerned (Figure 1.1). For about a week they were thought to  be 

stars. By th a t point, however, Galileo Galilei had collected enough da ta  to  convince 

himself th a t the small, curiously aligned points of light he was seeing were not just 

stars, they were planets. W ith even more data, he would reach the conclusion th a t 

he was indeed witnessing the orbit of four large moons around the planet Jupiter 

(Galileo and Drake, 1957).

This conclusion was perhaps one of the strongest nails in the coffin of the Aris­

totelian world view. Just a few decades later, Newton would famously stand on the 

shoulders of predecessors like Galileo and the Universe would never be the same. The 

laws of physics now perm eated the Universe and over the course of the three centuries 

to  follow humanity would come to  discover th a t the principles of other sciences, like 

chemistry and geology, could also be applied to  other worlds and wonders of the Uni­

verse. Of the m ajor branches of science -  and more to  the point, of the m ajor ways of

1
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*  ®  * * *
Figure 1.1: The Stars of Medici as depicted by Galileo in one of the first ‘images’ of 
Europa. The circle at center represents Jupiter and the four large moons are drawn 
as stars. This sketch, from one of Galileo’s early notebooks, is from Fahie (1903). No 
information is provided about which ‘s ta r’ represents which moon and this configu­
ration provides little in the way of clues th a t can be coupled w ith our contem porary 
knowledge of orbital dynamics {e.g. Laplace resonance). Nevertheless, Galileo did 
tend to  draw the brightest moon with additional ‘points’ and Europa has the highest 
albedo of any of Jup ite r’s moons (ag =  0.68, (Bagenal et al., 2004)). For this reason 
I would wager th a t Europa is on the far right, leading to  a configuration th a t is likely 
(from L-R), Io, Ganymede, Callisto, and Europa, though Io and Ganymede could be 
interchanged.

understanding how m atter and energy interact -  biology remains the last to  extend 

its reach beyond our terrestrial confines. Here we may find ourselves returning once 

again to  the Stars of Medici, for it is here -  as I argue in this thesis -  within the  world 

of Europa, th a t we may discover life beyond Earth.

Our knowledge of Europa is sufficiently advanced, and our understanding of bi­

ology is such, th a t we can now put forward the testable hypothesis th a t Europa is 

habitable. Future spacecraft missions will be capable of answering these questions. 

The discovery of a second origin of life on this world would close th a t critical gap 

in our understanding of the coupled physical, chemical, geological, and ultim ately 

biological evolution of the Universe in which we live. W ith th a t single discovery, the 

entire Universe becomes habitable. Conversely, the failure to  find life on Europa, or 

other seemingly habitable niches in the solar system, would call into question our un­

derstanding of the most fundamental links between chemical evolution and biological 

evolution. W hat seemed to  be an inevitable progression here on E arth  now takes on 

the crown of biological singularity. Both outcomes are equally profound.

To close this brief historical introduction on a perhaps mundane, but nevertheless
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enlightening note, I return  to  the nam e1. Though what were once the Medicean stars 

had -  and I predict may continue to  have -  a profound effect on our understanding 

of the Universe in which we live, it is worth noting the rather academically astute 

motivation behind Galileo’s choice of name. There was no romantic vision of the 

Cosmos or glorified connection to  history behind his decision. The fact of the m atter 

is th a t his teaching load was interfering with his ability to  do research and his salary 

could barely support his research. He needed time and money and for this reason he 

coined the name of ’Medicean S tars’ to  honor the Medici family and in particular, 

Cosimo II de’ Medici . Cosimo, a former student of Galileo’s, was now the Grand 

Duke of Tuscany and Galileo hoped this gesture would bear him the goodwill of the 

family. It did, and Galileo relocated from Padua to  Florence w ith a  significant pay 

raise (Geymonat, 1965). Alas, while the science may change and be revolutionized, 

the challenges of life in academia and doing research persist. If only getting a mission 

to  Europa was as easy as naming the spacecraft after a politician.

1.2 Europa in th e  con text o f astrob iology

Jup iter’s second large moon, the ice-covered Europa, is subject to  a number of in­

teresting physical phenomena which, when combined, may lead to  a habitable sub­

surface environment. It is the topic of this dissertation to  explore, bo th  through 

numerical models and laboratory analysis, several of these phenomena and to  assess 

the effects on the surface and sub-surface physics and chemistry.

As we approach the 40(U! anniversary of the discovery of Europa (Galileo and 

Drake, 1957), the evidence for a contemporary, global liquid water ocean beneath the 

ice of Europa has reached near incontrovertable levels. Multiple lines of empirical 

evidence (Kivelson et al., 1997; Khurana et ah, 1998; Carr et ah, 1998; Pappalardo 

et al., 1998) and numerical modeling (Cassen et al., 1979, 1980; Squyres et al., 1983) 

point to  this conclusion. Meanwhile, alternative hypotheses have been proposed,

1Note that the origin of the now common names for the individual moons -  Io, Europa, Ganymede, 
and Callisto -  is credited to Simon Marius, a Galileo contemporary who claimed to have priority in 
the discovery of the moons. His notes, however, show that at best he made one observation in the 
days after Galileo’s discovery.
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Habitability
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Figure 1 .2 : At present, our understanding of the conditions necessary for life can be 
distilled down to  three broad requirements: 1 ) a sustained liquid water environment, 
2) a suite of elements critical for building life (e.g. C, H, N, 0 ,  P, S), and 3) a source 
of energy th a t can be utilized by life. Here we show how these ‘pillars of habitability’ 
intersect with our current understanding of the conditions on, and within, Europa.

tested, and almost entirely rejected based on a failure to  explain the observations 

(Pappalardo et al., 1999; Spohn and Schubert, 2003; Moore, 2006).

While the presence of liquid water may be a harbinger for habitability, it is by 

no means a sufficient condition for habitability. Our understanding of life here on 

Earth  has taught us th a t a t least two additional conditions must be met: 1) the 

environment must provide an inventory of so-called biogenic elements, (C, H, O, N, 

P, and S), and 2) the environment must exist in a state of energetic disequilibrium . 

Figure 1.2 provides a diagram of these three ‘pillars’ of habitability. Here we note 

th a t the word habitability necessitates further distinction. An environment can be 

said to  be habitable if extant life could survive in th a t environment. Alternatively, 

an environment could be said to  be habitable if life can originate and survive within
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th a t environment. The first allows for contam ination while the second requires an 

independent origin. From the standpoint of of modern biology, we have a reasonable 

understanding of the first aspect of habitability (see e.g. Rothschild and Mancinelli 

(2001)), but a rather poorly constrained understanding of the second (see e.g. Nisbet 

and Sleep (2001); Chyba and McDonald (1995)).

As we extend our understanding of biology to worlds beyond the  Earth, the 

prospect of discovering a second, independent origin for life sits as the Holy Grail 

for defining whether we live in a biological universe or one in which we - i.e. life on 

Earth  - represent the cosmic anomaly. Several worlds, including Mars, T itan, and 

Enceladus, offer interesting environments in which to  probe this question. But of the 

variety of worlds in our solar system, Europa represents the premier location to  search 

for a second origin of life. It is host to  the handful of broad requirements thought 

to  be necessary for the emergence of life, and it is protected - bo th  by distance and 

radiation - from the potentially contam inating influence of ejecta from Earth. Eu­

ropa offers the unique opportunity to  explore questions not ju st of life beyond Earth, 

but also those pertaining to  the uniqueness of our terrestrial DNA, RNA, ATP and 

protein based biochemistry.

1.3 T he Liquid W ater E nvironm ent o f Europa

The sub-surface ocean of Europa has likely been in existence throughout the history 

of the solar system and the water within th a t ocean has likely been in contact with 

chemically-rich rocks for much of th a t time. To assess the liquid water environment 

of contemporary Europa, in Chapters 3 and 4 we analyze the chemistry of Europa’s 

ocean and explore the role of an active seafloor on the bulk ocean chemistry through­

out the ocean’s history. Also of potentially great significance to  the chemistry of 

the ocean is the fact th a t the surface ice of Europa has been exposed the radiation 

environment of Ju p ite r’s magnetic field and consequently made rich with oxidants. 

The question of delivery of surface oxidants to  the ocean is addressed in C hapter 8.

Though our understanding of the limits of life - both in the context of origins and 

habitability - is incomplete, our results indicate th a t Europa could support life as we
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know it. Furthermore, it is plausible to  presume th a t Europa has been habitable for 

much of its history. As we will show in Chapter 3, the modern ocean of Europa may 

be too saline for the origin of life as we know it, but this does not preclude origins in 

a less saline micro-environment, either past or present.

1.4 E nergy C onstraints on H ab itab ility

While the m antra of ‘follow the w ater’ has been the call of NASA’s search for life 

beyond Earth, this m antra is really a subset of the m antra ‘follow the energy’. Life 

as we know it - th a t is, all life on E arth  - requires just two forms of energy: therm al 

energy for melting water, and chemical energy for maintaining and regulating pro­

cesses considered essential for life. Organisms th a t directly absorb light do so as a 

means of producing utilizable chemical energy, stored in ATP.

The existence of liquid water on any world requires an investment of energy in 

our contemporary cold universe (2.725±0.002 K) (M ather et al., 1999). Liquid water 

implies at least 6006.8 J mol-1 of pure water in order to  convert 273.16 K ice to  liquid 

water (Haida et al., 1974). Traditional definitions of the habitable zone have, in part, 

been restricted to  liquid water on the surface of Earth-like planets made possible 

in part by atmospheric heating from the parent star (Kasting et al., 1993). Such 

definitions do not adequately account for the energy sources th a t may be responsible 

for maintaining the m ajority of liquid water in our solar system, if not the universe: 

tidal and radiogenic energy.

W ithin the jovian system, generating therm al energy through tidal dissipation 

and radioactive decay (following initial accretional heating) accounts for what are 

likely our solar systems three largest oceans. At present, the evidence amassed from 

the Galileo mission leads to  the conclusion th a t liquid water oceans within Europa, 

Ganymede, and Callisto may harbor a to ta l volume of liquid water 30-35 times th a t 

of the E a rth ’s ocean (Spohn and Schubert, 2003).

Despite the fact th a t these moons likely contain large oceans (Zimmer et al., 

2000) and bulk chemical compositions with a suite of biogenic elements (Kargel, 

1991; Kargel et al., 2000), the availability of chemical energy may be a limiting factor
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for habitability. Of the three worlds, the young surface age of Europa (30-70 Myr, 

Zahnle et al. (2003)) provides some indication th a t geological processes may be active 

on a global scale and could serve to  m aintain chemical disequilibrium in the ocean. 

Based on the argument th a t no reductant-oxidant chemical pairing could persist on 

Europa, some workers have argued th a t the ocean is thermodynamically dead (Gaidos 

et al., 1999). McCollom (1999), Zolotov and Shock (2003), and Zolotov and Shock 

(2004), however, have analyzed the geochemical possibilities for maintaining chemical 

disequilibrium in a hydrothermally active europan ocean and find th a t energetic niches 

for microbial life could persist, provided hydrotherm al activity is m aintained through 

time. Methanogenesis and sulfate reduction are argued to  be viable pathways for 

life, perhaps supporting 105 kg y r-1 of biomass (McCollom, 1999). By comparison, 

terrestrial production is ~ 1 0 14 kg yr-1 globally, with perhaps ~ 1 0 10 kg yr-1 from 

hydrothermal vents (McCollom, 1999). Ultimately, however, these systems may be 

oxidant limited.

But the Galileo results (Carlson et al., 1999a) and more recent ground-based 

results (Spencer and Calvin, 2002), have made a strong case for an oxidant-laden 

surface on Europa. The predominant source of the oxidants is the radiolytic chemistry 

resulting from the bombardment of the surface ice by energetic electrons and ions 

entrained in the Jovian magnetic field (Johnson et al., 2004). Chyba (2000) and 

Chyba and Phillips (2001) have examined the potential role th a t surface radiolysis 

may play in creating an environment of chemical disequilibrium in the putative ocean 

of Europa. Though their results are contingent on an active surface th a t delivers 

surface m aterial to  the sub-surface, the conclusion is th a t radiolytically produced 

oxidants could serve to  greatly enhance chemical disequilibrium within the ocean and 

significantly enhance the habitability of the ocean.

In Chapters 6, 7, 8 and 9 we examine, through laboratory experiments and nu­

merical models, the role of high-energy electron radiolysis on the chemistry of the 

surface of Europa. We then consider the potential consequences of such chemistry 

on the sub-surface ocean. We show th a t the abundance of oxidants produced in the 

surface ice suggests th a t the availability of oxidants is unlikely to  be a limiting factor 

for either abiotic or biological reactions. Delivery of radiolytic oxidants to  the ocean
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could mean the difference between an ocean th a t could be inhabited by single-celled 

microbes and an ocean th a t can support complex, multi-cellular life forms.

1.5 S teps tow ard Life and Life D etection

Robotic exploration in the coming decade must include Europa (NRC, 2003). Be it an 

orbiting spacecraft, a lander, or - hopefully - a combination of both, these missions will 

pose great challenges for the field of astrobiology. The near-term  missions to  Europa 

will not directly sample the ocean water (unless serendipity lends a hand) and thus our 

knowledge of any subsurface biochemistry will be limited by our ability to  deconvolve 

the abiotic radiolytic surface chemistry from the biochemistry. Biological m aterial 

exposed to  the harsh radiation environment of the europan surface will be modified 

and the resulting biosignature, if any, could be indistinguishable from abiotic organic 

chemistry driven by radiolysis on the surface of Europa.

In Chapter 8 we examine, through laboratory experiments, the abiotic radiolytic 

organic chemistry th a t could result from H2 O +C O 2  ices at europan tem peratures 

and pressures. We then move to  experiments on more complex ices where the initial 

conditions include organics (Chapter 9). Specifically, we examine ices with short- 

chain alkanes (propane, butane, and isobutane) and alkenes (propene, 1-butene, and 

2-butene). Ammonia is then added to  the system (Chapter 10) and the resulting 

compounds are examined in the context of prebiotic chemistry.

Finally, in Chapter 11 we analyze bacterial spores irradiated under europan con­

ditions. The resulting chemistry is then compared to th a t of the abiotic organic 

chemistry and we assess the potential for distinguishing biomarkers. We conclude by 

exploring the difficulties, advantages, and disadvantages of searching for biosignatures 

on Europa from orbit and from a lander on the surface.
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Chapter 2

The Jovian M agnetic Field and 
Interactions w ith Europa

The numerical and experimental investigations of Europa, as described in this thesis, 

depend on our present understanding of the Jovian magnetic field and the interactions 

of th a t field with both  the surface and interior of Europa. Here I review these processes 

to  provide background and motivation for the work th a t follows.

2.1 T he Prim ary F ield

A liquid metallic hydrogen dynamo within Jupiter is the likely source of the prim ary 

magnetic field of Jupiter. The region of the dynamo extends from ~  0.15/?,/ to 

~  0.85R j  within Jupiter (where the mean R j  =  69, 911 ±  6 km), creating a magnetic 

field a t the equatorial surface of 4.3 x 10~4 Tesla (4.3 Gauss).

The orientation of the field is tilted  9.4-9.6° from the rotation axis of Jupiter and 

is offset from the center of Jupiter by 0.12-0.13 R j, depending on the model of choice 

(see, for instance the chapters and appendices within Bagenal et al. (2004)). Figure

2.1 illustrates the general configuration of the field with respect to  a Jupiter-centered 

coordinate system. As Jupiter rotates on its axis every 9.92 hours the co-rotating field 

sweeps past all of the jovian satellites except for Metis and Adrastea, bo th  of which 

have orbital periods of just over seven hours (Bagenal et al., 2004). Amalthea, the

9
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CHAPTER 2. JOVIAN MAGNETIC FIELD 10

largest of the four innermost satellites, orbits w ith a period (11.95h) slightly greater 

th an  th a t of an orbit synchronous with Jup ite r’s rotation. All of the other 63 known 

moons of Jupiter lag behind the co-rotating field as they orbit Jupiter.

Available spacecraft d a ta  (Pioneer 10, Pioneer 11, Voyager 1, Voyager 2, Ulysses, 

and Galileo) provide enough information to  usefully describe the spatial distribution 

of the magnetic field resulting from the jovian dynamo. The field is described by a 

potential of the form (K hurana et al., 2004; Guillot et al., 2004),

oo /  r? \  ^
$  =  S  ) S  Pim(cos&) (gTcos{m p ) +  K s i n { m \ )) (2.1)

i = l  '  '  m = 0

Here r  is the distance from the center of Jupiter and 6 and A are the colatitude (i.e. 

9 at the poles of planet is 0°) and longitude of the moon’s position. The associated

Schmidt normalized Legendre polynomials of order m  and degree I are represented by

P ;m, and the empirically determined Schmidt coefficients are represented by glm and 

hlm. Physically, the term  with m  =  0 and I =  1 represents the axial dipole term  of 

the magnetic field resulting from the dynamo. As the order and degree of the term s 

increases the ability to  empirically resolve the coefficients based on the available da ta  

decreases. For this reason most models for Jupiter are constrained to  m  = 3 and I =  3. 

Solving for the magnetic field strength at Europa (r =  9.38R j ,  9 =  90°, 0 =  0) yields 

|B| =  520 nT (using Schmidt coefficients for the VfP 4 model as given in Connerney 

et al. (1998)).

The magnetosphere of Jupiter - defined by the extent of the region in which the 

jovian magnetic field dominates over the background solar wind - occupies a  tear- 

dropped shaped region w ith a radius of some ~45 - 100 R j on the sub-solar side and 

a tail which extends for some ~7000 R j, or ~  3.3 AU (Khurana et al., 2004). During 

conjunction with Saturn, the tail region of the jovian magnetosphere can reach into 

the saturnian magnetosphere.
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Jovian B-field b

Axial tilt: 9.6° 

Offset: 0.13 R

Figure 2.1: Jovian magnetic field configuration showing the prim ary dipole, the offset, 
and the angular frequency, uij.

2.2 T he Induced M agnetic  F ield  o f Europa

The 3.55 day orbital period of Europa results in a synodic period of 11.2 hours for 

the rotation of the jovian magnetic field past Europa. As a result of the 9.6° tilt and

0.13 R j offset of the magnetic field, Europa experiences a time-varying change in the 

component of the magnetic field aligned along the Jupiter-Europa axis (hereafter, the 

y-axis). Figure 2.2 shows the configuration of the satellite with respect to  the jovian 

field.

During the 11 Europa fly-bys of the  Galileo spacecraft, the onboard magnetometer 

returned da ta  during 8 of the encounters and detected fluctuations in the surrounding 

magnetic field consistent w ith a time-varying response to the prim ary field of Jupiter 

(Khurana et al., 1998; Kivelson et al., 2000). This leads to  the idea of an induced 

magnetic field, generated by a conducting layer internal to  Europa, responding to  the 

d B / d t  of the external prim ary field of Jupiter.
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We can better understand this interaction by first considering Maxwell’s equations, 

given here in the most general differential form,

<9D
V x H  =  J  +  —  (2.2)

at

QT)
V x E = - -  (2.3)

V B  =  0 (2.4)

V • D  =  q (2.5)

where H  represents the magnetic field intensity (in units of A m -1), B  is the magnetic 

induction (in T), E  is the electric field intensity (in V m -1 ), and D  is the electric 

displacement (in C m~2). The density of electric charges is represented by q and J  is 

the current density. In addition to  Maxwell’s equations, we need O hm ’s Law,

J  =  crE (2.6)

For the case of induction in the near surface of Europa we are dealing with a non­

magnetic material. Therefore the relation between the induction and field intensity 

simplifies to  B  =  fi0 (H  +  M ) =  /i0H . (Here M  is the magnetisation vector in A 

m -1 .) We are also considering a medium in which the current from conduction, 

J , is much greater than  the displacement current d D /d t .  Finally, we note th a t we 

are not going to consider currents due to  the motion of the conductive media itself. 

Including this component adds a a ( v x B )  term  to  Ohm’s Law and consequently a 

curl term  to  the diffusion equation. Ignoring this term  amounts to  assuming a small 

magnetic Reynold’s number for the conducting media - a fair assumption for non-

metallic conductors. Given the above constraints, we can rewrite Maxwell’s equations

as,

V x B  =  HqctE  (2-7)
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Jupiter-Europa B-fleld interactions
— ►

B

U)E

Figure 2.2: The jovian magnetic field and the relative motion of Jupiter, Europa and 
the flow of the magnetic field. Here we use the EPhiO Cartesian coordinate system 
to  describe the relative motion of Europa, Jupiter, and the flow of the magnetic field. 
The x-axis is along the line of Europa’s orbital motion (and the flow of the field past 
Europa), the y-axis is along the Jupiter-Europa line, and the z-axis is along the spin 
axis of Europa (Schilling et al., 2004).
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V x E  =  - —  (2.8)

V • B  =  0 (2.9)

V • E  =  — (2.10)

Following Parkinson (1983) we can now take the curl of 2.7, substitute 2.8 and 

use 2.9 to  yield,

V x ( V x B )

W B - V 2B  = - / x0^

V 2B =  w  f  (2.11)

The final expression, 2.11, is the diffusion equation for induction in a stationary 

conductor within a time-varying magnetic field. We can represent the simple case of 

a magnetic field varying as a single sine wave of frequency lo by B(x ,  t) =  B 0e~lwtelkx. 

Equation 2.11 then becomes,

V 2B  =  £;2B  (2.12)

where k  =  ±  (1 — i) y^u/iQa/2 = ±  (1 — i) s. Physically, the param eter s is term ed 

the skin depth and specifies the distance into the conductor at which the am plitude 

of the field is reduced by 1 — e-1 . The real part of k  must be chosen to  be negative 

in order for the  solution to  be physically realistic; a positive real k  would correspond 

to  the field increasing exponentially with depth.

The field within a conducting sphere can be represented in spherical polar coor­

dinates as the sum of forces parallel and forces perpendicular to  the radial line of the
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sphere. The field can then be w ritten as

B =  B t  +  B P =  V x T r  +  V x (V x Tv) (2.13)

The subscripts T  and P  denote the toroidal (perpendicular) and poloidal (parallel) 

fields. The expressions for the fields on the right-hand side of Eq. 2.13 come from 

the definition of the vector potential, A , for the field,

B  =  V x A  =  V x  (Tr) + V x (V P  x r) (2,14)

where T  and P  are the scalar potentials for the toroidal and poloidal fields re­

spectively. In spherical coordinates, B t  and B p can then be expressed as,

B t  =  V  x T r  =  ( r2 sin 6) 1

f  9 <j)

d / d r  d /dd  d/d(f) 

T r  r2T  r2sin{6)T

1 d T  - d T  ~ 
b t  =  - t ^ 0 - ^ U  (2.15)

svn{0) ocp at)

and similarly,

B P =  V x (V x P r)

=  ( r s in # )" 1 (d/dO (sin0 d P /d r )  + (sin#)-1ch2P/d(j)2) r  

+  r~x (d /d 6  (d(rP) /dr ) )  §

+ (r sin 9)~l (d/dcf)) (d(rP)/dr)(f>

=  ( r _1D2P ) f +  (r~ldV/dd)  6 +  ((r s m O ^ d V / d c f )  4> (2-16)

where,

V  = {d /dr ){ rP )  (2.17)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2. JOVIAN MAGNETIC FIELD 16

and,

D2 =  (sin#) 1 {d/d9)(sin9 d/d9) + (sin29) ld2/d(j)2 (2 .18)

When acting on the surface spherical harmonics, Sn{9,(/>), separation of variables in

For the case of a uniform conducting sphere, the toroidal field is neither detectable 

outside of the sphere or capable of being induced by an external field. Considering 

the application to  Europa, we are then concerned only with the poloidal field arising 

from the interior of Europa resulting from interaction with the external jovian field. 

We can take a jovian prim ary field potential (where B j =  —N B j )  of the form, 

B j  = CF(r)S™(9, (p)erlwL. The radial component is represented by the function F  

and the angular components by the spherical harmonics, S™. Due to  the symmetry of 

the problem, the orders m  of the harmonics can be omitted. C  is a complex constant. 

W ithin the conductor {i.e. Europa) we then find the expression for the behavior of the 

induced poloidal field as determined by the diffusion equation, 2.12, which governs 

the behavior of the prim ary field within the conductor. Following 2.16 and ignoring 

the time dependency then leads to,

Using these expressions in the diffusion equation then leads to  the following dif­

ferential equation for F,

Laplace’s equation shows th a t the operator D2 yields,

D2^  =  - n  (n +  1) S n (2.19)

B j r = C r~xn (n + 1) F ( r ) S n

B Je = C r~1d (rF ) /d r  d S n/d9 (2 .20)

B Jtj> =  C(r  smd) ld{rF)/dr  d S n/d4>

(2 .21)
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which, by comparison with Bessel’s equation,

dx2 x d x  V x 2 

is known to  have solutions of the form,

f ( x )  = Jn+i{x)

Here the Jn+i(x )  are, for example,

Ji  (x) = \ —  sin a;
2 V n x

J - i ( x )  — \ — cos x  
2 V 7TX

M x )  =  , N ( s± 1£ - c o s x
2 v irx \  x

1 2 /  cosx  . \
J - i l x )  =  — ---------------- s in i

2 irx \  x  /

Following Parkinson (1983), higher-orders and derivatives can be found with,

OiTTi
Jm+lix)  =  Jm(x ) Jm—1 (*̂ )

X

and,
d TYl 1

=  J m — l i ^ x )  ~ < 7 m ( x )  — ( J m — \ ( x ) t /m _ |_ i(2 ;))

respectively. The solutions for F  in Eq. 2.21 are then,

F (r) =  - ^ = J n+i(rk)  
y r k  2
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and,

=  ~TT'J- n - \ ( r k )- (2-28)
y r k  2

The second solution, Eq. 2.28, goes to  infinity for r  —>• 0 and is thus non-physical.

W ith the spherical harmonics, Eq. 2.27, and Eq.’s 2.20 we have now defined the 

behavior of the induced field within the conductor. External to  the conducting sphere,

i.e. at distance a where a >  r , the radius of the sphere, the to ta l potential can be 

described as (Parkinson, 1983),

( T \ n / a \ n+1
Bpotal ^ ' <̂^ P r*mary ^ \  0) P  Induced (2.29)

Taking the negative of the gradient for each component and solving for the combined 

field at the surface, r = a, then leads to,

Br = ( (^ T  1)B[nduced n B p rimary) S n(8,0),

dSnB$ = {Bin(iuce(i +  B p rirnary) ~qq~: (2.30)

B a> ( Bl ndttcf d T  BI ’r marry) . /) .,sm 6 d(p

At the interface between the solid surface (i.e. ice) and the surrounding space, 

the poloidal field must be continuous. Given this boundary condition, the individual 

components from equations 2.30 and 2.20 can then yield,

C
n(n  T  1)F  =  (n T  1)B j n(iuce(j nZ?pr?;m0J.,y (2.31)

ct

~  =  (BInduced T  B p rimary) (2.32)

C d (r F )
a dr (B in d u ced  T  B p r ima ry )  (2.33)
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where, by following Eq. 2.26 and using a change of variable, the expression 

d(rF) /d r  expands to,

^ 2. =  (rk)^ Jn_ i ( rk )  -  n(rk)~*Jn+i(rk).  (2.34)

Next we solve Eqs. 2.31 and 2.32 for C/a  and equate the results. Here we use 

J + and </_ to  denote Jn+i  and Jn_ i respectively and we denote V a k  by a. We also 

contract Bprimary and B i ndUCed to Bp  and Bj  respectively.

(n +  l)B / — nBP —Bp — Bj  /o oc.^

2 V ± R j+ - ( a j _ - z j +)'  [Z'6b)Ot '
Collecting B  term s on the right-hand side, expanding the left-hand side, and 

multiplying the equation by (n  +  1) yields,

-  1 =  I -  (2-36)
n  b J - T L T

B p

Bringing the 1 on the LHS to  the RHS, simplifying the fraction and rearranging 

then leads to,

E i  = n J + _  n 2 j+ 4. n (2 371
B p  a 2J -  (n  +  l)o;2 J_  n +  1

Upon further simplification,

B j  no? J -  — 2 n 2J+ — n J +
B p  (n  + 1 ) a 2 J_

5 /  n a 2J -  — (2n + 1 )n J+ 
Bp (n +  1)q!2

(2.38)

(2.39)

I note here th a t Eq. (390) of Parkinson (1983) shows J+ in the denom inator and 

after several thorough reviews of my derivation, I believe th a t the Parkinson tex t 

contains a typo and the equation I derived is correct with J_  in the denominator. 

Substituting a, k  and the Bessel functions back into Eq. 2.39,
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B j  n akJn_ i(ak )  — (2 n  +  l ) n J n+i(ak)
B P (n + T)akJn_\ (ak) (2.40)

Using Eq. 2.25 allows further simplification of the Bessel functions,

Bj_ _  n J n+z(ak)
B P (n + T)Jn_\{ak) '

(2.41)

The expression in Eq. 2.41 provides the ratio of the fields for induction in a 

uniform conducting sphere. This expression can be used to  find B IndUCed and C,  and 

using Eq.’s 2.30 and 2.20 the components of the combined magnetic field can be 

calculated. In Chapter 3 we use a similar expression, as derived by Zimmer et al. 

(2000), to  describe a three-layer spherical model for Europa. The layers described 

are the ice shell, ocean, and mantle. Zimmer et al. (2000) set the conductivity of the 

ice and mantle to  zero, thereby simplifying the solution. We build on their model 

and then employ a five-layer half space model to  examine the added influence of a 

conducting core and a conducting ionosphere on the ratio of the induced field to  the 

primary field.

2.2.1 Observational Constraints on Am plitude Response

Much of Chapter 3 depends on results from the Galileo magnetometer team ’s analysis 

of the magnetic field d a ta  around Europa. Here we review this work to  provide a 

foundation for our subsequent analysis.

During most of Galileo’s orbit, the magnetometer recorded d a ta  a t 24 s intervals, 

but during closest approaches this sampling rate was increased to  0.33 s (Kivelson 

et al., 1997). Close approaches were generally 20-30 minutes in length with minimum 

altitudes above Europa of ~200-3500 km (Schilling et al., 2004). The early passes, 

and the early evidence for an induced magnetic field, were presented by Kivelson et al. 

(1997), Khurana et al. (1998), Kivelson et al. (1999), and Kivelson et al. (2000), but 

the work constraining the am plitude response is mostly found in the later works of 

Zimmer et al. (2000) and Schilling et al. (2004).
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Model Summed
rm sw

Condition
number

Si
(nT)

Si
(nT)

hi
(nT)

A

1 Dip+UMF 27 10.9 38 ± 5 68 ± 3 14 ± 3 0
2 Dip+Ind+UMF 20 16.9 53 ± 3 - 1  ± 2 15 ± 2 1.10 ±0 .02
3 Dip+Quad+UMF 21 20.2 -1 7  ± 6 80 ± 3 - 1  ± 3 0
4 Dip±Quad±Ind±UMF 17 24.5 31 ± 5 22 ± 3 7 ±  2 1.00 ±0 .03
5 Dip-1-AWM+Ind 20 6.9 12 ± 3 20 ±  1 0± 0.96 ±  0.03
6 Dip+Quad+Ind+AWM 16 10.2 42 ± 3 7 ±  1 -1 4  ± 3 1.00 ±0 .03
7 Ind+AWM 21 3.5 0 0 0 0.98 ±0 .01

Table 2.1: Results of the models considered by Schilling et al. (2004). Dip: Fixed 
dipole moment; Quad: Fixed quadrupole moment; UMF: Uniform magnetic field; 
Ind: Induced field; AWM: Alfven wing model. The rm s  values are weighted (hence 
r m s w ) according to  the maximum perturbation and thereby the altitude of closest 
approach. Condition numbers of <60 are desired for inversion of planetary fields. A 
value close to  1 indicates an accurate inversion.

The formalism followed by Zimmer et al. (2000) is the same as described in Section 

2.2 and which is described in part in Chapter 3. For this reason we limit the discussion 

here to  the Zimmer et al. (2000) conclusion th a t the amplitude of the induced field 

must fall between 0.7 and 1.0, and the phase lag of th a t response is close to  zero. 

The model field was compared to  the da ta  but little to no analysis of the quality 

of the fit was provided. Aside from confirming the need for an internal near-surface 

conducting layer (i.e. salty ocean) as a mechanism for providing the observed changes 

in the magnetic field, the utility of the Zimmer et al. (2000) results was to  set a lower 

limit on the inductive response.

Schilling et al. (2004) set out to  quantify the internal dipole moment of Europa 

and in so doing they set a much tighter constraint on the inductive response. They 

concluded th a t the internal moment is probably zero, but if it does exist it is likely 

a  dipole of m agnitude of fewer than  25 nT. The am plitude of the inductive response 

was found to  be 0.97 ±  0.02. Table 2.1 provides information on each of the models 

considered by Schilling et al. (2004). Below we describe these models in detail.

The data  used for the fit of the Schilling et al. (2004) models was selected based 

on proximity of the flyby (<1800 km, in order to  reduce S / N ) and magnetospheric 

latitude (selecting for latitudes >  0, in order to  minimize perturbations from the
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plasma sheet and pick-up ions). Though the E12 flyby had the closest approach

(204.0 km), it was rejected since it passed by Europa a t the same tim e as Europa 

was crossing the equator of the magnetosphere. The magnetospheric latitude of th a t 

flyby was 0.91°. The four flybys chosen by Schilling et al. (2004) were E4, E14, E19, 

and E26. The closest approach and magnetospheric latitude for each of these was

695.1 km at 6.54°, 1647.1 km at 9.15°, 1442.4 km at 4.83°, and 346.4 km at -9.51°, 

respectively.

For each of the passes, the da ta  well prior to  and well past closest approach were 

used to  establish a background field and a polynomial fit was then used to  extract the 

background field from the observed variation during close approach. The difference 

between the d a ta  and the fit, denoted 5B* where i represents one of the four passes, 

was then weighted according to  the largest perturbation found in each pass. The 

weighting was inversely proportional to  the m agnitude of the perturbation and it was 

intended to  prevent a single pass with a large variation from dom inating the results. 

The weighting factor is given by (Schilling et al., 2004),

matrix, <5B, and a m atrix A  of the spatial dependence of the data, to  yield a m atrix, 

x, of the coefficients for the model field.

where T  denotes the transpose of m atrix A. The coefficients and model were then 

checked against the da ta  by calculating the rm s  deviation, again weighted against 

maximum perturbation to  the field,

max

i  E i  ( « t )

The diagonal matrix, W , of the weights 1 can then be combined with the data

(W A t W A ) 1 W A ' W o H (2.43)

nn
'modelrm sw

2

(2.44)
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Five different types of contributions to  the field were considered and they were 

combined in a number of different perm utations, all with the aim of finding the best fit 

to  the available data. Along with dipole and quadrupole components, contributions 

from a uniform magnetic field (UMF), an induced magnetic field, and Alfven wings 

(AWM) were examined. The UMF is allowed to  vary from pass to  pass and it is simply 

a way of accommodating the observed time varying signature, ft has no physical 

basis other than  serving as a first-order approximation to  external effects such as 

plasma currents. The AWM accommodates for interactions between the plasma of 

the magnetosphere and the ionosphere of Europa. The model used by Schilling et al. 

(2004) is based on th a t of Khurana et al. (1997) and involves representing the currents 

as wires tracing out cylinders th a t intersect at Europa and extend along the positive 

x  direction w ith angles of ±20°.

The seven different combinations modeled by Schilling et al. (2004) are listed in 

Table 2.1 along with the rm sw  as per Eq. 2.44 and select coefficients from the model 

results. Also listed is the condition number of the m atrix A . This is the ratio  of the 

largest to  the smallest eigenvalues and if this ratio is close to  one then the inversion of 

A  has yielded accurate results. Values <60 are desired for limited d a ta  of planetary 

fields.

The gi, g}, and h[ coefficients listed in Table 2.1 correspond to  the z, y, and 

^-components of the dipole moment. For the case of model 1, this results in a field 

with equatorial surface strength of 79 nT  inclined 61° from the 2 -axis and inclined 12° 

from the y -axis in the direction of positive x. Similarly, model 5 yields an equatorial 

surface field m agnitude of 23 nT, with the dipole tilted  59° from positive 2  along 

the positive y  directions (i.e. toward Jupiter). In the results for model 2, Schilling 

et al. (2004) find A =  1.1 but they comment th a t this is ‘unphysically high unless the 

currents flow in an extended ionosphere’. They go on to comment th a t Zimmer et al.

(2000) argue th a t this is not possible given the low conductivity of the ionosphere. 

Our analysis in C hapter 3 corroborates this conclusion.

Considering the fit results and the combination of the rm sw  and condition number 

param eters, Schilling et al. (2004) choose models 5 and 7 as their best modeling fits 

to  the data. They conclude th a t the internal moment is very likely small and th a t
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the AWM serves an im portant role in modeling the external field contribution. The 

dominant contribution, however, comes from the response of the induced field. The 

lowest possible value allowed by the Schilling et al. (2004) results is A =  0.93 and 

this comes from accounting for the uncertainty in the D ip+AW M +Ind field model. 

All other results indicate a value of A close to  one.

The conclusion reached by Schilling et al. (2004), i.e. th a t A  = 0.97 ±  0.02, is 

a conclusion we will use to  determine the implications of our modeling work in the 

following chapter. At present, the only work providing the necessary input for our 

models is the work of Zimmer et al. (2000) and Schilling et al. (2004). We are therefore 

limited to  these published results but look forward to  further analyses and refinement 

of the amplitude param eter.

2.3 T he E nergetic P article  E nvironm ent o f th e  In­

ner Jovian  M agnetosphere

While the numerical modeling work of this thesis depends largely on Maxwell’s equa­

tions and the physics therein, the laboratory work described in this thesis requires an 

understanding of energetic particles contained within the field. As a result of being 

situated deep within the Jovian magnetosphere, the surface of Europa is exposed to 

high energy, charged particle irradiation. The incident particle flux of 7.9 x 1010 keV 

cm-2 s ' 1 is dom inated by electrons in the keV to  MeV range (Cooper et al., 2001). 

Ions of H+, On+, and S"+ , account for approximately 21.5% of this energy. Pho­

tons add an additional 8 x 1012 keV c m '2 s ' 1 to  the surface radiation environment 

(4 x 1010 keV c m '2 s ' 1 of which is from <2800 A, the wavelength upper limit for the 

dissociation of water).

Largely due to  variations in mass, charge, and velocity, the ions and electrons 

gyrate around the magnetic field lines with different respective radii (hereafter gyro- 

radii). The ions, being heavier, have gyroradii comparable to  the radius of Europa, 

whereas the near-massless electrons typically have gyroradii in the range of a few 

kilometers (Johnson et al., 2004). As a result, incident ions are, for the most part,
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125 mW nr2 (particle irradiation)

21-42 mW m J 
— (jovian)4,214 mW m J 

(absorbed)

8,556 mW n r 
(0.67 albedo)

Figure 2.3: The energy budget of Europa. Sources include external (solar, jovian, 
particles) and internal (radiogenic, tidal). Europa’s energetic particle flux is ~0.037% 
th a t of E a rth ’s average incident solar flux. The solar flux is the flux on the m oon’s 
cross-section divided by the to ta l surface area.

distributed globally whereas the bulk of the electrons are deposited on the trailing 

hemisphere of Europa as the Jovian magnetic field sweeps past Europa during its ~11 

hour synodic rotation period (Cooper et al., 2001). It is on the trailing hemisphere 

where the large ‘bulls-eye’ of discolored, non-ice m aterial is found, prom pting some to 

suggest a strong connection between the discoloration and radiolysis resulting from 

electron bombardment (Johnson et al., 1998).

The to ta l energetic flux resulting from incident ions, protons, and electrons, im­

parts an average of 125 mW  m -2 to  the surface of Europa (Cooper et al., 2001). By 

comparison, the average solar flux is 12.8 W  m -2 , of which ~60 mW  m~2 is due to  

UV-C (a small portion of which is capable of H 2 O photolysis). An additional ~21 to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2. JOVIAN MAGNETIC FIELD 26

~42 m W  m -2 comes from Jupiter. (This is the combination of reflected and therm al 

radiation, with the upper limit being set by reflection from the  full disk of Jupiter. 

Since Europa is tidally locked to Jupiter, the sub-jovian hemisphere is the prim ary 

beneficiary of this radiation.) By comparison, average insolation over the surface of 

the Earth  is ~340 W  m -2 , with roughly 240 W  m -2 being absorbed by the atm o­

sphere or surface (Wielicki et al., 1995, 2005). Figure 2.3 shows a full accounting for 

all known energy sources on Europa.

The solar energy incident on Europa is ~100 times th a t delivered by charged 

particle irradiation, but most of the solar flux is reflected back to  space (Europa’s 

albedo is ~0.67). The remaining energy does not penetrate far into the ice and 

is rapidly reradiated as heat from the ~ 7 0 -130 K surface (Spencer et al., 1999). 

Only shorter wavelength UV-C photons serve to  effectively store energy in the ice by 

breaking and making new chemical bonds.

The population of charged particles, on the other hand, is dom inated by energetic 

electrons th a t can penetrate deeper into the ice layer while exciting and dissociating 

water into reactive components (e.g. OH- , H+). Unlike the massive energetic ions 

and protons, the electrons are capable of penetrating several microns to  several tens 

of centimeters below the surface. In addition, while protons and ions do not penetrate 

far into the ice, they create cascades of secondary electrons th a t can penetrate much 

deeper than  the parent ion. Figure 2.4 shows da ta  from the National Institu te  of 

Standards and Technology.

The mean projected range, R p, for energetic electrons with average initial energy, 

Ej i, entering the ice normal to  the surface is (Johnson, 1990),

Rp (Ea ) = KceO-]-1 +  J  ̂ R p (E a -  A E)  COS0 (A E ) . (2.45)

The particle cross-section and differential cross-section are given by a  and da  respec­

tively and the number density for ice is given by n /ce. Here the first term  represents 

the mean-free-path until the first collision and the integral represents the average 

distance traveled for all possible pathways through the ice after the first collision, 

w ith an energy A E  lost with a probability d a /a  for each collision. If there are zero
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Figure 2.4: Comparison of ranges of electrons, protons, and a  particles into unit 
density water. The ions at Europa are primarily S n+ and O n+ and have projected 
ranges much less than  th a t of the the helium ions {i.e. a). D ata are from Berger et al. 
(2005).
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deflections from the normal during the collisions, then 9 = 0 and the cosine term  goes 

to  one, yielding the maximum penetration depth. In Figure 2.5 we plot empirical 

approximations to  the equation above for the mean projected range of high-energy 

electrons in ice of unit density and a density for ice of 1.3 g cm-3 (corresponding to  

the upper density limit for Europa’s ice shell in the range considered by Anderson 

et al. (1998)). As is shown, the most energetic electrons (~10 MeV) will penetrate a 

few to  a few tens of centimeters into the ice, even for ice densities considerably higher 

than  1 g cm-3 . By comparison, even the most energetic ions (H+) will only penetrate 

a few millimeters below the surface (Figure 2.4).

The chemistry resulting from the surface radiation of the ice is the topic of lab­

oratory experiments described in Chapters 8-10. The potential impact th a t this 

chemistry has on the sub-surface ocean is depicted in Figure 2.6. Here we illustrate 

the energetic particle environment of the europan surface and the possibility for sub­

surface delivery of the radiolytic products via fracturing in the ice. Oxidants and 

other biochemically useful compounds may be cycled into the ocean during periods 

of active geology on Europa. Finally, we note th a t photosynthesis cannot strictly be 

ruled out for young cracks on Europa (Reynolds et al., 1983). This would of course 

be a means for biology to directly harness the surface energy w ithout any need for 

radiolytically produced intermediaries.
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Electron Penetration Depth

NIST-ESTAR

= 4.6x10-2{E’-76)(1/p) |

<D O) c (0 0c
cm

cm

= 4.0x1 PTfEM +Q.5EJ(1/P)

Energy (keV)

Figure 2.5: Electrons comprise 80% of the energy flux from energetic particles (Cooper 
et al., 2001). Projected ranges into the ice, R p, are calculated based on Johnson (1990) 
for unit density ice (blue) and higher density ice (1.3 g cm-3). The higher density 
curve accommodates for high concentrations of the observed sulfur hydrate (Carlson 
et al., 2005; McCord et al., 1998a). For electron energies >200 keV we have used the 
NIST-ESTAR database (Berger et al., 2005).
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The Surface Radiation Environment o f Europa
e~ CHNOPS

UV

0.48 urn
< fjm11 jum1 mm

620 //me- +H20  -> H20+ 
H20+ + e- -> H* + OH1

mm10-20 km

Figure 2.6: Model for radiolytic surface chemistry and subsequent delivery to  the 
putative subsurface ocean. Oxidants produced at the surface and subsequently de­
livered to  the putative subsurface ocean could provide a source of chemical energy 
for biological activity. Mean particle penetration depths are taken from Cooper et al. 
(2001).
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Chapter 3 

Empirical constraints on ocean  
salinity

Both the salt concentration (defined as g dissolved salts per kg of H20  (k g ^ G)) of Eu- 

ropa’s ocean, and the overlying ice shell thickness, have been only poorly constrained. 

Experimental (Fanale et al., 2001) and theoretical (Kargel et al., 2000; Zolotov and 

Shock, 2001; McKinnon and Zolensky, 2003) compositional studies th a t assume th a t 

Europa’s salts derive from the leaching or aqueous alteration of carbonaceous chon­

drites suggest th a t Europa’s ocean should have magnesium (Mg2+) as the dominant 

cation and sulfate (SO4 - ) as the dominant anion. These results are broadly consis­

ten t with Galileo spacecraft observations of the near-infrared ice absorption bands 

(1.0 /am, 1.25 yum, 1.5 yum, and 2.0 yum) of Europa’s surface (McCord et al., 1999), 

although there are alternative models for the identification of these bands (Carlson 

et al., 1999b; Dalton et al., 2003). Total extraction models can yield salt concen­

trations as high as ~560 g MgSC> 4 k g ^ o  (Kargel et al., 2000) or even higher, 50-50 

mixtures of 1000 g M gS0 4  k g ^ G (Zolotov and Shock, 2001). Zolotov and Shock

(2001) preferred partial extraction model gives 7.6 g MgS0 4  kg7/>)0 , w ith other mod­

els ranging as low as 0.018 g MgSC> 4 k g ^ 0 , corresponding to  0.0036 g Mg2+ k g ^ 0 . 

McKinnon and Zolensky (2003), arguing against a sulfate-rich model, conclude th a t 

MgS0 4  concentrations should lie below ~100 g MgS0 4  k g ^ 0 . T hat is, compositional

1This chapter is an extended version of the manuscript Hand and Chyba (2007)
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models currently in the literature allow an almost five order of m agnitude range in 

the possible MgS0 4  concentration in Europa’s ocean.

Constraints on the ice shell thickness are currently limited by surface observations 

and, broadly, by the gravity da ta  (Anderson et al., 1998). Analyses of europan surface 

features (Greeley et al., 2004; Greenberg et al., 2002), crater morphologies (Turtle 

and Pierazzo, 2001), ice convection models (Pappalardo et al., 1998), and therm al 

models (Ojakangas and Stevenson, 1989) point to  an ice shell thickness in the range 

of ~ 3  km to  >  30 km. Comparison of Voyager and Galileo image d a ta  provide no 

evidence for contemporary, active resurfacing (Phillips et al., 2000). Differences in the 

interpretation of linaea, cycloids, ridges, and chaos features are hard to  resolve without 

additional d a ta  and w ithout knowledge of the age of the features. Some workers have 

made a case th a t while some of the observed features fit a thin-shell model, such 

features could be indicative of a thin-shell epoch occurring tens of millions of years 

ago (Pappalardo et al., 1998). Contemporary Europa could have a thick ice shell (>30 

km) w ith thin-shell features literally frozen in tim e on the surface. Therm al-orbital 

evolution models support this possibility (Hussmann and Spohn, 2004; Hussmann 

et al., 2002).

Here we address empirical constraints on the ice shell thickness by examining 

the relationship between the induced magnetic field signature of Europa and the 

conductivity of the putative subsurface ocean. We are able to  set limits on the 

inductive response of the ocean, thereby necessitating a th in  ice shell in order to 

explain the observed induced magnetic field.

3.1 C on d u ctiv ity  vs C oncentration

The conductivity of Europa’s ocean, inferred from fitting Galileo spacecraft magne­

tom eter measurements to  a near-surface conducting layer, must exceed 58 mS m -1 in 

order to  explain the observed induced magnetic field (Zimmer et al., 2000). However, 

coupling the magnetometer measurements to  the gravity data, thereby constraining 

the hydrosphere to  be <  200 km thick (Anderson et al., 1998), requires the conductiv­

ity of the ocean to  exceed 72 mS m -1 (Zimmer et al., 2000). More recent modelling
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work by Schilling and Neubauer (2005) argues for a minimum conductivity of 250 

mS m _1. If Europa’s ocean had the composition of seawater (dominated by the salt 

NaCl), empirical fits for standard seawater conductivity as a function of salinity and 

tem perature could be used to  determine salinity (defined as g salt per kg of solution) 

(Poisson, 1980; Denny, 1993). For the case T  =  0 °C (a reasonable first estim ate for 

europan sea tem peratures, though see Melosh et al. (2004) for more detail), salinity 

s and conductivity a  are related via

s =  35[ A ^ I # 2 -  R 0) +  A 2(R 20 -  Ro) +  A 3(R30/2 -  Ro) +  i?0] (3.1)

-lbRoiRo-lXBo + ^ B M ,

where Ro — 0.3443<J for a  in S m _1, A i= 0 .08887, A2=-0.2368, A3=0.4450, Bo=0.03579, 

and B i= -0 .001529. For a solution of terrestrial seawater ions at 0 °C, a =  72 mS 

m -1 corresponds to  s =  0.68 g kg-1 , or about fifty times below the salinity of E a rth ’s 

ocean. At a conductivity of a  = 250 mS m -1 the salinity rises to  2.5 g kg-1 , still over 

twelve times less than  th a t of the terrestrial ocean.

However, most models (Kargel et al., 2000; McKinnon and Zolensky, 2003; Zolotov 

and Shock, 2001) as well as aqueous leaching experiments (Fanale et al., 2001) sug­

gest MgSC>4 , not NaCl, as the dominant salt in Europa’s ocean. Therefore, we have 

searched the literature to  obtain concentration-conductivity d a ta  for MgSCH. In Fig­

ure 3.1 we plot the available conductivity-concentration da ta  for MgSCH along with, 

for comparison, Eq. 3.2 for terrestrial ocean conductivity-salinity. Figure 3.1 shows 

magnetometer constraints for conductivity as well as some published compositional 

model constraints on salinity. Conductivity da ta  at 0 °C (W ashburn and Klemenc, 

1936; Bremner et al., 1939) have been combined with data  taken a t 25 °C (Calvert 

et al., 1958; Pethybridge and Taba, 1977; Dunsmore and James, 1951; Harkins and 

Paine, 1919; Fisher, 1962; Fisher and Fox, 1979) th a t we have scaled to  0 °C by 

multiplying the 25 °C conductivity da ta  by a scaling factor of 0.525. This scaling 

is possible because W ashburn and Klemenc (1936) report conductivity-concentration 

d a ta  for both  0 °C and 25 °C across the concentration range from 0.6 g MgSCH k g ^ 0
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to  60 g M gS04 kgjl20. The scaling factor was calculated by finding the ratio of con­

ductivities for T  =  0 °C and T  =  25 °C for a given salt concentration. The average 

of the nine ratios available from the W ashburn and Klemenc (1936) da ta  was used as 

our final scaling factor. The fact th a t the temperature-scaled da ta  fall along the curve 

sketched by the more sparse W ashburn and Klemenc (1936) 0 °C and the Bremner 

et al. (1939) 0 °C da ta  suggests th a t this tem perature scaling has been done correctly. 

We fit a third-degree polynomial to  the data,

C  =  C3 <J3 +  C2(72 +  Ci<Ti +  Co, (3-2)

finding the coefficients, c3 =  —1.7268, c2 =  12.0161, Ci =  15.2108, c0 =  —0.0129, 

where C is concentration and a  is conductivity. Errors for values calculated using 

the polynomial fit are on the order of a few percent across the range of conductivities 

considered here.

From Eq. 3.2 or Figure 3.1, we see th a t the lower conductivity limit of 58 mS 

m_ 1 corresponds to  a minimum MgS0 4  concentration of 0.91 g MgS0 4  k g ^ 0 . W ith 

the added constraint of a hydrosphere <  200 km thick (a > 72 mS m -1), we find 

a minimum salt concentration of 1.1 g MgS0 4  kgw)0 . This value is a factor of 50 

greater than  the lower limit partial extraction model of Zolotov and Shock (2001) so 

th a t the lowest extraction models are excluded by the data. The lower limit on a  

proposed by Schilling and Neubauer (2005), based on longer period wave propagation, 

requires 4.5 g MgS0 4  k g ^ 0 . Zimmer et al. (2000) do not explicitly provide an upper 

limit to  the conductivity of the ocean. However, they determine th a t an ocean of 

terrestrial salinity (s =  35, or a concentration of 34 g sea salt per kg of water (kgH)0 ) 

at 0 °C, corresponding to  2.75 S m -1) would imply a near-surface ocean of only 3.5 

km thickness. (An insulating ice shell is ignored in their model; they therefore trea t 

the uppermost 3.5 km of Europa as conducting.) A shell of conductivity 2.75 S m -1 

would require 96.8 g MgSC>4 k g ^ 0 .

In summary, the range of empirically supported MgS0 4  salt concentrations per­

m itted by Figure 3.1 and previously published conductivity constraints falls between

1.1 g M gS04 kga Iq and 96.8 g MgS0 4  k g ^ 0 . Note th a t the high-end value is not
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well constrained by values in the literature. Therefore in subsequent sections we work 

to  provide a stronger constraint on this value and show th a t empirical constraints 

from Galileo, combined w ith physical lim itations on the conductivity resulting from 

salinity, necessitate a th in  ice shell.
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Figure 3.1: Specific conductivity of an aqueous solution as a function of sea salt 
or M gS04 concentration. The sea salt curve was calculated using the polynomial 
of Poisson (1980) (see text). The region of the curve beyond 42 g salt k g ^ o  is 
shown in dashes in order to  emphasize th a t this region extends beyond the d a ta  of 
Poisson (1980). D ata from W ashburn and Klemenc (1936) and Bremner et al. (1939) 
represent actual measurements of a magnesium sulfate solution at 0 °C. All other 
d a ta  represents measurements made at 25 °C and then scaled to  a t 0 °C by using 
a scaling factor derived from the 0 °C and 25 °C da ta  of W ashburn and Klemenc 
(1936). Limits for the dissolution of NaCl (304 g k g ^ G) and M gS04 (282 g k g ^ 0 ) 
are shown.
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3.2 A m p litu d e constraints

We derive a  first set of limits for conductivity by combining information from Zimmer

et al. (2000) with the gravity measurement constraints of Anderson et al. (1998), viz. 

th a t the to ta l thickness of Europa’s ice plus liquid water shell must lie in the range 

80 km to  170 km.

We solve for the induced magnetic field am plitude for a range of ocean thicknesses 

and ice shell thickness. The to ta l magnetic field, as observed by the Galileo spacecraft, 

consists of the prim ary field of Jupiter plus the secondary, induced field of Europa: 

B  =  Bprimary +  -̂ .secondary • The induced magnetic field is a function of the prim ary 

field, and in the three-shell model (ice, ocean, and mantle) of Zimmer et al. (2000) 

this field is a dipole field (Srivastava, 1966; Parkinson, 1983) and can be expressed as

The amplitude A, and phase </>, of the induced magnetic field are found by combin-

where m u 0 is the vacuum permeability and a  is the conductivity. For nested spheres, 

Eq. 3.3 may be solved by separation of variables; the radial component of the solution 

is given by Bessel’s equation and continuity of B across the spherical boundaries yields 

recursion formulae (Srivastava, 1966; Parkinson, 1983). For a  three-shell spherical 

model where the conducting ocean is nested between an insulating interior and an 

insulating ice shell, A and 0 are given by (Zimmer et al., 2000):

^ se c o n d a r y _ Ae i(ut 4>)Bpr.mary j3 (r  . e0)r  -  r 2e0] r ^ / ( 2 r 5) (3.3)

ing Maxwell’s equations and O hm ’s law, and solving the resulting diffusion equation:

(3.4)

(3.5)

where

(3.6)
3J|(riA;) — rikJ±(rik)
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Here the Jn denote Bessel functions of the first kind and order n. The radius of Eu­

ropa, the radius to  the ocean surface, and the radius to  the ocean floor are symbolized 

by r m, r G, and rq, respectively. The complex param eter A; is a measure of the extent 

to  which the time-varying field penetrates the conductor, here taken to  be the ocean. 

The field oscillation frequency u> and conductivity a  determine k :

k = (1 — i ) y j hqo-lo/2  (3.7)

We calculate A for a range of ocean thicknesses, ice thicknesses, and ocean con­

ductivities. In this first model, the ice shell and mantle are assumed to  have zero 

conductivity; we solve for a conductive mantle later in this work. For small a  1 

S m -1) we solve for A exactly. As a  increases, however, the term s in the num erator 

and denom inator of Eq. 3.5 rapidly approach zero, creating a region of numerical 

instability. For large a  we use an approximation to  Eq. 3.5 wherein the highest-order

(smallest) term s are discarded. This approximation is good for a  ^  0.1 S m -1 and is

derived by eliminating term s of order x 2 and higher in the denom inator of Eq. 3.5, 

where x  = r®k or r \k . W ith this approximation, Eq. 3.5 simplifies to

Aert>~ { ^ )  ( r 0 -  ( ^ )  tan  (k(r0 -  n ) )  ~  * )  +  °  ( ^ )  ' (3'8)

Using Eq. 3.7 and an 11.2-hour synodic period for the prim ary field oscillation, we 

find

|rr| =  r0\k\ «  ri|fc| «  lOcr1/2 (3.9)

with a  in S m -1 . Therefore 0 ( l / a ;2) «  10_2<7_1 (cr in S m -1), and Eq. 3.8 is a good 

approximation to  Eq. 3.5 provided a  ^  0.1 S nW  . Explicit numerical ratioing of 

A  from Eq. 3.8 to  A  from Eq. 3.5 verifies this analytical prediction. The solution 

for A  is found by expanding Eq. 3.8 into real and imaginary components, and then 

eliminating (j> in order to  solve for A. Figures 3.2, 3.3, and 3.4 were plotted using the 

exact solution for A, whereas in Figures 3.5 and 3.6 we use the above approximation.

Zimmer et al. (2000) concluded th a t induced field amplitudes of A <  0.7 are 

hard to  reconcile w ith the Galileo observations; so in all cases we have solved for
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conductivity variations with A ^  0.7. Furthermore, amplitudes for A >  1.0 imply 

significant conductivity outside the moon (e.g. ionosphere, cloud of pick-up ions) and 

Zimmer et al. (2000) argue th a t the observed magnetic signature does not fit such 

a model. We nevertheless address the possible contribution of an ionosphere in a 

subsequent section. More recent work using a least-squares fit to  the magnetometer 

da ta  (Schilling et al., 2004) concludes th a t A =  0.97 ±  0.02. Here we examine how 

variations in the am plitude A, coupled with variations in the ice shell and ocean 

thicknesses, constrain the salt concentration in the putative ocean.

3.2.1 Am plitude response A ^ 0.9

First, we examine the low-end case of A =  0.7. Results are shown in Figure 3.2. 

The range of ocean thicknesses shown in Figure 3.2 covers the range allowed by the 

gravity data  (Anderson et al., 1998). Lines of constant ice shell thickness are shown 

for shells ranging from 0 to  50 km thickness. For the case of a 100 km thick ocean 

with ice shells of different thicknesses, the resulting salt concentrations all fall below 

2.7 g MgSC> 4  k g ^ G. Note th a t even for the case of a 50 km ice shell overlying a 50 

km ocean, the required salt concentration when A =  0.7 still falls below 5 g MgSCL

k§ h \ o -

Considering some of the cases perm itted by the two extremes of the gravity data, 

we have calculated th a t a 160 km liquid water ocean beneath a 10 km ice shell would 

require a concentration of 1.3 g MgSCL k g ^ o  (a  ~  88 mS m -1). Similarly, for the 

lower-limit case of an 80 km hydrosphere, we find th a t a 60 km-thick ice shell with 

a 20 km liquid water conducting layer a t the bottom  would require 15.6 g MgSCH 

kghIo (a ~  0-69 S m -1) whereas an ice shell of 10 km with a 70 km ocean requires 

only 2.8 g MgSCL k g ^ 0 (a  ~  165 mS mT1). T hat is, for the case of A =  0.7, even 

the extreme choices perm itted by the gravity da ta  give low MgSCL concentrations, 

in the range 1 to  16 g k g ^ G.

As we increase the amplitude response, A, the conductive layer approaches a 

perfect conductor (A =  1.0). Solutions for A =  0.8 and A =  0.9 are shown in Figures 

3.3 and 3.4, respectively. Examining the case of a 10 km ice shell overlying a 100 km
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thick ocean, we find th a t for A =  0.8 the required salt concentration is 3.2 g MgSCU 

k g ^ o  while for A =  0.9, the requirement increases to  10 g MgS0 4  k g ^ 0 . Both values 

are still significantly lower than  the sea salt concentration of the terrestrial ocean. 

Increasing the ice shell to  50 km thickness pushes the salt concentration up to  5.6 g 

MgSC> 4 k g ^ G for the case of A =  0.8. Under the same circumstances, raising A to 

0.9 requires increasing the conductivity to  ~175 S m-1 (see Figure 3.5). This value 

is far beyond the conductive capabilities of salt ions in water, so these param eter 

combinations are not perm itted. We explore these issues in depth in subsequent 

sections.

3.2.2 Am plitude response A =  0.97 ±  0.02

As A increases toward 1.0, salt concentrations must concomitantly increase. While 

Zimmer et al. (2000) argued th a t A must lie in the range 0.7 ^  A ^  1.0, more recent 

work by Schilling et al. (2004) suggests th a t A =  0.97±0.02. In Figures 3.5-3.8 we 

extend the range of conductivities to  include large values for a  and we show how 

the combination of ocean thickness, ice shell thickness, and conductivity determine 

the amplitude of the induced magnetic field. We explore the range of physically 

plausible conditions th a t could allow such a high value of A. Ultimately we show th a t 

because there is an upper limit on the conductivity of the ocean placed by the salt 

ion saturation, values of A =  0.97±0.02 are only possible if the ice shell is thin.

In Figures 3.5 and 3.6, three models for the ocean thickness are considered: 80 

km, 100 km, and 120 km, and in each case we examine the solutions for ice shell 

thicknesses of 0, 10, 30, and 50 km. At conductivities below 1.2 S m -1 the ocean 

thickness plays an im portant role in determining the amplitude. However, beyond 1.2 

S m -1 the ice shell thickness dominates the amplitude response. As shown in Figures 

3.5 and 3.6, when a > 2 S m -1 ice shells of greater thickness require higher oceanic 

conductivities in order to  achieve the same am plitude response. As conductivity 

increases, the amplitude slowly approaches the idealized perfect conductor case of A 

=  1.0. Here we solve for values of a  up to  300 S m -1 (~120 times the conductivity of 

E arth ’s ocean), at which point the maximum achievable am plitude response is A =
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Figure 3.2: Ocean depth-salt concentration relationship for an induced magnetic field 
am plitude of A — 0.7. Magnesium sulfate concentrations (g per kg water) for varying 
ocean thicknesses were calculated (see text) for a  variety of ice shell thicknesses. The 
plot shows lines of constant ice thickness. Starting from the left, lines are given for 
no ice shell (0 km) on up to  a 50 km ice shell, in 10 km increments. The inset plot 
details the 50-180 km ocean thickness region and shows lines of ice shell thickness 
ranging from 0 km to  50 km in 5 km increments. All of the solutions shown in the 
inset plot would be considered freshwater, or nearly freshwater {i.e. oligohaline or 
mildly brackish), by E arth  standards.
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Figure 3.3: Ocean depth-salinity relationship for an induced magnetic field am plitude 
of A =  0.8. Magnesium sulfate concentrations (g per kg water) for varying ocean 
thicknesses were calculated (see text) for a variety of ice shell thicknesses. The plot 
shows lines of constant ice thickness. Starting from the left, lines are given for no ice 
shell (0 km) on up to  a  50 km ice shell, a t 10 km increments.
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Figure 3.4: Ocean depth-salt concentration relationship for an induced magnetic field 
amplitude of A =  0.9. Magnesium sulfate concentrations (g per kg water) for varying 
ocean thicknesses were calculated (see text) for a variety of ice shell thicknesses. The 
plot shows lines of constant ice thickness. Starting from the left, lines are given for 
no ice shell (0 km), a 10 km shell, and a 20 km shell. The double-valued shape of the 
curves is due to  skin depth effects in am plitude and phase (see text).
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Ocean Ice Amplitude of induced magnetic field (A)
thickness thickness
(km) (km) Salt concentration (g salt k g ^ 0 ) [Conductivity, S m-L]

1.14 [0.072] 5 [0.250] 100 [3.0] 282 [6.0] 304 [18.0] 350 [23.0]
60 0 0.38 0.8 0.96 0.97 0.98 0.98

10 0.37 0.78 0.94 0.95 0.96 0.96
30 0.35 0.75 0.91 0.91 0.92 0.92
50 0.33 0.71 0.87 0.88 0.89 0.89

80 0 0.46 0.84 0.95 0.96 0.98 0.98
10 0.45 0.83 0.94 0.94 0.96 0.96
30 0.43 0.79 0.9 0.91 0.92 0.92
50 0.41 0.76 0.86 0.87 0.87 0.89

100 0 0.53 0.87 0.95 0.96 0.98 0.98
10 0.52 0.85 0.93 0.94 0.96 0.96
30 0.49 0.81 0.89 0.91 0.92 0.92
50 0.47 0.78 0.86 0.87 0.89 0.89

120 0 0.59 0.88 0.95 0.96 0.98 0.98
10 0.57 0.86 0.93 0.94 0.96 0.96
30 0.54 0.82 0.89 0.91 0.92 0.92
50 0.52 0.79 0.86 0.87 0.89 0.89

150 0 0.64 0.88 0.95 0.96 0.98 0.98
10 0.63 0.86 0.93 0.94 0.96 0.96
30 0.6 0.82 0.89 0.91 0.92 0.92
50 0.57 0.79 0.86 0.87 0.89 0.89

Table 3.1: Induced amplitude response, A, is provided for a variety of MgSC> 4 concen­
trations, ocean thicknesses, and ice shell thicknesses. The salt concentrations shown 
here correspond to: 1) the low-end conductivity limit of Zimmer et al. (2000), 2) the 
low-end conductivity limit of Schilling and Neubauer (2005), 3) the high-end estim ate 
for MgSC>4 concentration of McKinnon and Zolensky (2003), 4) the saturation con­
centration of NaCl, and 5) the ionic saturation concentration for M gS04. Errors in 
the salt concentration, primarily resulting from the polynomial fit, are on the order 
of ±0.1 grams M gS04 k g ^ G.
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0.99. This is for no ice shell (d =  0), obviously not physically plausible. If we instead 

consider the case of d =  10 km, then a t a  =  300 S m -1 we find A =  0.97. Similarly, 

for d =  30 km and d =  50 km we find A =  0.94 and A =  0.90, respectively.

In practice there are solubility limits on how much salt can be added to  water and 

thus there are limits to  how high the conductivity can be driven by the concentra­

tion of salt ions. Saturation for the dissolved ionic form of MgS0 4  occurs at ~282 g 

MgS0 4  k g ^ G (Hogenboom et al., 1995; Kargel, 1991) and for NaCl saturation occurs 

a t ~304 g NaCl kg]^0  a t 25 °C (Oren, 2001). Hydrated forms of MgSCL may exist 

in suspension in the water (e.g. MgS0 4 -7 H 2 0 ), but these forms do not contribute to 

the conductivity of the ocean water. In addition, as the salt concentration increases 

the viscosity of the solution also increases, reducing the mobility of the ions and lim­

iting the conductivity (Anderko and Lencka, 1997). At low tem peratures, increasing 

pressure over the range 0-400 M Pa has little effect on conductivity (Quist and Mar­

shall, 1968). The ~5-200 M Pa range within Europa’s ocean should thus cause little 

variation in conductivity. Hypersaline environments on E arth  are rarely above a few 

Siemens per meter. For example, the brine of Mono Lake in Northern California is 

reported to  be 8.57 S m -1 (at 25 °C) (Jellison et al., 1999), and the brine saturated  

sediments of Lake Magadi in Southwest Kenya are measured to  be ~11 S m -1 (34°C) 

(Jones et al., 1998).

The saturation limits for salt concentration impose limits on the conductivity (~6  

S m _1 for MgSCL and ~18 S m -1 for sea salt) th a t are hard to  reconcile w ith the 

high am plitude requirement of A ~  0.97. In Figures 3.5 and 3.6 we show the upper 

limit for conductivity of an MgSCL or NaCl solution. As is shown, the intersection of 

these lines with A =  0.97 yields an ice shell of thickness equal to, or less than, 4 km. 

Taking the lower end of the error bar, A =  0.95, we find th a t a t most the ice shell is 

7 km (MgS0 4 ) to  15 km (NaCl) thick. Even if a solution of conductivity 30 S m -1 

were physically plausible, we would still have upper limits on the ice shell thickness of 

~ 6  km and ~17  km for A =  0.97 and A =  0.95 respectively (for NaCl). Additionally, 

it should be noted th a t salt concentrations of ^  300 g per kg of H20  would push 

the density of the solution beyond those permissible by the 3-shell internal modelling 

results of Anderson et al. (1998). This density constraint is not terribly strict -
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alternative interior models fitting for the bulk density and moment of inertia could 

allow for higher density outer shells - but it does provide another piece of information 

pertaining to  the bulk properties of putative ocean. We examine the role of density 

in 3.5.

Does the above analysis dem onstrate th a t Europa’s ice shell must be ^  15 km? 

While Schilling et al. (2004) conclude th a t A =  0.97±0.02, this value is derived by 

comparing two different models for the external and internal magnetic fields in and 

around Europa. In the first case, Europa is allowed to  have an internal perm anent 

dipole moment w ith a surface magnitude of 23 nT and a tilt of 59° from the Europa’s 

spin axis. From this fit to  the m agnetometer data, they find th a t A =  0.96T0.03. 

In other words, if we allow Europa to  have an internal magnetic field, we can push 

the am plitude down to  0.93. Even for this low of a value for A, we find th a t the ice 

shell must be equal to, or less than  26 km thick. In their model without an internal 

dipole, Schilling et al. (2004) find th a t A=0.98±0.01. Here the lower limit of A =  

0.97 again leads us to  an ice shell of ^  4 km for the case of NaCl. At A =  0.98, the 

ice shell can be only meters thick. Ultimately, the work of Schilling et al. (2004) is 

d a ta  limited - only four Galileo passes of Europa were close enough to  satisfy their 

criterion. However, in their rigorous analysis and fitting of models so as to  minimize 

root-mean square fits to  the data, they conclude th a t A=0.97±0.02, taking all models 

into account. In this case, the ice must indeed be <  15 km.

In Figures 3.7 and 3.8 we show how varying the ocean thickness affects the ampli­

tude response. Contours for the saturation limits on conductivity, along w ith several 

other conductivity contours of interest are shown. In Figure 3.7 the ice shell thickness 

is 10 km, whereas in the Figure 3.8 the ice shell is 30 km thick. These contours reveal 

th a t for conductivities of a few Siemens per meter the inductive response actually de­

creases as we increase the thickness of the conducting layer (i.e. the ocean thickness). 

This is likely a skin depth effect, and can be understood semi-quantitatively in the 

following way. In the case of a plane conductor, the solution to  Eq. 3.4 is simply (e.g. 

Parkinson (1983)):

B  =  B 0e - z/se~i{u,t- z/5\  (3.10)
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where z =  0 at the boundary of the conductor and increases positively into the 

conductor, and

6 =  (m o ( T u j /2 )  1 / 2 , (3.11)

is the skin depth. For every increment 5 of depth z into the conductor, the am plitude 

decreases by a factor of e and the phase changes by one radian. Therefore increasingly 

deep layers of the conductor both  contribute less to  the amplitude, and contribute 

increasingly destructively (out of phase). For a = l  and 10 S m _1, 5= 101 km and 32 

km, respectively, consistent w ith the behaviour seen in Figures. 3.3-3.8.

Of course, a nested spherical shell model for Europa requires th a t Eq. 3.4 be 

solved in spherical coordinates, and the solution is Eq. 3.5, not Eq. 3.10. However, 

Eqs. 3.10 and 3.11 will provide a good local approximation for the solution into the 

spherical conductor provided th a t (Srivastava, 1966):

In this case, the real part of kr  1, allowing us to  drop the first derivative term  

in the Bessel equation solution to  the radial part of Eq. 3.4, and the system has 

solutions given by Eqs. 3.10 and 3.11 (Srivastava, 1966). For Europa, r =1560 km 

and u  = 2 ir/P  =  1.6 x 10-4 where P  =  4.03 x 104s =  11.2 hr is Jupiters synodic 

rotation period. Eq. 3.12 will therefore hold when a  3> 10-3 S m -1 , which will be 

the case for the conductivities of interest here. Therefore Eqs. 3.10 and 3.11 provide 

good insight into the decay and phase change of the magnetic field as it extends down 

into Europa’s ocean.

For certain combinations of a  and ocean thickness, the induced response a t depth 

will cancel part of the induced response generated near the surface; this behaviour 

explains, e.g., the shape of the curves in Figs. 3.7 and 3.8. For large conductivity the 

skin depth goes to  zero - all of the induced response is generated near the surface - 

and cancellation effects are avoided. A curious consequence of this behaviour is th a t 

if the salinity of the putative europan ocean is comparable to  th a t of the E a rth ’s 

ocean (with a  of a few S m -1 ), then thinner oceans provide a be tter fit to  the high 

amplitude requirement of Schilling et al. (2004).

cr 2 /  (/m xur2) . (3.12)
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Table 3.1 summarizes the relationship between layers on our 3-layer model, pro­

viding values of A for a variety of plausible combinations of ice thickness, ocean 

thickness, and conductivity. Again, A can only exceed 0.95 for th in  ice shells and 

near-saturation salt concentrations, regardless of which scenario is considered.

1
0 km

A = 0.97±0.02 10 km

7 km ic< 4 km ice
0.95

30 km
15 km ice

Ice thickness: 50 km
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0.85

Mgt+/SO conductivity upper limit

O cean thickness 

Solid line: 80 km

D ashed line: 100 km 

Dotted line: 120 km
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Figure 3.5: Amplitude, A, as a function of conductivity, ocean thickness, and ice 
shell thickness. At low conductivities the ocean thickness dominates the amplitude 
response, however, as the conductivity of the solution increases, ocean thickness be­
comes less im portant and the thickness of the non-conducting ice shell dominates 
the inductive amplitude response. Here we show a three-layer spherical model with 
non-conducting ice shell and mantle. The only solutions consistent with the  magne­
tom eter da ta  (Schilling et al. (2004) requires A =  0.97±0.02) and the gravity da ta  
(Anderson et al., 1998) are those in which the ice shell is th in  (between 0 and 15 
km thick). The optim al fit for an ocean dominated by NaCl is 4 km thickness. The 
maximum allowable ice shell thickness for an MgS0 4  dominated ocean is 7 km.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3. EMPIRICAL CONSTRAINTS ON OCEAN SALINITY 48

Okm

10 km

7 km ice. 4 km ice

0.95
30 km

16 km ice

Ice thickness: 50 km

0.9

<D
■a3
a.£
<

0.85

Mg++/SO“~ conductivity upper limit

O cean thickness 

Solid line: 80 km

D ashed line: 100 km 

Dotted line: 120 km

0.8

Na+/CI conductivity upper limit

0.75
,2,0 ,110' 10 10'

Conductivity (S m~1)

Figure 3.6: Five-layer half-space model showing A, as a function of conductivity, 
ocean thickness, and ice shell thickness. Results are very similar to  the three-layer 
spherical model. Values for the conductivity of individual layers are: <Jionosphere = 
2 x l0 -4 S m _1; <j/ce =  1 x 10~10 S m _1; (JMantie =  0.01 S m _1; acore = 3.3 x 105 S 
m _1. Again the optim al fit to  the m agnetometer da ta  is achieved with a 4 km thick 
ice shell. The maximum thickness allowed by the error bars is 16 km, slightly more 
than  calculated with the three-layer spherical model. This difference is prim arily due 
to  conductivity limits for the half-space model (see text).
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Figure 3.7: Contours of conductivity as a function of amplitude and ocean thickness. 
The ice thickness in all cases is assumed to  be 10 km.
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Figure 3.8: Contours of conductivity as a function of amplitude and ocean thickness. 
The ice thickness in all cases is assumed to be 30 km.
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3.3 A dding a conducting  core, m antle, and iono­

sphere

We have shown th a t the three-layer model can only fit the magnetometer am plitude 

constraints if the conductivity is high and the ice shell thin. Here we explore the 

influence of a conducting ionosphere, mantle, and core on the induced field response. 

We use a plane stratified half-space (Parkinson, 1983; Srivastava, 1965) instead of 

a spherical model. As previously shown, this model is a good approximation for 

Europa for conductivities greater than  approximately 10~3 S m -1 . This leads to  a 

planar approximation with m shells and a recursive expression for the ratio of the 

induced to  external fields given by,

from separation of variables when solving the half-space model (Price, 1962). Physi­

cally, the value 27r/z/ is a measure of the horizontal scale and uniformity of the source 

field (Srivastava, 1965; Price, 1962), with v  =  0 representing no spatial variation in 

the field (Cagniard, 1953). Price (1962) however showed th a t even very small values 

of v  are im portant for accurate modelling. For the case of the Earth, Price finds the 

smallest permissible value of v  to  be found by setting 2t:/v equal to  the circumference 

of the Earth. The largest value is found by setting 2it / v  equal to  a few times the 

height of the terrestrial ionosphere. Following Srivastava (1965) we take where n is 

the order of the Bessel function, so n  =  1 for the external dipole field. This leads to  a 

good m atch w ith the 3-layer spherical model, though for thick ice shells (>30 km) the

Bi R\ (aq — u) — aq — v
Be Ri (aq — v) — aq +  v

(3.13)

where

R j -  e2a^ ' R j+1 (ttj +  Qj+i) +  (<*j ~  Qj+i) e2aJ+lZi 
Rj+1 (ay -  ay+1 ) +  (ay +  a j+1) e2ai+ ^  ’

(3.14)

and the recursion is initiated by

OLm—1 T 
Oim—1 Cbn

(3.15)

Here a m =  \ / v 2 +  k 2n where krn is given by Eq. 3.7 and u is a constant resulting
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results yield slightly higher values for the amplitude. This is in part due to  the fact 

th a t adding the very low-conductivity ice layer means adding a layer th a t does not 

satisfy the conductivity criteria for the half-space model. The net effect is th a t our 

5-layer model over-estimates the am plitude response and consequently over-estimates 

the ice shell thickness. Even so, the 5-layer model still predicts an ice shell of <  16 

km, with a best-fit at 4 km. Figure 3.6 shows these results.

In Figure 3.9 we show am plitude profiles for several different combinations of iono­

sphere, mantle, and core conductivity. For ocean conductivities greater than  ~ 3  S 

m -1 , the contribution from these additional layers is negligible. Below this value, 

the core and mantle are seen to  have a strong influence on amplitude. The effect of 

induction in the core and m antle is primarily deconstructive interference with induc­

tion in the ocean. The result is th a t for a given ocean conductivity, a conductive core 

(and/or mantle) lowers the am plitude response of the to tal induced field. Values for 

both layer conductivity and layer thickness were varied based on published estimates 

(Zimmer et al., 2000; Saur et ah, 1998; Parkinson, 1983; Petrenko and W hitworth, 

1999; Anderson et ah, 1998; Stacey, 1992). Though we have shown results for m an­

tle conductivity of 200 S m_1 (dash-dotted line) this is a very high-end value th a t 

would likely only persist for the upper few kilometers of oceanic crust. Measurements 

of terrestrial m antle conductivity suggest th a t a ~600 km thick mantle would likely 

have a bulk conductivity in the range of 0.01 S m -1 (solid line) (Parkinson, 1983; 

Stacey, 1992). Comparisons with electrical properties of chondrites indicate th a t 

such conductivities are also compatible w ith a m antle of chondritic origin (Campbell 

and Ulrichs, 1969). Thus, as is shown in Figure 3.9, we expect th a t on Europa the 

am plitude response at low ocean conductivities will be dominated by the core. In all 

cases, we find th a t adding conductive mantle and core layers to  our model does not 

significantly influence the amplitude response in the region where A =  0.97±0.02.

The case of a conducting ionosphere is treated  separately. First we note th a t in 

order to  properly compare the am plitude response with and w ithout an ionosphere, 

we must scale the models w ith an ionosphere by a factor of ~  (r0/ r m)3. Here r 0 is the 

to ta l thickness and rm is the thickness without the ionosphere. This scaling normalizes 

A for thickness variations between the models, and in so doing reveals amplitude
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Figure 3.9: Adding a conducting core and mantle influences the to ta l am plitude re­
sponse when the ocean conductivity is small. Even for models with a very conducting 
core and mantle, the am plitude in the region A ^  0.95 is dominated by the conduc­
tivity of the ocean and the ice shell thickness.
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differences resulting from ionospheric conductivity. The scaling factor allows us to  

compare w ith published values of A, all of which are calculated for B ind /B ext a t the 

surface of Europa. The cube of the ratio accounts for the 1 / r 3 change in the external 

and induced fields as one moves from the ice surface to the top of the ionosphere. 

The scaling factor is chosen such th a t at zero ionospheric conductivity, the ratio  of 

the amplitudes for models w ith and w ithout an ionosphere is one.

Estimates for ionospheric conductivity range from < 5 x 10-5 to  2 x 10-4 S m _1 

(Khurana et al., 2004; Saur et ah, 1998; Zimmer et al., 2000). We take 300 km 

as our nominal ionosphere thickness (Zimmer et al., 2000), but we find th a t this 

param eter can be changed w ithout impacting the results, provided the conductivity 

is constrained to  the range above.

Figure 3.10 shows th a t even w ith the high-end value of 2 x 10-4 S m _1 for iono­

spheric conductivity, there is negligible effect on the am plitude response. Only when 

the conductivity is approximately two orders of magnitude higher do we see signifi­

cant changes in the amplitude response. In Figure 3.11 we show this relationship by 

plotting the conductivity of the ionosphere versus the ratio of the amplitudes for a 

model with an ionosphere to  th a t w ithout a conducting ionosphere. At high conduc­

tivities for the ionosphere, the amplitude ratio becomes greater than  one, indicating 

th a t the ionosphere could drive the amplitude response to  very high values if such 

conductivities were physically plausible. Only when the ocean conductivity is very 

low (e.g. 0.1 S m _1) do we begin to  see some influence of the  ionosphere at realistic 

values for ionospheric conductivity. Even then, the net effect does not help us re­

solve the issue of the observed high values for the am plitude response. At very low 

ocean conductivities a conducting ionosphere can influence the am plitude response, 

but since the ocean conductivity is so low, the amplitude response is limited to  values 

below A ~  0.7. In other words, adding a conductive ionosphere could alter our in­

terpretation of the broad range of allowed amplitudes, 0.7 <  A <1.0 (Zimmer et al.,

2000), but it has no influence when considering the much tighter constraints, A =  

0.97±0.02, of Schilling et al. (2004).

In summary, even when we add a conducting core, mantle, and ionosphere, we 

find th a t the critical factors for achieving high values of A are the ocean conductivity
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and ice shell thickness.

3.4 Im plications for ice shell th ickness

We have shown th a t for the lower end limits of the Zimmer et al. (2000) model (0.7 <  

A <  0.9) many of the most plausible solutions yield oceanic salt concentrations of less 

than  ~15 g MgSC>4 k g ^ 0 , and solutions of <  3 MgSCb k g ^ o  are entirely possible. 

In other words, by terrestrial standards, the putative ocean of Europa could be much 

less saline than  our ocean and for some solutions it could even qualify as a freshwater 

ocean. However, given the interplay of the conductivity, ocean thickness, and ice 

shell thickness in this model, we find th a t in order to  satisfy the Ga/i/eo-constrained 

am plitude response of A  = 0 .97±  0.02 (Schilling et al., 2004), the ice shell must be <  

15 km thick, irrespective of ocean thickness. For an ice shell of near-zero conductivity 

(& ice = 1 x  10-10 S m -1), we find th a t an ice shell thickness of ~  4 km - comparable 

to  th a t of the Antarctic ice sheet - best satisfies the A =  0.97 requirement. Even 

if we account for changes in the ice shell conductivity resulting from variations in 

tem perature with depth, allowing the conductivity to  reach ~ 1 0 '4 S m _1 (Addison,

1969; Moore et al., 1994), we find no change in our results.

For a three-shell gravity model, the combined ocean plus ice thickness must be 

greater than  80 km (Anderson et al., 1998), thus implying an ocean at least 70 km 

thick. Trading liquid water for ice (e.g. 50 km water and 30 km ice) results in 

a poor amplitude response, one only satisfied by the lower end fits to  the Galileo 

magnetometer d a ta  (Zimmer et al., 2000). If one considers the MgS0 4  constraints 

suggested by McKinnon and Zolensky (2003) of <  100 g MgSC> 4  k g i t  is then 

impossible to  satisfy the A  ~  0.97 constraint of Schilling et al. (2004) with the model 

of Zimmer et al. (2000). At 100 g MgS0 4  k g ^ 0 (~3.0 S m -1 ) the largest amplitude 

response is A =  0.94 when the ice shell thickness is set to zero.

An upper limit on salinity is set by the saturation limits of the various salt ions.

W ith Mg2+ and SO|~ as the prim ary cation and anion, saturation is reached at 

approximately 282 g MgSC>4 k g ^ 0 in Europa’s ocean. If more MgSC> 4 is added it 

forms a hydrate and does not dissolve. Models of plume currents in the Europan ocean
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Figure 3.10: Adding an ionosphere to  our model results in little change to  the am­
plitude profile for all reasonable values of ionospheric conductivity ( <  2 x 10-4 S 
m _1). The dashed lines show results for models w ith an ionosphere of conductivity 
2 x 10-4 S m -1 and the solid lines show results for an ionosphere of zero conductivity. 
As shown by the dotted line, it is only when the ionosphere reaches physically im­
plausible levels of conductivity th a t an influence on the am plitude is observed. In all 
cases the ionsophere is 300 km thick, the ice has zero thickness, and the ocean is 100 
km thick. The am plitude has been normalized for comparison to  published values of 
A (see text).
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Figure 3.11: Comparison of amplitudes, A, for models with and without conducting 
ionosphere. Here we define the ratio of the amplitudes as A ic /A IQ, where A jc is 
the amplitude for a model w ith a conducting ionosphere and A I0 is the am plitude 
for a model w ithout a conducting ionosphere. We then plot this ratio as a function 
of ionospheric conductivity for several different choices of ocean conductivity. In all 
cases the ratio is very close to  unity for reasonable choices of ionospheric conductiv­
ity ( ^  2 x 10-4 S m _1). The ionosphere shows a stronger effect for small values 
of ocean conductivity; however, such low values for the ocean conductivity are not 
consistent with the empirical constraints on the observed amplitude (Zimmer et al., 
2000; Schilling et al., 2004).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3. EMPIRICAL CONSTRAINTS ON OCEAN SALINITY 58

indicate th a t such m aterial is unlikely to  remain in suspension and will most likely 

precipitate to  the ocean floor (Goodman et al., 2004). Consequently, adding more 

than  282 g M gS04 kgff)0 does not help explain the induced magnetic field response 

of Europa. The conductivity can be pushed higher by considering sea salt (e.g. Na+ 

and Cl- ), but even with then the conductivity of the solution will not exceed tens 

of Siemens per meter. As a result, invoking a salty ocean to  explain the observed 

induced magnetic field fails unless the ice shell is th in  or the am plitude is less than  

th a t determined by Schilling et al. (2004). In order to  have a thick ice shell ( >  30 

km), the induced am plitude must be less than  0.92, contradictory to  the results of 
Schilling et al. (2004).

3.5 D en sity  constraints

While the magnetometer d a ta  cannot explicitly rule out an ocean w ith a very high 

salt concentration (i.e. > 300 g M gS04 k g ^ G, where here we consider both dissolved 

Mg2+, S 0 4-  and hydrated M gS04 in suspension), we can look to  the gravity d a ta  for 

some insight as to  how high salt concentrations affect the density of the outer-most 

layer and ultim ately the 3-layer model of Anderson et al. (1998). In their analysis, 

Anderson et al. (1998) argue th a t the measured value for the C2 2  coefficient for the 

gravitational potential of Europa is best fit by an outer layer with a bulk density 

in the range of 900 kg m -3 to  1300 kg m -3 . While the resolution for the moment 

of inertia cannot differentiate between the density of ice and water, it can be used 

to  exclude thick oceans w ith a very high salt concentration. Anderson et al. (1998) 

choose 1300 kg m -3 as representative of an ice-rock mixture, but a hypersaline ocean 

could push densities higher and affect the m antle/core densities and distribution in 

the 3-layer model.

The critical measurement from the radio Doppler observation constrains the nor­

malized (to a sphere) axial moment of inertia to  0.346 ±0.005. From this we calculate 

the maximum allowable oceanic salt concentration for several representative models. 

Here we use an ice density of 920 kg m -3 and calculate the bulk outer shell density 

for the combined ocean and ice shell. Table 3.2 shows how variations in oceanic salt
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Salt concentration required to achieve a bulk density of 1300 kg m 3
Ocean thickness (km) Ice shell thickness (km) Salt concentration (g per kg H2 O)

4 323
10 357

70 20 415
30 474
50 594
4 316
10 341

100 20 382
30 424
50 510
4 311
10 328

150 20 357
30 386
50 445

Table 3.2: Density constraints on salt concentration in Europa’s ocean. Salt con­
centrations are calculated for various ocean and ice shell models with the constraint 
being th a t the bulk density (ice +  water) equal 1300 kg m -3 . The ice density was 
taken to  be 920 kg m -3 and liquid water density was taken to  be 1000 kg m -3 . Thick 
ice shells and th in  oceans perm it the highest values. Many of the values shown here 
are beyond ion saturation for M gS04 (282 g per kg water), and are thus only plausible 
if ocean currents are sufficient to keep hydrated salts in suspension.
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concentration affect bulk density for three cases of ocean thickness (70 km, 100 km, 

and 150 km). As is expected, increasing the ice shell thickness dilutes the bulk den­

sity and thus oceans w ith very high salt concentrations are only feasible for models 

th a t include a thick ice shell. For instance, if we take a 100 km ocean w ith a 20 

km ice shell, the maximum oceanic salt concentration th a t still yields a bulk density 

(ocean +  ice) of less than  1300 kg m -3 is 382 g per kg H20 . For a 10 km ice shell 

this number reduces to  341 g per kg H20 . Reducing the ocean thickness reduces the 

bulk density, thus in the lower-limit case of a 70 km ocean with 10 km shell (for a 

to tal thickness of 80 km, as per Anderson et al. (1998)) we find th a t the maximum 

allowable salt concentration is 357 g per kg H20 . If we accept the limits of Anderson 

et al. (1998) and if we accept the A =  0.97 requirement of Schilling et al. (2004) then 

the ice shell on Europa m ust be ~  4 km and the maximum oceanic salt concentration 

must be less than  321 g per kg H20  (here we use an ocean of 76 km thick). The 

MgS0 4  eutectic (~22%  wt M gS04) corresponds to  a solution density of 1240 kg m -3 

(Kargel, 1991). Thus, if M gS04 is the dominant salt and density constraints limit 

the concentration to  ~  350 g per kg H20 , then  an additional 68 grams of salt per 

kg H20  could reside in suspension (e.g. hydrated M gS04) or in dissolved form (e.g. 

Na+ and Cl- ). If these additional salts are dissolved sea salt and if we assume their 

contribution to  the overall conductivity is simply additive, then these ions add ~  5 

S m -1 to  the overall oceanic conductivity. Even in this case the to ta l conductivity 

of ~  23 S m -1 still falls well within our analysis of conductivities up to  300 S m -1 . 

In order for an ocean with 282 g M gS04 and 68 g sea salt per kg H20  to  yield an 

am plitude response of A =  0.97, the ice shell must be less than  10 km thick.

3.6 Im plications for hab itab ility

If the ice and liquid water layers on Europa fall within the limits of Fig. 3.2 (A =  0.7) 

then, by standard definitions of ’freshwater’ environments on E arth  (broadly meaning 

<  3 g salt k g ^ 0 (Barlow, 2003)), Europa’s ocean would be a freshwater ocean, though 

adm ittedly more salty than  most terrestrial lakes. Indeed, in this case, the putative 

global ocean of Europa could be more like the mildly saline environment of Pyram id
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Lake, Nevada than  like the E a rth ’s ocean. While the drinking water regulations of 

the U. S. Environmental Protection Agency recommend no more than  0.25 grams of 

sulfate per kilogram of water, adult humans can acclimatize to  drinking water with 

nearly 2 g M gS04 k g ^ 0 w ithout much discomfort (EPA, 2004; CDC-EPA, 1999). 

Animal toxicity (the lethal dose for 50% of the population) is in the range of 6 g 

MgSO.i kgh’o (CDC-EPA, 1999), but most livestock are satisfied provided the to ta l 

salt concentration is less than  5 grams per kilogram of water (ESB-NAS, 1972). If we 

assume the low amplitude regime for our solution (A < 0.8) then it is possible th a t 

human or beast could drink the  w ater of Europa.

W hat are the implications for habitability for A =  0.97? Terrestrial halophilic 

microorganisms are capable of surviving a t NaCl saturation (Oren, 2002, 1994). 

Among these are microbes from each domain of life (Archaea, Bacteria, and Eucarya). 

Metabolic pathways for these microbes include oxygenic and anoxygenic photosynthe­

sis (Dunaliella salina, Halorhodospira halphila), aerobic respiration (Halobacterium 

salinarum), and fermentation (Halobacterium salinarum). Obviously, photosynthe­

sis is an unlikely metabolic pathway if the ice is more than  a few tens of meters 

thick, but respiration and fermentation could be possible, especially if radiolytically 

produced oxidants are delivered to  the sub-surface (Chyba, 2000; Chyba and Hand,

2001). Methanogens -  sometimes considered a plausible model for europan life (Mc- 

Collom, 1999) -  are capable of surviving in solutions near NaCl saturation if methanol 

or m ethylated amines are available (Oren, 2001). D ata for M gS04 tolerance is lim­

ited, but microbes such as Halobacterium sodomense are known to  survive in solutions 

above 2 M Mg2+ (equivalent to  ~260 g M gS04 k g ^ G) (Oren, 1994). Thus on Europa, 

where the high amplitude constraint necessitates a high salt concentration, the hab­

itability of the ocean may be limited but the conditions would not appear to  exclude 

life as we know it.

But habitability for life is not the same as suitability for the origin of life. Ex­

perimental investigations of the influence of ionic inorganic solutes on self-assembly 

of monocarboxylic acid vesicles, and the nonenzymatic, nontem plated polymeriza­

tion of activated RNA monomers may support the contention th a t life originated in a 

freshwater solution (M onnard et al., 2002). In these prebiotic simulation experiments,
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sodium chloride or sea salt concentrations as low as 25 mM NaCl (1.5 g per kg of H20 )  

were found to  ‘substantially’ reduce oligomerization, with higher concentrations hav­

ing worse effects. But these experiments have not yet been performed with MgS0 4 . 

W ith regard to  vesicle formation, if the ratio  of the cation to  amphiphile falls below 

~  1, then it becomes possible for the excess amphiphile to  form membranes; above ~  

2 and the amphiphile precipitates and no membrane formation occurs. The M onnard 

et al. (2002) results therefore suggest th a t the upper range of salinities implied by the 

Galileo magnetometer experiments could pose a serious challenge to  the origin of life 

in Europa’s bulk ocean, were abiotic RNA oligomerization or amphiphile membrane 

formation on the critical path  to  the origin of life, and if the experimental results for 

NaCl carry over to  MgS0 4 -

3.7 C onclusion

Aside from surface imagery, the m agnetometer results are the only dataset th a t pro­

vides information about the relationship between the ice shell and putative subsurface 

ocean. In the analyses presented here we have provided empirical constraints on both 

the salinity of the europan ocean and the overlying ice shell thickness. By the low- 

end, poorly constrained analysis where 0.7 ^  A ^  1.0 (Zimmer et al., 2000) we find 

th a t a freshwater ocean is possible on Europa. By the tighter Schilling et al. (2004) 

constraints of A =  0.97±0.02, our results show th a t an ice shell of thickness <  4 km, 

overlying a very salty ocean, is the best fit to  the data. Thicknesses ranging from 

0 to  15 km are permissible if one allows for the ±0.02 uncertainties in the magnetic 

field signature. These results apply to  present day Europa and are independent of 

any geological interpretation of surface features.

While our work provides new insight into the nature of the ice shell and ocean, we 

note two limiting factors in our models, the first of which is the focus of subsequent 

studies. First, we have assumed th a t the bulk ocean tem perature is ~  273 K. For 

a given salt concentration, higher tem peratures would mean higher conductivity. If 

the ocean is stratified and contains layers of significant thickness w ith tem peratures
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slightly higher than  273 K, then  such layers would have slightly higher conductiv­

ity. Using this relationship, a magnetometer on a future spacecraft mission could 

potentially help determine ocean structure and tem perature profile.

The second limiting factor is simply the constraint on the amplitude. W ith ad­

ditional analysis of the Galileo data, some greater resolution on th is issue may be 

achieved. However, final answers to  the questions of Europa’s ice shell thickness, 

ocean chemistry, and habitability, await a future spacecraft mission.
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Chapter 4

Chemical com position and the case 
against MgSC>4

The sub-surface ocean of Europa may contain near saturation levels of dissolved salts 

(Hand and Chyba, 2007). Based on chondrite elemental abundances and leaching 

experiments, many workers have argued th a t the predominant salt in the ocean is 

likely to  be MgS0 4  (Fanale et al., 2001; Kargel et al., 2000; Zolotov and Shock, 

2001; McKinnon and Zolensky, 2003). The case for a sulfate cation is strengthened 

by the spectroscopic evidence of hydrated sulfate material on the surface (McCord 

et al., 1998a; Carlson et ah, 1999b). Empirical evidence for a dom inant cation is 

considerably weaker. Candidates include H+ , Mg2+, and Na+ , w ith Mg2+ being the 

favored cation largely because of its abundance in chondrites. Magnesium, however, 

should be efficiently removed from solution. Reaction of the seawater with the  seafloor 

- either through hot active hydrotherm al systems or low-temperature systems - will 

remove Mg2+ leaving Na+ as the dominant cation. Here we model metasom atism  for 

several different therm al models of Europa’s oceanic crust and show th a t persistence 

of magnesium at high levels in solution in the ocean is unlikely. The sulfate anion 

is also efficiently removed during hydrothermal alteration and is replaced by sulfide, 

but importantly, unlike magnesium, the sulfur itself is not removed. The abundance 

of chlorine, as constrained by a chondritic composition for Europa, is insufficient to 

reach the high salt concentrations needed to  explain the magnetometer results (Hand

64
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and Chyba, 2007). The abundance of additional key ions, such as Ca2+ and K+, is also 

considered in the context of ocean chemistry and geological interactions. Finally, the 

high salt concentrations implied by the magnetometer results (Hand and Chyba, 2007) 

contradict the preferred ‘K ia’ extraction model of Zolotov and Shock (2001) (12.3 g 

salt per kg water). We use a similar extraction model to  th a t of Zolotov and Shock 

(2 0 0 1 ) in order to  achieve a salt water solution th a t is bo th  geochemically consistent 

and in agreement w ith the empirical constraints set by the Galileo magnetometer 

data.

4.1 In itia l C onditions: A n O cean D erived  from  

C hondrites

The composition of Europa is generally believed to  be similar to  th a t of chondritic 

material (Fanale et al., 2001; Kargel et al., 2000). The formation of the Galilean 

satellites in the jovian subnebula likely leads to  differentiation and dehydration in the 

case of Io, differentiation in the case of Europa, and varying levels of differentiation for 

both Ganymede and Callisto (Greeley et al., 2004). The subsurface ocean on Europa 

therefore represents an aqueous solution derived from the chemistry of chondrites. 

The extent of chemical extraction and alteration is poorly constrained, bu t several 

workers have used leaching results and numerical models to  derive estim ates for the 

ocean chemistry (Fanale et al., 2001; Kargel et al., 2000; Zolotov and Shock, 2001; 

McKinnon and Zolensky, 2003). Table 4.1 provides a summary of these results.

In most cases magnesium is found to  be the dominant cation and in all cases sulfate 

is found to  be the dominant anion. By comparison with chondritic abundances this 

is not surprising. However, as pointed out by McKinnon and Zolensky (2003), the 

leaching results of Fanale et al. (2001) are not a good model for primordial leaching 

on Europa. In particular, the experiments were exposed to  air (i.e. 21% O 2 ) and 

the tem perature and pressure of the experiments were considerably lower th an  th a t 

expected for differentiation during the formation of Europa (T =  373 K, P =  1 bar for 

experiments of Fanale et al. (2001), versus T  ~1700 K, P ~  50 kbar for the mantle
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Solution Na+ Ca2+ Mg2+ K+ c i- s o ‘t c o r Total
(F01), leach 1 . 1 2 0.802 0.758 0.079 0.179 6.36 NA 9.30
(F01), 1st brine 6.04 4.60 4.91 0.401 0.720 42.8 NA 59.47
(F01), 3rd brine 1.52 0.182 0.195 0.109 0.178 6.80 NA 8.98
(K00) >500
(ZS01), Kla 1.129 0.3863 1.525 0.0768 0.740 8.412 NA 12.27
(MZ03) <17 <67 NA < 1 0 0

Earth seawater 1 1 0.41 1.3 0.4 19 2.7* 0.132* 34.582
Earth seawaterf 95.43 3.56 11.28 3.47 164.83 23.42 1.15 300
CV chondrite 44 240 1800 4.6 3.2 840* 340* 3272

Table 4.1: The chemistry of Europa’s ocean based on several different published mod­
els and comparisons with E a rth ’s ocean and chondritic abundances. The composition 
of terrestrial seawater is shown for comparison. Quantities are all given in units of 
(g k g ^ G). *Based on S, C abundances and scaling SO4 , C O 3  accordingly, f Scaled 
to  300 g k g ^ o -  Citations are as follows: (F01), Fanale et al. (2001); (K00), Kargel 
et al. (2000); (ZS01), Zolotov and Shock (2001); and (MZ03), McKinnon and Zolensky 
(2003).

region on Europa during formation (Hussmann and Spohn, 2004)).

Though not likely to  be directly applicable to  the formation of icy satellites, the 

leaching and extraction models yield the only empirically-based starting points for 

considering the chemical evolution of the europan ocean. We use these models as 

initial conditions for our analysis of the steady state chemistry. In order to  satisfy 

the Galileo magnetometer results (Hand and Chyba, 2007; Schilling et al., 2004) we 

also include several saturated  solutions.

4.2 C om positional C onstraints

The presence of near-saturation levels of magnesium sulfate in the ocean raises the 

question of magnesium availability, both  for the ocean and for the silicate mantle. 

Kuskov and Kronrod (2005) have argued for a CM, CV, or L/LL chondritic composi­

tion for Europa. The CM carbonaceous chondrites, named for the Mighei m eteorite 

found in the Ukraine, are rich in hydrated silicates, pyroxene, and olivine (Lodders 

and Fegley, 1998). The CV chondrites, named for the 1910 Vigarano m eteorite of
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Italy, are dom inated by olivine and sulfide. The low iron (L) and low iron, low m etal 

(LL) chondrites contain mostly hypersthene, olivine, and iron-nickel (Lodders and 

Fegley, 1998). For Europa’s bulk composition, this leads to  between 11.5 (CM) and 

15.3 (LL) weight percent Mg2+, or a to ta l of 5.5 x 102 1  - 7.33 x 102 1  kg of magnesium. 

Combining geophysical and geochemical constraints, these workers also argue for a 

metallic core radius to  Europa radius ratio (R c/ R e ) of 0.29-0.43. According to  Sohl 

et al. (2 0 0 2 ), these radius constraints would lead to  mantle olivine compositions with 

varying proportions of fayalite (Fe2 S i0 4) and forsterite (Mg2 S i0 4). W ith an R C/ R E  

of 0.29 and a 150 km water layer, the mantle could have as much as 33 wt% fayalite 

(with 67 wt% forsterite). W ith a ratio of 0.43 and a 120 km water layer, the mantle 

would have a t most 5% fayalite (95% forsterite). These two cases provide upper and 

lower bounds on the mantle composition. By comparison, on E arth  the mantle olivine 

contains ~90% forsterite and ~10% fayalite (Turcotte and Schubert, 2 0 0 2 ).

In the first case, the 955 km m antle with 67 wt% forsterite would require 9.55 x 102 1  

kg of magnesium. This is more than  the chondritic supply derived above and implies 

th a t little, if any, Mg2+ would be available for the ocean. In the second case, the  larger 

core and thinner ice shell require a mantle of lower density. The 95 wt% forsterite 

mantle consumes 1 . 2 1  x 1 0 2 2  kg of magnesium, well above th a t available from an 

initially chondritic composition.

But how much Mg2+ would Europa’s ocean require? A 150 km outer shell of 

ice and liquid water with 50 g of M gS0 4  per kg of water (yielding the 1050 kg m - 3  

density used by Sohl et al. (2002)) requires a to ta l of 4.16 x 101 6  kg of magnesium. The 

conductivity requirements set by the magnetometer data  require near saturation levels 

of M gS0 4  (~300 g per kg water) (Hand and Chyba, 2007). This leads to  ~  2.5 x 101 7  

kg of magnesium in a 150 km water shell. In either case, the ocean requires only a 

small fraction of a percent of the to ta l available Mg2+. While the mantle likely harbors 

almost all of the Mg2+, it only takes a trace amount to  achieve a highly saline ocean. 

Therefore, from the standpoint of initial conditions there are no useful compositional 

limits on the magnesium cation abundance in the ocean. Interestingly, however, for 

a given R C/ R E , increasing the density of the water layer while maintaining constant 

thickness requires decreasing the mantle density. The trade-off for magnesium sinks
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Ratio Mg/Si Na/Si Ca/Si K/Si Cl/Si S/Si Fe/Si
1.023 5.75 x 10“ 2  6.46 x 10- 2  3.7 x 10“ 3  5.2 x 10~ 3  0.4467 0.8913

Table 4.2: Solar abundance ratios for select elements relevant to  Europa’s ocean. 
Values calculated based on the selected solar spectroscopic and m eteorite analyses 
compiled by Lodders and Fegley (1998).

is therefore not self-consistent - increasing the water density consumes Mg2+ while 

decreasing the mantle density also consumes Mg2+ (replacing fayalite w ith forsterite).

We make an additional check on cation availability by considering solar abun­

dances. Table 4.2 provides ratios of select elements to silicon based on solar abun­

dances Lodders and Fegley (1998). The M g/Si ratio of ~1  implies th a t olivine 

([Mg,Fe]/Si =  2) may be present with considerable hypersthene ([Mg,Fe]/Si =  1), 

consistent with the L and LL models of Kuskov and Kronrod (2005). The high solar 

abundance ratio of M g/Si indicates th a t there is enough magnesium to  supply both 

the mantle rocks and to  saturate the ocean.

4.3 M odeling  th e  S tead y-S ta te  O cean C hem istry  

o f Europa

The bulk composition of the E arth  is also believed to  have been derived from chon­

drites (Holland, 1984). Over the history of the Earth, however, the steady-state 

chemistry of our ocean has changed considerably due to  interactions with the mantle, 

continental crust, and atmosphere. While much remains to  be understood about the 

detailed stages of chemical evolution in our ocean, most models and empirical studies 

indicate th a t during all but the earliest stages of ocean evolution the chemistry of 

the ocean has differed considerably from what would be expected from a chondritic 

leaching model. Thus, while different processes may be driving the ocean chemistry 

of Europa, our experience here on Earth  leads us to  conclude th a t models for deriving 

ocean chemistry based largely on leaching models could lead to  erroneous conclusions 

about the steady-state ocean chemistry. If such assumptions were valid, then  we
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could expect a terrestrial ocean dominated by salts of chondritic abundance. This, of 

course, is not the case on Earth.

The work of Zolotov and Shock (2001) is arguably the most comprehensive and 

applicable model for for contem porary salts concentrations on Europa. Working from 

da ta  on chemical extraction to  the ocean and crust from the bulk silicate E arth  

and other m ajor geological regions within our own planet, Zolotov and Shock (2001) 

arrive a t a model for comparable extraction and differentiation within Europa. They 

consider several different possibilities for extraction into the ocean, but their preferred 

model achieves a bulk salt concentration, dominated by Mg2+ and S 0 2 \  of only 12.3 

grams of salt per kilogram of water. Implicit in some of their models are several 

of the geochemical cycles operating here on Earth, e.g. continental weathering and 

hydrothermal circulation. Because of this implicit accounting for geochemical cycles, 

their models are preferable to  the bulk leaching models (Kargel et al., 2000; Fanale 

et al., 2 0 0 1 ), but there are still several shortcomings.

Working from their K 2 model for extraction into the upper continental crust and 

ocean, Zolotov and Shock (2001) arrive at their preferred K ia model by scaling the 

potassium abundance to  match the observed N a/K  atomic ratio of 25 Brown (2001). 

Calcium and sulfate are adjusted for consistency w ith gypsum saturation at Europan 

tem peratures and pressures. Finally, magnesium is increased to  achieve charge bal­

ance. We find the above procedure to  be a valid and interesting approach to  quanti­

fying the salt content of the ocean, but it represents only one possible solution. The 

N a/K  relationship deserves a more careful treatm ent, as does the Ca2+ and Mg2+ 

relationship. Furthermore, dissolved carbon and the associated anions were ignored 

in the work of Zolotov and Shock (2001).

In the work presented here we adopt a sources and sinks model comparable to 

those used for a full accounting of terrestrial oceanic salts. We examine processes 

th a t have defined terrestrial ocean chemistry and focus on those processes th a t may 

be applicable to Europa. Two different tem perature regimes are used for geochemical 

cycling through the oceanic crust and we examine the possible role of cycling w ith the 

ice shell as both a source and sink term  for various ions. The focus is on Mg2+, but 

the availability and residence times of other ions and anions is also considered. Based
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on our accounting for sources and sinks, we then return  to  the model of Zolotov and 

Shock (2001) w ith the goal of achieving consistency across models. We conclude by 

calculating the to ta l combined dissolved ionic composition of Europa’s ocean.

4.3.1 M agnesium

Mass balance for magnesium in Europa’s ocean can be expressed as (adapted from 
Holland (1984)),

C W  d V p w  . r \  O cean  d V H B  . O cean  4 V l B  , O c e a n  4 V p  | T
M g 2+ ^  ~ E ^ E x o  ” i Af^2+ ^  ' M g 2+ ^  ^  ' ^D o lo m i te  ~T~Sputtering

where m <̂ 2+ is the concentration (g kg-1) of magnesium ions entering the ocean via

continental weathering, — is the flux of water (kg y r-1) from continental weather­

ing, 0 Exo is the delivery flux (kg y r-1 ) from exogenouos sources, is the magne­

sium ion concentration (g kg-1 ) in the ocean water, and represent the flux

of ocean water through high-tem perature and low-temperature basalts respectively, 

^  represents the flux of water reacting with m antle peridotites, and $  Dolomite is the 

rate of magnesium ion removal (kg y r-1 ) resulting from dolomite formation. The loss 

term, r sputtering, accounts for losses at the surface of Europa due to  sputtering by 

energetic ions from interactions with the Jovian magnetic field.

Unlike the Earth, where continental weathering supplies Mg2+ to  the oceans via 

rivers, Europa has no obvious large source term s for magnesium. While it is possible 

th a t continental weathering could occur on Europa, e.g. m ountain ranges piercing 

into the ice shell, the smooth europan surface and the evidence for nonsynchronous 

rotation (Hoppa et al., 1999, 2001) make a strong case for a global liquid water ocean 

with little to  no contact between the ice shell and subsurface rocks. We set the 

continental weathering source term  to  zero.

The exogenous source term, Qexo, accounts for the contem porary surface flux of 

~45 g s - 1  of ~100 n m diam eter meteoritic m aterial Johnson et al. (2004). If m aterial 

delivered to  the surface does indeed reach the ocean, then this flux can be taken as 

the flux to  the ocean, independent of the surface age {i.e. the surface age cancels out 

when calculating the flux to  the ocean). For the Cl, CM, CV, L, and LL chondrites
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the weight percent range for magnesium (9.7-15.3 wt% Lodders and Fegley (1998)), 

the source flux is then approximately 5 g s_1, 5 x l 0 4  kg y r-1 , or an added 1.7x 10- 2 1  

grams of Mg2+ per second per kilogram of water. Even over the 4.5 Gyr history of the 

solar system this amounts to  a t most a few tenths of a milligram of Mg2+ per kilogram 

of water. The added flux during the early history of the solar system is unlikely to 

have increased this number by more than  an order of magnitude. Consequently, this 

term  is significant only for low-end limits on the abundance of Mg2+ in solution.

The sputtering loss term , r spu tterin g , is also found to  be insignificant for the bulk 
ocean chemistry. Leblanc et al. (2002) have shown th a t there is a net loss of ~  

5 - 1 0  x 1 0 6  sodium atoms per square centimeter per second from the surface of 

Europa. Over the history of the solar system this translates to  a loss of ~ 3  mg of Na+ 

per kilogram of ocean water. While the observed sodium cloud Brown (2001) is hard 

to  rectify without an endogenous source (e.g. dissolved salts in the ocean, (Leblanc 

et al., 2002)), it has little implication for the bulk salt concentration. This term  is 

also insignificant for magnesium, which is heavier than  Na+ and also potentially less 

prone to  sputtering loss (Johnson et al., 2004).

W ith little in the way of sources terms, the steady state concentration of magne­

sium in solution is then largely a function of the starting concentration and the rates 

at which the sink term s extract magnesium from the ocean water. For the present 

analysis we ignore dolomite formation as a sink; the formation of this carbonate on 

Earth  remains a point of considerable debate and the biogenicity of some dolomites 

complicates the m atter. Thus little can be said about dolomite on Europa.

Using leaching and extraction models as initial conditions for salinity, we can 

rewrite Eq. 4.1 as a function of tim e and then calculate elemental abundances for a 

range of source and sink values throughout the history of Europa’s ocean,

f  dVHB , dVLB , dVP\  t= j  j j —  . (1.2)

Here m  is the moles of salt per kilogram of water at time t, t  =  0, and t — 1, with 

t  being the present and t  = 0  being the starting  point for initiating the source and 

sinks model (e.g. post-accretion, ~ 4  Ga). The term  Mocean is the mass of Europa’s 

ocean in kilograms.
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For the reaction of ocean water with basalt, as expressed by dV£ B, —jp- and 

tem perature is the most im portant factor both  in determining the chemical 

pathways, the reaction rates and ion exchange (Holland, 1984). O ther im portant 

factors include the water to  rock mass ratio (hereafter, w/r) ,  and initial mineralogy 

(Bischoff and Dickson, 1975; M ottl and W heat, 1994). Reactions between seawater 

and oceanic basalts and peridotites over a wide range of tem peratures and pressures 

show a relatively rapid depletion of Mg2+ in the resulting aqueous solution (Bischoff 

and Dickson, 1975; M ottl and Holland, 1978; Seyfried J r and M ottl, 1982; Janecky 

and Seyfried Jr, 1986). On E arth  these reactions serve as a sink for some 5.3 x 101 0  kg 

Mg2+ y r-1 , accounting for much of the terrestrial river flux of magnesium (12.9 x 101 0  

kg Mg2+ y r-1) (M ottl and W heat, 1994).

The sink term s in Eq. 4.1 and Eq. 4.2 represent three different tem perature 

regimes for extracting magnesium from the ocean water. Understanding the role of 

each mechanism requires understanding the heat flow on the sea floor of Europa, both 

past and present. The contem porary seafloor of the Earth  has three broad regimes 

for seafloor geochemistry: 1 ) the hot mid-ocean ridge axes (T ~  350 °C), 2 ) the low- 

tem perature ridge flanks (T ~ 100-300 °C), and 3) the cold ocean basins (T <  100 

°C) (M ottl and W heat, 1994). In the work presented here, we examine the low and 

high end regimes for the case of Europa.

Estimates for Europa’s oceanic crust range from hydrothermally active (Thomson 

and Delaney, 2001; McCollom, 1999; Goodman et al., 2004; Lowell and DuBose, 2005) 

to  possibly inactive (McKinnon and Zolensky, 2003). The tem perature of the oceanic 

crust on Europa is unknown, but numerical models and observational results can help 

us put upper and lower limits on this number. On the low end, we take radiogenic 

decay as the only source of heating. If this is the case, then the heat flux at the 

ocean floor from a Europa of chondritic composition is ~ 8  mW  m -2 , for a to ta l heat 

production rate of 2.1 x 101 1  W  (Hussmann and Spohn, 2004). Four billion years 

ago this source would have generated roughly an order of m agnitude more heat at 

the ocean floor, depending on the abundance of short-lived radionuclides such as 

aluminum-26.

Dissipation of tidal energy in the mantle may be the dominant heat source for
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hydrotherm al activity. In their modelling of the orbital evolution of Io and Europa, 

Hussmann and Spohn (2004) consider several different scenarios for dissipation. If all 

of the tidal energy is dissipated in the mantle, they find heat production during the 

first ~ 2  Ga to  be in excess of 101 3  W  (350 mW  m -2). W ith a convecting mantle, heat 

production stays well above 101 3  W  for the first ~3.8 Ga of Europa’s orbital evolution. 

Contemporary heating in this case is ~  5 x 101 1  W. The reality of the situation is th a t 

tidal heating likely occurs in both  the ice layer and the mantle, and the partitioning of 

dissipation between these to  layers has changed with time. Nevertheless, the low-end 

set by radiogenic heating and the high end set by to ta l tidal dissipation in the mantle 

gives us a range of tem perature regimes for Mg2+ removal. In the sections to  follow 

we consider this range of regimes and put limits on the geological uptake of Mg2+. In 

so doing, we constrain the Mg2+ currently in solution in the ocean and find th a t in 

all cases it is geochemically implausible th a t Europa’s ocean contains large quantities 

of magnesium in solution.

Cold basins and exotherm ic reactions

As a lower limit for magnesium extraction from the ocean water we consider all of 

Europa’s seafloor to  fall in the cold basin regime. We take exothermic serpentinization 

of mantle peridotites to  be the only mechanism whereby magnesium is removed from 

the ocean water. Sites such as Lost City along the Atlantic Massif (Kelley et al., 

2 0 0 1 ) may serve as a good analog, though some debate remains as to  the role of 

mantle heating in this system (Allen and Seyfried, 2004).

Laboratory measurements have shown this process to  be an im portant sink for 

Mg2+ in seawater (Janecky and Seyfried Jr, 1986), with the conversion of enstatite 

into serpentine being represented by,

2M gSi0 3  +  Mg2+ +  3H20  =  Mg3 Si2 05(0H )4 +  2H+. (4.3)
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Simulataneously, in the absence of a free magnesium ion the following reaction liber­

ates aqueous silica,

3M gSi0 3  +  2H20  =  Mg3 Si2 0 5 (0 H ) 4  +  S i0 2 (aq) (4.4)

During their experiments Janecky and Seyfried J r (1986) observed the dissolu­

tion of large amounts of olivine ((Mg,Fe)2 Si0 4 ) and enstatite (M gSi03) and small 

amounts of diopside (CaMgSi2 0 6). Reaction of forsterite (Mg2 Si0 4 ) within olivine 

can consume the hydrogen and silica produced in the above reactions, while fayalite 

(Fe2 Si0 4 ) dissolution will consume magnesium and produce iron in solution, which 

then precipitates as m agnetite (Fe3 0 4),

2Mg2 S i0 4  +  2H+ +  H20  =  Mg3 Si2 0 5 (0 H ) 4  +  Mg2+ (4.5)

3Mg2 S i0 4  +  S i0 2 ( a q ) + 4 H 20  =  2Mg3 Si2 0 5 (0 H ) 4  (4.6)

2Fe2 S i0 4  +  3Mg2+ +  2 H + +  H20  =  Mg3 Si2 0 5 (0 H ) 4  +  4Fe2+ (4.7)

Figure 4.1 shows the results of the Janecky and Seyfried J r (1986) experiments 

with lherzolite (mantle rock rich in olivine, orthopyroxene, and clinopyroxene) and 

dunite (also a mantle rock rich in olivine) in reaction with seawater at tem peratures 

and pressures appropriate for terrestrial seafloor systems. The magnesium in solution 

is consumed on geologically rapid timescales and Janecky and Seyfried J r (1986) 

comment th a t the reactions did not likely go to  completion. Similar work w ith a 

lower water to  rock mass ratio (<3) apparently achieved complete removal of Mg2+ 

from solution but this work was only published in abstract form (Sakai et al., 1979).

Based on the reaction of Mg2+ with enstatite  (4.3) and fayalite (4.7) we can 

quantify an idealized scenario in which the reaction goes to completion for a given 

amount of available rock. Mass balance for the above equations shows th a t one gram 

of these ultramafic rocks can consume ~  0.15 grams of Mg2+. For a cubic centimeter 

of rock, with density 3.5 g cm-3 , this leads to  0.525 g Mg2+ consumed. If, as in the 

experiments, the water to  rock ratio is ten, then in our idealized scenario one gram of 

rock interacting with ten  grams of water could completely deplete the water of Mg2+
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Figure 4.1: D ata from Janecky and Seyfried J r (1986) showing consumption of mag­
nesium ions during laboratory experiments on serpentinization reactions. Red dia­
monds: lherzolite +  seawater at 300 °C, 500 bars, w / r = 10. Blue squares: lherzo- 
lite+seaw ater a t 300 °C, 500 bars, w / r = 30. Green circles: dunite+seaw ater a t 300 
°C, 500 bars, w / r = 10. Yellow triangles: lherzolite+seawater a t 200 °C, 500 bars, 
w / r —1 0 .
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if the concentration is less than  0.015 grams of Mg2+ per gram of water. Similarly, 

one kilogram of water, containing 15 grams of Mg2+, could be depleted of Mg2+ by 

100 grams of rock, or a 1 cm rock column of 28.6 cm depth (i.e. 100 g /  3.5 g cm-3 ). 

One kilogram of water corresponds to  a one centimeter water column ten meters in 

height. To put this another way, in an idealized scenario where the rock is completely 

serpentinized, a rock crust of 28.6 cm depth could deplete a 1 0  m deep ocean of 

15 grams of Mg2+ per kg of ocean water. Though Janecky and Seyfried J r  (1986) 

suspected their reaction would ultim ately go to  completion, if we just take their da ta  

a t face value and estim ate the process to  only draw down the Mg2+ concentration by 

~40%, then a 1 cm x 28.6 cm rock column would only be able to  deplete six grams 

of Mg2+ per kilogram of water. (Note, this scenario would be the same as saying th a t 

the reaction only occurs in 40% of the rock.) Taking as our range the conservative, 

da ta  constrained value of 6  g Mg2+ kg^ 0  per 28.6 cm rock depth and our idealized 

value of 15 g Mg2+ kg^ 0  per cm rock depth, then for every 10 m of water a 1 cm 

crust of rock can deplete the water of 0.21-0.52 g Mg2+ kgN^0 .

Using these values, we can then calculate the depth of ocean crust required in order 

to  deplete a Mg2+-rich ocean on Europa. For an ocean with MgSCU saturation of 282 

g MgSCU kgj/20, the Mg2+ concentration is 57 g Mg2+ kgĤ 0 . For every 10 m of ocean 

water, a rock crust of 1 .1 - 2 .7 m will be required to  deplete the water of magnesium. 

For an ocean of 100 km depth, a to ta l ocean crust of 11-27 km thickness would be 

required in order to  deplete the entire ocean of Mg2+ through serpentinization.

Is it likely th a t water within Europa’s ocean could interact w ith rocks a t such 

depth? Serpentinization is a self-limiting process in th a t the formation of the lizardite 

seals the peridotites off from the overlying seawater, thus closing the reaction and 

preventing further extraction of Mg2+. Tidal tectonics and therm al cracking could, 

however, offset this process. Estim ates for tidal and therm al cracking of Europa’s 

seafloor are poorly constrained but are generally considered to  be in the range of 

~1-10 km (McKinnon and Zolensky (2003) and N. Sleep, personal communication). 

Thus, the above numbers for to ta l Mg2+ depletion through serpentinization are a 

factor of a few, to  an order of magnitude, too large. If tides m aintained cracking in 

the mantle to  1-10 km depth, then for a 100 km ocean we find w / r  ratios of 32.5
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and 3.27, respectively. A w / r  of 10, comparable to  the experiments of Janecky and 

Seyfried J r  (1986), requires mixing to  a depth of 3.25 km in the mantle. On the low 

end, depletion of Mg2+ limited to  1 km of crustal rock yields a loss of 2.1-5.2 grams 

of Mg2+ per kg of water. This translates to  10.4-25.75 M gS0 4  k g ^ o -  On the high 

end, depletion of Mg2+ by 10 km of crustal rock yields a loss of 21-52 grams of Mg2+ 

per kg of water. This translates to  104-257 M gS0 4  k g ^ 0 .

Based on the above calculations, we find th a t even for a ‘cold’ europan seafloor in 

which hydrotherm al reactions are limited to  the exothermic processes of serpentiniza­

tion, the magnesium concentration in the ocean water is likely to  be depleted. The 

extent of Mg2+ depletion is primarily a function of the depth to  which ocean water 

can react with mantle rocks. The most conservative estimates assume th a t the water- 

rock reactions are not driven to  completion, and th a t only 1  km of the ocean floor 

crust has reacted with the ocean. For these scenarios, an ocean initially containing 

282 g M gS0 4  k g ^ G would be depleted to  levels of 255-270 g M gS0 4  kg^ ,0 .

If, however, ocean water can react with rocks to  a depth of 10 km, then the ocean 

could be largely depleted of Mg2+. Oceanic concentrations of M gS0 4  in these models 

range from 25-178 g M gS0 4  k g ^ G.

Axial flow through high-tem perature basalts

For this case we trea t the seafloor of Europa as comparable to  th a t of the E a rth ’s 

seafloor, i.e. it is, or has been in the past, an active geological environment with 

rapid, high-tem perature reactions between seawater and crustal rocks. Though con­

tem porary Europa may be devoid of such activity, it is im portant to  consider th a t 

active tectonic periods in Europa’s past could well have served to  define contem porary 

ocean chemistry. Indeed, the case of a convecting mantle on Europa, as treated  by 

Hussmann and Spohn (2004), is the closest approximation to  an Earth-like seafloor 

on Europa.

Reactions between terrestrial seawater and oceanic basalt a t high-tem perature 

consume magnesium ions via production of smectite and chlorite (Seyfried J r  and 

M ottl, 1982). Much of the magnesium goes into brucite (Mg(OH)2 ) layering within
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Figure 4.2: D ata of seawater +  rock experiments for tem peratures of 100-500 °C and 
pressures of 500-1000 bars. Rapid decline of Mg2+ concentration was seen in almost 
all of the experiments. D ata are as follows: red diamonds, 200 °C, 500 bar, (Bischoff 
and Dickson, 1975); blue squares, 150 °C, 500 bar, w / r  =  62; green triangles, 300 
°C, 500 bars, w / r  — 62; yellow circles, 300 °C, 500 bar, w / r  =  62; green inverted 
triangles, 300 °C, 500 bar, w / r  =  62; blue triangles, 300 °C, 500 bar, w / r  = 62; yellow 
diamonds, 300 °C, 500 bar, w / r  =  125; green circles, 300 °C, 500 bar, w / r  =  50, 
all from Seyfried J r and M ottl (1982); black diamonds, 200-500 °C, 500-700 bar, 
w / r  = 1; red circles, 500 °C, 1000 bar, w / r  =  1 , all from M ottl and Holland (1978).
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secondary phyllosilicates. As an example, the plagioclase anorthite reacts with seawa­

ter at high tem perature to  yield the magnesium consuming phyllosilicate clinochore 

(Seyfried Jr, 1987),

Mg2+ +  0.8CaAl2 Si2 O 8  +  0.2SiO2  +  2 .0 H2O =  

0.2Mg5 Al2 Si3 O i0 (OH ) 8  +  0.4Ca2 Al3Si3Oi2 (OH) -(- 2H+ (4-8)

Bischoff and Dickson (1975), M ottl and Holland (1978), and Seyfried J r and M ottl 

(1982) have shown such processes to  be an effective magnesium sink for tem pera­

tures 150-500 °C and pressures of 500-1000 bar. Bischoff and Dickson (1975) find 

th a t 98% of the original Mg2+ is removed during seawater +  basalt reaction a t 200 

°C and 500 bars. Similarly, M ottl and Holland (1978) find th a t 97% of the magne­

sium is consumed. Figure 4.2 shows a compilation of data  for magnesium loss during 

seawater-rock experiments under a variety of conditions. Rock types for these exper­

iments included diabase and basaltic glasses. Temperatures ranged from 150-500 °C 

and pressures ranged from 500-1000 bar. The water to  rock ratios varied from 1-125. 

All of the experiments were run over tim e periods of months to  years, and in all 

cases the magnesium ion concentration was seen to  drop to  levels near zero. The only 

notable exception to  this result were the Seyfried Jr and M ottl (1982) experiments 

with basaltic glass at 150 °C, 500 bar, and w / r  — 62 (shown as blue squares). Tem­

perature was likely the critical limiting factor in th a t experiment as all other results, 

by those workers and others, show th a t for T  =  200 °C and greater, Mg2+ depletion 

is efficient. Some of the Seyfried J r and M ottl (1982) data show an increase in Mg2+ 

concentration at the end of the experiment (e.g. the data  in yellow circles). This was 

due to  a quenching process whereby the sample tem perature was rapidly decreased to  

25 °C. Despite these few excursions, the da ta  all reflect the fact th a t magnesium ions 

will not last long in water in contact with rock a t high tem peratures and pressures.

Bischoff and Dickson (1975) summarize the removal of magnesium as,

Basalt +  Mg2+ +  H20  =

Montmorillonite +  Ca2+ +  K+ +  H4 Si0 4  +  H+ +  Fe2+ +  Mn2+. (4.9)
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Figure 4.3: SUPCRT calculation of loss of the magnesium cation as a function of tem ­
perature and pressure during reaction with mantle rock. The pressures used in this 
calculation are appropriate for a range of possibilities at the europan seafloor, depend­
ing on the depth of the  ocean. The tem peratures also cover a range likely applicable 
for Europa’s oceanic crust, though obviously this is hard to  constrain. Nevertheless, 
even for relatively low crustal tem peratures (e.g. 1 0 0  °C), the magnesium cation is 
depleted on short geological timescales.

As shown, magnesium in solution exchanges with calcium and other cations during 

high-tem perature, high-pressure reactions. In the presence of significant amounts of 

sulfur, anhydrite and iron sulfides (e.g. pyrite, pyrrhotite) can precipitate, removing 

the Ca2+ and Fe2+ from solution. Lower sulfur concentrations, and increased w /r ,  

lead to the formation of m agnetite or hem atite. The removal of Mg2+ consumes OH~ 

and yields H+ in solution, causing an initial drop in pH (Seyfried J r and M ottl, 1982). 

The subsequent hydrolysis of silicates removes the H+ , thus causing an increase in 

pH. However, the second reaction depends on the availability of rock with which to  

react.
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As an added check on the removal of Mg2+, the program SUPCRT (Johnson 

et al., 1992) was used to  theoretically model the consumption of Mg2+ in solution 

as a function of tem perature and pressure. Here we were able to  test for conditions 

up to 3500 bars, greater than  the highest pressures expected for Europa. The mod­

eled reaction is typical of high-tem perature basalts reactions and was taken from 

Seyfried J r (1987). The reaction dem onstrates magnesium metasom atism  by reacting 

magnesium-rich water with the plagioclase anorthite (CaAl2 Si2 0 8 ). The products, 

clinochlore (Mg5 Al2 Si3 O i0 (OH)8) and clinozoisite (Ca2 Al3 Si3 0 i 2 (0 H) consume mag­

nesium, quartz, and water and cause the pH to  drop by releasing protons. The log of 

the activity quotient is shown on the ordinate and the decrease in Mg2+ activity with 

tem perature indicates the removal of the ions from solution, i.e. the reaction is moving 

to  the right. Little difference was seen in the results over the range of pressures tested 

(1000-3500 bars). The numerical results support the  experimental observations; high- 

tem perature reaction of seawater with m antle rock on Europa should drawn down the 

Mg2+ concentration.

While tem perature is a critical factor, the capacity for hydrotherm al circulation to 

remove Mg2+ is also a function of rock availability. The terrestrial seawater concen­

tration of 1.3 grams of Mg2+ per kg water is easily depleted, bu t in the case of Europa 

we are considering solutions th a t may have as much as 57 g Mg2+ per kg of water. 

To our knowledge, no experiments with high-Mg solutions and basalt have been pub­

lished. Therefore we use the water to  rock mass ratios (w/r)  in the available data  

(Figure 4.2) to  set constraints on the capacity for metasomatism to  remove magne­

sium at high-T and P. Experiments show th a t removal of Mg2+ is efficient and nearly 

complete for w / r  ~125. For seawater this means th a t 1 kg of rock can remove ~162 

grams of Mg2+. This is nearly a factor of three higher than  our highest predictions for 

Mg2+ on Europa, thus we conclude th a t even for very high concentrations of Mg2+, 

all of the Mg2+ will be removed as the water passes through hydrotherm al systems 

on Europa. Removal of Mg2+ is efficient regardless of concetration and therefore the 

limiting factor for Mg2+ removal is the fluid flux through the rock.

To estim ate the hydrotherm al fluid flux on Europa, we scale from the E arth  by 

using the terrestrial ratio of high-tem perature axial heat flux to  global oceanic heat
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Earth Europa
Mg2+ input (101 0  kg yr r) 13.4 (rivers) 1.5 x 10- 5  (micrometeorites)
Mg2+ sinks (101 0  kg yr x)

Biogenic carbonate 1.46
Ion-exchange <0.97

Low-T basalt alteration 0.24
Hydrothermal loss 10.7-11.7

Oceanic heat flux (101 2  W) 32 0 .1 - 1 0

Total hydrothermal heat flux (101 2  W) 9 ±  2 0.01-6.25
Water flux, Axial

100% at 350 °C (101 3  kg y r -1) 3.1-6.1 0 .0 2 - 1 0

10% at 350 °C (101 3  kg y r -1) 0 .3-0.6
90% at 350 °C (101 3  kg y r '1) 280-560

Water flux, Off-axis
T ~  5-15°C (101 3  kg yr" 1 ) 370-1100

Table 4.3: Hydrothermal fluxes and magnesium sources and sinks on E arth  and Eu­
ropa. D ata for the E arth  are taken from Elderfield and Schultz (1996) and Seyfried Jr 
(1987). Scaling to  Europa is as described in the text.

flux. The global oceanic heat flux on E arth  is 3.2 x 101 3  W  (Stein and Stein, 1994). 

Of this, some 2(±1) x 101 2  W  is estim ated to  be from mid-ocean ridges, along the 

axial regions of seafloor spreading (Elderfield and Schultz, 1996). The heat flux can 

be converted to  a fluid flux by the relation F  =  H / N T c p, where F  is the mass 

flux (kg s_1), H  is the heat flux (W), A T  is the tem perature difference between the 

hydrothermal and ambient water (~300 K), and cp is the heat capacity of the fluid 

( ~ 6  J  g - 1  K -1) (Elderfield and Schultz, 1996). For Earth, converting the above heat 

flux to  a flux of water through hydrothermal systems leads to  3(±1.5) x 101 3  kg of 

seawater per year. As this water is cycled, essentially all of the magnesium is removed 

through metasomatism with the underlying rocks.

Taking the ratio of axial heat flux to global heat flux, we can estim ate axial 

fluxes for Europa by using published values for the global flux. This yields a  lower 

limit of 1.31(±0.66) x 101 0  W  and an upper limit of 6.25(±3.13) x 101 2  W  for high- 

tem perature axial flow. The lower limit uses radiogenic heating and the upper limit
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Figure 4.4: Concentration of M gS0 4  in Europa’s ocean as a function of seawater flux 
through hydrotherm al vents. The fluid flux estim ated for Europa is 2 x 101 1 — 1 x 101 4  

kg yr-1 , thus for all but the lowest estimates, Mg2+ in the ocean is largely depleted.

uses the convective mantle model of Hussmann and Spohn (2004). W ithout con­

vection the upper limit is an order of m agnitude less for the first ~ 3  Ga of orbital 

evolution. The fluid flux corresponding to  these values are 1.97(±0.98) x 101 1  kg 

y r '- 1  and 9.37(±4.69) x 101 3  kg y r-1 . Given the higher pressures on Europa, the heat 

capacity of the solution is lower and the fluxes will likely be higher than  estim ated 

here (Elderfield and Schultz, 1996). Table 4.3 summarizes our knowledge of terrestrial 

systems and the scaling we have used for Europa.

For a given initial concentration of MgS0 4  in the ocean water, we can calculate the 

contemporary concentration as a function of the fluid flux through high-tem perature 

axial basalts. In Figure 4.4 we plot this relationship. For a given flux, the resulting 

oceanic concentration of M gS0 4  is the mass of M gS0 4  in the non-vented fraction
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of the ocean diluted over the to ta l mass of water in the ocean. We consider initial 

MgSC> 4 concentrations of 300 and 100 grams per kg of water. Total H20  layers (ice 

and ocean thickness) of 80, 100, and 170 km were used so as to  cover the range 

consistent with the 3-layer models of Anderson et al. (1998). The solid black line in 

each case corresponds to  the 1 0 0  km ocean and the two dashed lines are for the 80 

km and 170 km cases. The dashed line for the 80 km case is below the solid line, 

while th a t of the 170 km case is above the solid line.

The plot shows the present day ocean concentration of MgS0 4  for a given vent 

flux operating over 4.3 Gyr of venting on Europa. Also shown is the flux required to 

cycle an entire 100 km thick ocean through hydrothermal vents in 1 Gyr. This value 

was found to  be roughly an order of m agnitude less than  the hydrotherm al flux on 

Earth. The scaling of fluid fluxes to  Europa, as calculated above, covers the range 

~  2 x 101 1 — 1 x 101 4  kg y r-1 . For all but the lowest end of this range, the ocean 

on Europa is found to be either completely or nearly depleted of M gS04. If the flux 

over the past 4.3 Gyr has been only 2x lOn  kg y r-1 , then an ocean w ith an initial 

concentration of 300 g MgS0 4  k g ^ Q, would now have 190-245 g MgS0 4  kg^40 , for an 

ocean thickness of 80-170 km ( a 100 km ocean yields a concentration of 208 g MgS0 4  

kgfflo). Similarly, if the initial MgS0 4  concentration was 100 g MgS0 4  kg^40 , then 

the contemporary ocean would have 62-81 g MgS0 4  kgy^o f°r an ocean thickness 

of 80-170 km ( a 100 km ocean yields a concentration of 70 g MgS0 4  k g ^ 0 ). If 

the flux is just a factor of a few larger than  the low end flux estimate, the M gS0 4  

concentration reaches zero. In order for the contemporary ocean of Europa to  have 

large concentrations of Mg2+, the average hydrothermal flux over the past 4.3 Gyr 

must have been lower than  ~ 3 x  101 1  kg y r-1 .

4.3.2 Candidate Cations?

The calculations and da ta  presented in the previous sections make a strong case 

for a Mg2+ depleted europan ocean, unless the m antle and ocean floor of Europa is 

much less active than  numerical models predict (Hussmann and Spohn, 2004). This 

contradicts previously published models for Europa’s ocean chemistry (Kargel et al.,
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2000; Fanale et al., 2001; Zolotov and Shock, 2001). It also poses a problem for the 

m agnetometer constraint: how is high conductivity achieved if there is very little 

Mg2+?

Several other cations likely fill the void left by magnesium. Sodium, the dominant 

cation in E a rth ’s ocean may well be the dominant cation on Europa and there is 

considerable observational evidence to  suggest th a t Europa’s ocean is loosing sodium 

ions to space. The presence of a thin, extended sodium atmosphere around Europa is 

consistent within an endogenous source (Leblanc et al., 2002; Brown and Hill, 1996; 

Johnson, 2000). The observed atmospheric loss rate of Na+ at Europa is approxi­

m ately an order of magnitude larger than  the source term  expected from Io (Leblanc 

et al., 2002). This is consistent with Na+ supplied from a subsurface ocean.

Calcium is typically exchanged with magnesium during metasomatism, but the 

ultim ate geological fate of calcium is highly dependent on the tem perature and rock 

type. Coupled with this is the precipitation of highly insoluble species, like anhydrite, 

and calcium consuming species like calcium carbonate. Calcium will certainly play 

are role in the ionic chemistry of Europa, but the abundance of calcium in solution 

is a complex function of the tem perature, pH, and mineralogy of Europa’s ocean and 

seafloor.

4.3.3 Abundant Anions?

The solar abundance of chlorine may be insufficient to yield a highly saline, thick 

ocean on Europa. The M g/Cl ratio of 197 (Table 4.2) means th a t roughly 3 x 101 9  

kg of Cl should be available, but an ocean w ith ~300 grams of NaCl salt per kg of 

water would require 5 x 102° kg of Cl, over an order of magnitude more than  what is 

geologically available.

Calculations in Chapter 8  show th a t sulfate delivery from the surface of Europa 

to  the sub-surface ocean will likely yield high concentrations of sulfate in the europan 

ocean. This is independent of any geologically leached sulfur. Figure 8 . 2  shows moles 

of various compounds, including sulfate, reaching the ocean as a function of delivery 

period. The availability of sulfate is not likely to  be a limiting factor for the salinity
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or conductivity of the europan ocean. Saturation and precipitation of minerals like 

anhydrite and gypsum is to  be expected, even for low concentrations of calcium.

Cycling of sulfate through the hydrothermal vents yields sulfide, but the oxidant 

flux from the ice shell will then oxidize the sulfide to  sulfate. Unlike magnesium, the 

cycling of sulfur through the vents does not yield a  dram atic loss of the element itself. 

Instead, the redox state  of the element is changed, creating a geochemical energy 

source of potential utility for an ocean ecosystem.

Along with sulfate, carbonate will be dissolved in Europa’s ocean (Chapter 8 ). 

The exact form of the  dissolved carbon will depend on the pH, but as w ith E a rth ’s 

ocean this will lead to  a balance of CO 2 , H 2 C 0 3 , H C O 3  and C O 3 - . Along with 

the primordially available carbon, the micrometeorite flux generates a source term  of 

carbon equivalent to  ~  104 -10 5  kg y r - 1  of to ta l dissolved carbon in the ocean. While 

sulfate is almost certainly the dominant anion, carbonate is also available.

4.4 Surface O bservations

Early results from the Galileo Near Infrared M apping Spectrometer (NIMS) observa­

tions of the non-icy regions on Europa were interpreted by some workers as evidence of 

large quantities of hydrated magnesium sulfates (McCord et al., 1999). More recent 

work has argued for roughly equivalent mixtures of M gS0 4 -XH2 0 , Na2 S 0 4 -XH2 0 , 

and H2 S0 4 -XH2 0  (Orlando et al., 2005; Spencer et al., 2006a), w ith high hydration 

levels and the possible addition of minerals such as sodium bicarbonate (Dalton et al., 

2005).

Carlson et al. (1999b, 2 0 0 2 ) have long argued for the role of H2 S 0 4  hydrate on 

Europa. Given the geochemical constraints on Mg2+ discussed in this work, we find 

the sulfuric acid hypothesis to  be favorable. Indeed, recent analysis of high-spatial 

resolution NIMS spectra indicates th a t the endogenous claim for the non-icy m aterial 

may be flawed (Carlson et al., 2005).
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4.5 C on sisten cy  w ith  M agnetom eter D ata

The high amplitude constraint set by the magnetometer da ta  necessitates a highly 

saline ocean w ith a th in  ice shell (Hand and Chyba, 2007). The geochemical results 

presented here indicate th a t it is hard, if not impossible, to  have large quantities of 

Mg2+ in solution on Europa. Achieving high conductivity will then require a m ixture 

of salts in Europa’s ocean. Additionally, the ions of sulfuric acid may contribute 

to  the conductivity. The surface observations mentioned above make a strong case 

for radiolytically produced H2 SO 4  and if this compound is introduced into the  ocean 

it will yield H+ and sulfate. In Figure 4.5 the conductivity versus concentration 

relationship for sulfuric acid is plotted along with the data  shown in Chapter 3. The 

sulfuric acid da ta  are from Weast and Astle (1981) and from technical specifications 

for instrum ents listed a t http://w w w .sm artm easurem ent.com . Future work aims to 

explore the  conductivity of mixed salt and sulfuric acid solutions.

4.6 C onclusion

The paradox of Europa’s ocean chemistry is th a t models for the origin and formation 

of the ocean lead to  an ocean rich in MgSC>4 (Kargel et al., 2000; Fanale et al., 

2001; Zolotov and Shock, 2001), bu t terrestrial ocean chemistry has shown us th a t 

magnesium will not stay in solution in significant quantities if the ocean water is 

in contact with mantle rock (Bischoff and Dickson, 1975; M ottl and Holland, 1978; 

Seyfried Jr, 1987; Elderfield and Schultz, 1996).

Coupled w ith this is the fact th a t the magnetometer results necessitate a highly- 

saline liquid water layer in order to  satisfy the am plitude constraints (Chapter 3). The 

NIMS observations of Europa’s surface indicate th a t magnesium is likely present, but 

the magnetometer results could well be satisfied by a mixture of dissolved cations and 

anions.

To conclude we offer an alternative extraction model to  th a t proposed by Zolotov 

and Shock (2001). The K ia model in th a t work used the Ki extraction and then  

reduced the abundance of salts based on several assumptions. Here we take a similar
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Figure 4.5: The conductivity versus concentration plot of Chapter 3 is shown again, 
here with the addition of da ta  for conductivity of sulfuric acid as a  function of con­
centration in solution. Though H2 SO4  generally has a higher conductivity than  most 
salts, for a given concentration, it too reaches a conductivity limit of a few tens of S 
m -1 . This does not alter our previous work, however it bears mentioning th a t such 
high concentrations of H2SO4 would imply a sulfuric acid dom inated ocean, not a 
liquid water ocean.
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approach, bu t we increase the abundance of several cations and anions based on 

comparable assumptions. The final solution has a to ta l salt concentration of 101.95 

g per kg of water, yielding a conductivity of ~10 S m -1 . The individual ions were 

calculated as follows. We used the Kx model extraction results, bu t instead of lowering 

the potassium concentration to  m atch the observed N a/K  ratio of 25 (Brown, 2001), 

we increased the sodium concentration to  a tta in  N a/K  =  25. The to ta l sodium and 

potassium  in solution was found to  be 40 g k g ^ o  and 1.6 g k g ^ 0 , respectively. 

This is approximately four times the concentration of sodium and potassium  in the 

terrestrial ocean. Such concentrations are comparable to  terrestrial soda lakes and 

geothermal springs (Arnorsson et al., 1978; Jellison et al., 1999; Mwaura, 1999). As 

in the K la model, we decreased the sulfate and calcium concentrations in our model 

so as to  achieve gypsum saturation at -0.3 °C. These concentrations were 2.804 and 

0.3863 g k g ^ G respectively, identical to  Zolotov and Shock (2001). The magnesium 

concentration was left at its value of 0.32 g k g ^ 0 . Unlike the K ia model, we 

accounted for carbon by using the result from the K x model, yielding a to ta l dissolved 

carbon content of 9.5 g k g ^ 0 . Potassium  was also present at its Ki abundance of 

0.34 g k g ^ 0 . Finally, to achieve charge balance, we increased the chlorine content 

to  2.44 g kg^o> a factor of 3.3 above its Ki concentration, but a factor of 7.8 less 

than  the concentration found in E a rth ’s ocean. The net effect of this simple model 

is th a t we have achieved a highly-saline, very conductive, ocean using many of the 

same assumptions employed by Zolotov and Shock (2001). Our model is consistent 

w ith hydrotherm al removal of magnesium, the empirical constraints of sodium salts 

on the surface (Dalton et al., 2005), a sodium cloud around Europa (Brown, 2001), 

and the need for a highly-conducting subsurface layer (Zimmer et al., 2000; Schilling 

et al., 2004; Hand and Chyba, 2007).
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Chapter 5

Laboratory sim ulation of the  
surface electron irradiation  
environm ent of Europa

Chemistry on the icy surface of Europa is heavily influenced by the 7.9 x 101 0  keV 

cm - 2  s_ 1  incident particle flux resulting from the Jovian magnetic field. The m ajority 

(>75%) of this energy is in the form of high energy (<10 MeV) electrons. We have 

constructed a 10- 8  to rr vacuum chamber equipped with a 100 keV electron gun and 

He-compressor cryostat in order to  simulate the electron irradiation environment of 

Europa.

5.1 L aboratory stud ies o f  electron  radiolysis

For our simulation of the surface radiation environment, we are largely replicating the 

trailing hemisphere, electron dominated, processes. The role of protons and ions has 

been examined in some detail (Moore et al., 1991; Moore and Khanna, 1991; Johnson 

and Jesser, 1997; Ip et al., 1998; Moore and Hudson, 1998, 2000) as has the role of UV 

irradiation on ices (Bernstein et al., 1999; Allamandola et al., 1988; Bernstein et al., 

1995; Johnson et al., 2004). Little work has been done on the role of high energy 

electrons under europan conditions (Johnson et al., 2004).

90
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In addition to  trailing hemisphere radiolytic processes, the electron irradiation 

environment is also of interest for the near-surface, i.e. slightly deeper into the surface, 

ice chemistry. On average, the incident ions and photons have stopping depths in the 

range of 0.04-10 fj,m (for ice of unit density). Electrons, on the other hand, typically 

reach depths of 0.62 mm (Cooper et al., 2001). The most energetic electrons (~50 

MeV) are estim ated to  have an average range of approximately 20 cm while ions 

of similar energy would have stopping depths of one to  two orders of m agnitude less 

(Cooper et al., 2001). The radiolytic chemistry below a few tens of microns, therefore, 

can largely be a ttribu ted  to  the high energy electrons.

5.2 E xperim ental set-up

5.2.1 Laboratory hardware

We have constructed a high-vacuum, stainless steel chamber capable of replicating the 

tem peratures and pressures of planetary and astrophysical ices. Mounted onto the 

chamber is a He-cryostat w ith a range down to  a few Kelvin. A Varian 300 1/s tu rbo­

pump, backed by an oil-free Alcatel fore-pump, produces pressures of ~  5 x 10- 9  

torr. Ice films of diam eter ~0.8  cm and a few microns in thickness are grown by 

vapor-deposition on a gold mirror mounted on the cryostat’s cold finger. An external 

manifold allows for mixing of volatiles prior to  deposition. For the results presented 

here, however, all ices are neat H2 0 . To ensure purity of our ices, nanopore de-ionized 

water was heated and quenched at least three times to  remove dissolved gases before 

mounting onto the manifold in preparation for deposition.

A 100 keV electron gun mounted on the chamber, perpendicular to  the plane of 

the ice film, provides high-energy electron irradiation of the ice sample. A Faraday 

cup on a rotation stage within the chamber allows for monitoring of the electron 

beam current directly above the ice sample. For the results presented here, electron 

energies of 4 - 20 keV, and beam currents of 1 0 ’s to  1 0 0 0 ’s of nA were used.

A Fourier-transform infrared spectrometer (FTIR) is used for transm ission spec­

troscopy of the sample before, during, and after irradiation. The ice-coated mirror is
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illuminated by the FTIR  at 22° angle of incidence. Refracted radiation passes into 

the ice and is reflected by the gold surface, giving a double pass through the ice film. 

Spectra with 4 cm - 1  resolution and 1024 co-added spectra are collected continuously, 

with a ~9-m inute integration period for each spectra. Figure 5.3 provides a diagram 

of the complete experimental set-up.

For all experiments, three spectra were collected prior to  ice deposition and prior 

to  irradiation. The average of the either the pre-deposition or pre-irradiation spectra 

was then used for calculating absorbance,

A b s  l o g j Q  ( I Sam ple /^ -B ase l ine)  i ( ^ T )

where I  sample and I  Baseline are the spectral intensities of the sample and reference 

baseline. In all results presented here the average of the pre-irradiation spectra was 

used for the absorbance baseline. Using the pre-irradiation average allowed for re­

moval of the broad H20  peak a t ~3200 cm - 1  th a t dominates the region near the 

H2 O2  2850 cm - 1  band.

During deposition film thickness was determined by monitoring the optical depth 

at 3500 cm-1 , and also by measuring fringes using laser interference transmission 

through the ice sample. The absorbance, A,  at 3500 cm - 1  measured relative to  the 

pre-deposition spectra yields the film thickness via the relation,

d = -n-T7U  (5 -2)[4iTk/\\

where the bracketed quantity  is the absorption coefficient and k  is the tem perature- 

dependent imaginary component of the index of refraction a t wavelength A (Hudgins 

et al., 1993). The optical depth of the film, r ,  is given by,

r  =  * • Abs • cos(<ft), (5.3)

where </> is the angle of refraction in the film. Interference fringing of a 6328 A laser 

transm itted  through the ice film allowed for an additional check on film thickness (Sill 

et al., 1980). Each fringe of the interference sinusoid corresponds to  a half wavelength
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Figure 5.1: Image of the laboratory set-up showing the vacuum chamber, cryostat, 
and electron gun along with the gas mixing manifold (bottom  left) used to  prepare 
mixtures of volatiles for growth of th in  ice films on the gold mirror at the end of the 
cryostat cold finger.

thickness, or ~0.3 pm. By counting fringes during deposition we were able to  gauge 

our film thickness.

Ice films were grown to  a thickness comparable to, but greater than, the projected 

range of the energetic electron. Johnson (1990) provides an approximation for the 

range, R ( E ), as a function of electron energy in keV,

R  (E)  «  R pE a. (5.4)

The exponent a  is empirically determined to  be 1.76 and for unit density m aterial
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(e.g. ice, p ~1  g cm-3 ), R p = R i  = 0.046 pm.  Irradiating films slightly thicker than  

R (E )  ensures th a t essentially all of the energy from the electron beam is deposited 

into the ice film.

Species ejected from the film during irradiation or evolved from the film during 

warming were detected in-situ w ith a M KS™  quadrupole mass-spectrometer, residual 

gas-analyzer. This instrum ent detects volatile species over a 1-300 a.m.u. range.

5.2.2 Software for data analysis

All com putational methods, techniques, and algorithms for processing da ta  from the 

Fourier-transform infrared spectrometer (FTIR), residual gas analyzer (RGA), and 

m atrix-assisted laser desorption/ionization (MALDI) instrum ents were w ritten by the 

author. Programs were w ritten in C w ith much of it utilizing M atlab for graphical 

capabilities. The author wrote and developed a series of programs and functions 

hereafter collectively referred to as the ‘speclib’, or spectral function library.

The speclib library was w ritten to  take as input the ‘.m at’ d a ta  files from the 

FTIR, the ‘.W BG’ data  files from the RGA, or the tex t (‘.tx t’) files from the MALDI 

instrum ent. Key functional capabilities include batch processing of an entire sequence 

of FT IR  spectra taken during an irradiation experiment. W ith an absorbance denom­

inator spectrum  file identified, the code can plot the spectral sequence, integrate a 

specified band, and plot the integrated band absorption as a function of irradiation 

dose for the specified experiment.

The spectra, plots, and figures in the following chapters were all generated using 

functions within the speclib.
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Figure 5.2: Shown here is the vacuum chamber and electron gun along with the 
rack-mounted com puter and controllers for the various instrum ents. This image was 
taken prior to  construction of the gas manifold and prior to  the acquisition of the 
He-cryostat. The original cryostat, shown here, used liquid nitrogen.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. SIMULATION OF ELECTRON IRRADIATION 96

RGA

Detector

He Cryostat

FTIR

Figure 5.3: Diagram of the laboratory set-up. Ice films are deposited and grown on 
the end of the cryostat cold-finger and then irradiated with high-energy electrons from 
the electron gun. In-situ spectral analysis is accomplished in transmission w ith the 
Fourier-transform infrared spectrom eter (FTIR) and a mass-spectrometer capable 
of detecting volatile species of 1-300 a.m.u. (RGA). The Faraday cup allows for 
measurement of the electron beam current throughout the experiment.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6

H 2O2 production by high-energy  
electrons on icy satellites as a 
function o f surface tem perature  
and depth into the surface

Chemistry on the icy surface of Europa is heavily influenced by the incident energetic 

particle flux from the Jovian magnetosphere. The m ajority (>75%) of this energy 

is in the form of high energy (<10 MeV) electrons. We have simulated the electron 

irradiation environment of Europa w ith a vacuum system containing a high-energy 

electron gun for irradiation of ice samples formed on a gold mirror cooled w ith a cryo­

stat. Pure water films of ~ 2 -5  pm  thickness were grown at 100 K and then either 

cooled (to 80 K), warmed (to 120 K) or left a t 100 K and subsequently irradiated. 

The irradiation energy and current was varied between different experiments in or­

der to determine the production and destruction of H2 O 2  as a function of incident 

energy, dose rate, and tem perature. The production of hydrogen peroxide (H2 O 2 ) 

was monitored by observation of the 2850 cm - 1  (3.5 pm) band. Experim ental re­

sults are then used to  numerically integrate energy deposition, H2 O 2  production, and 

H2 O2  destruction as a function of depth into the surface ice of Europa. Steady-state 

concentrations as a function of depth into the ice are calculated. We find th a t H2 O 2

97
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Figure 6.1: Chemical pathways in the radiolytic production of 0 2. This diagram is 
based on Cooper et al. (2003) and illustrates the importance of H2 O 2  production as 
a precursor for 0 2.

concentrations at depth (ignoring mixing via gardening) could be several times larger 

than  the observed surface abundance of 0.13% H2 0 2  by number relative to  water 

(Carlson et al., 1999a).

6.1 In troduction

Understanding the production of H2 0 2  on icy satellites is im portant for two prim ary 

reasons: 1) spacecraft observations, e.g. the Near Infrared M apping Spectrometer on 

board the Galileo spacecraft (Carlson et al., 1999a), have revealed the presence of 

H2 0 2  as an im portant surface constituent, and 2 ) the production of other surface
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materials, specifically O 2  and perhaps CO 2  and SO 2 , may depend in part on H2 O 2  

as a necessary precursor in the pathway toward production. Figure 6.1 shows pos­

sible pathways toward 0 2  as determined by Cooper et al. (2003), all of which have 

H 2 O 2  as a  key intermediary. From an astrobiological perspective, H 2 O 2  and oxidants 

derived from H 2 0 2  may play a critical role in m aintaining biologically useful redox 

gradients in the subsurface ocean if mechanisms for delivering the surface m aterial to  

the subsurface are identified.

Laboratory simulation and production of H2 0 2  has been shown with protons, ions, 

and UV (Moore and Hudson, 2000; Gomis et al., 2004b,a; Loeffler et al., 2006) as with 

low-energy electrons (Sieger et al., 1998; Pan et al., 2004). Some high-energy electron 

work has been done, but the low tem peratures used during irradiation (12 K) make 

it hard to  justify as a system comparable to  the surfaces of icy satellites (50-150K) 

(Zheng et al., 2006).

Here we specifically focus on electrons with energies >  5 keV and tem peratures 

relevant to  Europa and the warmer regions of Enceladus (80-120 K). High-energy 

electrons dominate the surface irradiation flux (Cooper et al., 2001) and they pen­

etrate deeper into the surface than  any other energetic particle. Furthermore, after 

impact, much of the energy from protons and ions is dissipated as energetic electrons 

(Johnson, 1990; Mozumder, 1999). For these reasons, understanding the role of high- 

energy electrons in H2 O 2  production is critical for a comprehensive understanding of 

the surface oxidants chemistry.

Stopping power is also an im portant factor and is explored in the work presented 

here. Figure 6.2 shows a comparison of stopping powers for electrons, protons, and 

alpha particles. Ions such as Sra+ and On+ lie in the region above the line for alpha 

particles. Also shown is a line marking the high-end of the energy spectrum  for the 

incident particle flux at Europa (Cooper et al., 2001; Paranicas et al., 2001). As can 

be seen, the stopping power for electrons w ith initial energies <10 MeV continually 

increases as the electron loses energy. This means th a t as the electron penetrates 

into the surface ice, the bulk of its energy will be deposited in the last ~ l / 4  to  1/3 

of its projected range. Translated into H2 O 2  production, this means th a t much of 

the energy made available for radiolysis comes toward the end of the electron path.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6. H20 2 PRODUCTION WITH TEMPERATURE AND DEPTH  100

,3
1 0 '

,2
1 0 ‘

o>
110

Europa j

.0
1 0

,-2 ■1 ,0 1 ,2 .3
1 0 ' 1 0 '1 0 ' 10 1 0 ' 1 0 '

Energy (MeV)

Figure 6.2: Stopping power as a function of energy for electrons, protons, and alpha 
particles. Show also is a line indicating the upper end of Europa’s energy spectrum  
for incident particles. Higher energy particles (e.g. 100 MeV) are certainly present, 
but the bulk of the flux is <10 MeV (Paranicas et al., 2001). The d a ta  used here are 
from Berger et al. (2005).
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Thus, not only do energetic electrons constitute the dominant source of particles at 

Europa, but they also efficiently deposit their energy at depth, potentially below the 

destructive influences of micrometeorite impacts and sputtering. Understanding the 

role of stopping power in H2 O 2  production requires quantifying both  the production 

and destruction cross-sections for H2 O 2  as a function of energy. In this paper we 

describe our experimental results and numerical fits for these param eters and apply 

them  to  a depth profile calculation for steady-state H2 O 2  abundance across a range 

of energies and over the 2n steradians visible to  a given volume element of ice on or 

below the surface.

6.2 E xperim ent D eta ils

The laboratory set-up and instrum ents used for this series of experiments is as de­

scribed in Section 5.2. Here I provide additional details pertaining to  the specifics of 

H2 0 2  production and analysis.

For our experiments on the tem perature dependence of H2 O 2  production all films 

were deposited at 100 K and then either cooled to  80 K, warmed to  120 K, or kept at 

100 K. The films were then irradiated w ith 10 keV electrons at beam currents of 100 

nA. Experiments on H 2 O 2  production and variation with dose rate were conducted at 

100 K with 10 keV electrons and beam currents ranging from 10 nA to  3 //A. Finally, 

experiments examining the relationship between the incident energy of the electrons 

and H2 O2  production were performed with 100K films and beam currents of 10-100 

nA. The incident electron energies were 8  keV, 10 keV, 1 2  keV, and 15 keV.

Production of H2 O 2  was measured by observing the change in band area from 

2750 cm - 1  to  2920 cm-1 . Depending on the shape of the background water band, a 

quadratic or linear fit to  the spectrum  through this region was used to  determine the 

band integration area. Figure 6.3 shows a typical spectrum  during irradiation and the 

quadratic fit (x 2) used to  generate the H 2 O 2  band area. Also shown is the H 2 O 2  da ta  

from the Galileo Near-Infrared Mapping Spectrometer (NIMS) (Carlson et al., 1999a). 

Integrated band areas are used in our results in order to  easily allow for variations in 

choice of the strength of band absorption, A.  Several values have been published for
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Figure 6.3: The 2850 cm - 1  band of hydrogen peroxide arises on the shoulder of
the broad ~3500 cm - 1  water band during electron irradiation. Here we have used a 
quadratic fit to  the curvature of the H 2 O band in order to  extract the H2 O 2  band. 
Linear fits are used when the background H2 O band is also linear. Shown here is 
the band with the quadratic fit (upper lines) and the quadratuc baseline subtracted 
H2 O 2  band. Also show for comparison are the Near-Infrared Mapping Spectrometer 
(NIMS) da ta  of the H2 O 2  band observed on Europa (Carlson et al., 1999a).
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the H2 O 2  line (Moore and Hudson, 2000; Loeffler et al., 2006). Based on the more 

recent results of Loeffler et al. (2006) and personal communication with Loeffler and 

Teolis, we choose Ag0K = 4.9 x 10-17, A WoK =  5.1 x 10-17, A \ 2qK =  5.3 x 10- 1 7  cm 

molecule- 1  for our 80K, 100K, and 120K films respectively.

6.3 R esu lts

6.3.1 Temperature dependence of H 2 O2 production

Figure 6.4 shows results for variation in H2 O 2  production as a function of tem perature. 

The area of the 2850 cm - 1  band, integrated in most cases from 2750 cm - 1  -  2920 

cm-1 , is shown as a function of cumulative dose. Initial net production is seen in 

the early rise of the band area, after which H2 O 2  production is balanced by H2 O 2  

destruction and a steady state plateau is reached. Saturation is reached a t ~  101 9  eV 

cm - 2  for the 80 K and 100 K films, but a t 120 K it is unclear whether saturation is 

truly achieved. By ~  5 x 101 9  eV cm 2  the integrated band area appears to  stabilize 

near ~0.03 cm - 1  and we use these d a ta  points for calculating steady-state H 2 O 2  

concentration.

For band saturation a t each tem perature we calculated mean values by using 

the last twenty integrated band areas. Using the specified band absorption for 

each tem perature we then calculate steady-state H2 O 2  concentrations. At 80 K we 

find the steady-state column density, { H 20 2}, leads to an H2 O 2  concentration of 

0.043±0.002% by number relative to  water. At 100 K and 120 K this number falls to  

0.029±0.001% and 0.0063±0.0006% respectively. The errors on these values represent 

plus or minus one sigma standard deviation from the mean value.

Assuming th a t H2 O 2  production is a first-order process, i.e. th a t it is not depen­

dent on the concentration of a previously produced precursor, then  the change in the 

H2 O 2  column density, {H 20 2}, with time is the difference between the production of 

H2 O 2  from irradiated H2 O and the destruction of H2 O 2  by irradiation,

= $ 0 oc {H 20 }  -  % a D{H 20 2}. (6.1)
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Figure 6.4: Hydrogen peroxide production as a function of tem perature. Ices at T  =  
80 K (blue), 100 K (green), and 120 K (red) were irradiated w ith 10 keV electrons and 
the growth of the 2850 cm - 1  band was monitored. Shown to  the right of each plateau 
is the approximate percent by number abundance of H 2 O 2  relative to  water in the ice 
film, calculated using the band absorptions A%Qk  =  4.9 x 10-17, A iqqk — 5.1 x 10-17, 
A \ 2ok =  5.3 x 10- 1 7  cm molecule- 1  (Loeffler et al., 2006; Moore and Hudson, 2000). 
Errors are given as a deviation of plus or minus one sigma.
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Figure 6.5: The initial rise in H2 0 2  production is used for determining G-values at 
different tem peratures (see text). Linear fits yield the values shown and are given 
in units of number of molecules produced per 100 eV. Error bars in band area are 
±15%, most of which is due to  uncertainties in integration limits for the initial rise 
of the 2850 cm - 1  H 2 O 2  band.

Here <f>0  is the unidirectional flux of electrons (e~ cm - 2  s-1 ) and 7fc  and a D are 

the H 2 O 2  creation and destruction cross-sections in cm2. The production term  for 

H2 0 2  in Eq. 6.1 can also be w ritten in term s of the G-value, defined as the num­

ber of molecules created per unit of absorbed energy (commonly taken as 100 eV): 

G[H20 2] =  a c { H 20 } / E q .  W riting Eq. 6.1 as a function of accumulated dose, D, we 

find,
} = G _ | {i/202} ( 6 . 2 )

Here dD = E 0<l>0dt, where E 0 is the incident electron energy in eV. The param eter
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a D is the density weighted destruction cross-section. Defining D 0 =  E 0 / a D and 

integrating Eq. 6.2 then  yields,

{H 20 2} = G D 0 (1 -  e~D/D°) (6.3)

The low beam currents used in our experiments allow us to  determine G-values 

for H2 O 2  production because we can track the rise to  steady-state. Figure 6.5 shows 

linear fits to the low-dose da ta  points, i.e. those points corresponding to  net H2 O 2  

production prior to  reaching steady-state. Each spectrum  was carefully examined to 

ensure proper adjustm ent of integration limits as the 2850 cm - 1  bands grew with dose. 

The slope of the linear fit is related to  the G-value by a factor of 100/A, where A  is 

the band absorption strength as defined above. We find G[H2 0 2 ]8 o/s: =  0.031/100-eV, 

G[H2 0 2 ]iooir =  0.049/100-eV, and G[H2 O 2 ]i2 0 /c =  0.008/100-eV. Values for a D are 

then solved for by using { H 20 2}saturation and {H 20 2} /d t  =  0  which leads to,

= v m -  ( 6 - 4 )

Table 6.1 provides values for these param eters. The errors on integrated band area 

are small (few percent) compared to  the uncertainty on values for A  (~10% ), thus 

the errors given for G-values are dom inated by th a t uncertainty. We use an A  value 

uncertainty of ± 5  x 10- 1 8  cm molec - 1  as per Loeffler et al. (2006).

Loeffler et al. (2006) and Moore and Hudson (2000) have also investigated the 

tem perature dependence of H2 O 2  production. Our results for H2 0 2  saturation are 

considerably lower than  results for 50-100 keV Ar+ and 100 keV H+ (Loeffler et al., 

2006), and the are lower than  most of the results for 0.8 MeV H+ (Moore and Hudson, 

2000). Loeffler et al. (2006) finds steady-state values of Ml. 14% by number relative to  

water for irradiation of 80K ice with protons. Their results for 50-100 keV Ar+ a t 80 K 

range from ~ 0 .036-0.15%, the low-end of which is comparable t  our results for 10 keV 

electrons at 80-100 K. Moore and Hudson (2000) infer steady state  concentrations 

of 0.07-0.28% by number abundance, bu t these values may have been overestimated

by nearly a factor of two because they did not use the more recent experimentally
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Figure 6 .6 : Comparison of published G-values for hydrogen peroxide production in
ice at various planetary and astrophysical tem peratures. The results of this work 
are shown by the blue diamonds, th a t of Loeffler et al. (2006) by the inverted red 
triangles, and th a t of Moore and Hudson (2000) by the green circle, square, triangle, 
and sideways triangle. The circle is for results of irradiation in H2 O + O 2  ices, the 
triangle for O 2  overlaying H2 O, the sideways triangle for CO 2 + H 2 O ice, and the 
square is for neat H2 0 . The dotted line show the value of G [H20 2\ =  0.4 used 
by Carlson et al. (1999a). Our results w ith high-energy electrons show much lower 
production rates than  th a t of ions and protons.
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Temp.
(K)

Energy
(keV)

Current
(nA)

G[H2 0 2]
(molec./lOOeV)

<?D
1 0 ~ 1 5  cm 2

<?c
1 0 ~ 1 9  cm 2

80 1 0 1 0 0 0.031±0.003 0.97 3.95
1 0 0 1 0 1 0 0.049T0.004 2.27 6.16
1 2 0 1 0 2 0 0.008±0.001 1.7 1 . 0 1

1 0 0 6 2 0 0.027T0.004 1.13 5.01
1 0 0 7 2 0 0.035T0.004 1.7 5.79
1 0 0 8 2 0 0.036T0.004 2 . 1 5.36
1 0 0 1 0 1 0 0.049T0.004 2.27 6.16
1 0 0 1 2 2 0 0.050T0.004 3.1 5.48
1 0 0 1 0 1 0 0.049T0.004 2.54 6.16
1 0 0 1 0 2 0 0.055T0.004 3.84 7.05
1 0 0 1 0 35 0.036T0.004 1.92 4.62

Table 6.1: H2 O2  G-values, density-weighted production cross-sections (<fc), and 
density-weighted destruction cross-sections (a D), as a function of tem perature, elec­
tron energy, and electron beam current.

determine A  values of Loeffler et al. (2006).

In Figure 6 . 6  we show the collective work on G-values as a function of tem perature. 

Our work is consistent with much lower production rates a t lower tem peratures, 

e.g. as shown by Loeffler et al. (2006), however we have not investigated the low 

tem perature range (<50 K) and thus cannot conclude a specific trend w ith high- 

energy electrons. Moore and Hudson (2000) find a range of values for G[H2 0 2 ] at 

80 K, each corresponding to  a different ice mixture. Their 80 K H 2 O +C O 2  results 

and ~16 K pure H2 O results are comparable to  what we find and what Loeffler et al. 

(2006) find a t 120 K.

6.3.2 H 2 O2 production and electron beam current

Europa’s flux of 7.9 x 101 3  eV cm - 2  s_ 1  (~12.5 /rW cm-2) translates to  a current of 

~1.2 nA cm - 2  for 10 keV electrons (Cooper et al., 2001). To compare our laboratory 

fluxes w ith those of Europa we examined H2 O2  production over a range of beam 

currents at constant electron energy (10 keV) and tem perature (100 K).

Our beam is unstable at currents of ~1  nA, thus we cannot directly probe the
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Figure 6.7: Initial production of H 2 O 2  at 100 K for 10 keV electrons at several
different beam currents. The measured G-values at 10 nA, 20 nA, and ~40 nA 
are all ~0.0.047/100eV. Experiments were also performed with higher currents (e.g. 
hundreds of nA to  /v,A) but production was too rapid to yield reliable measurements 
of the G-values.
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Figure 6 .8 : H2 O 2  saturation for 10 keV electrons at 100 K over a range of electron
beam currents occurs at ~0.025% by number H2 0 2  relative to  water.

europan flux at 10 keV. At 10 nA, however, we are able to reliably monitor the current 

and observe the rise in H2 O 2 . We also ran experiments at 20 nA, 35 nA, 195 nA, and 

several pA. Results for production and G-values are shown in Figure 6.7.

No significant variation in production rates was observed as beam current was 

increased. The measured G-values all fall in the range G[H2 0 2 ] =  0.0.36-0.055±0.004 

per 100 eV with a mean value of 0.047±0.004/100-eV . The consistency of these results 

gives us confidence th a t our laboratory results can serve as an accurate indicator of 

processes on Europa and other icy worlds.

Steady-state H2 O 2  levels were also found to  change little over the range of beam 

currents explored. The mean value was 0.025±0.004% by number relative to  wa­

ter. Figure 6 . 8  shows integrated band absorption and resulting saturation levels for 

variations in beam current.
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Figure 6.9: Hydrogen peroxide production as a function of incident electron energy. 
Electrons of 6 , 7, 8 , 10, and 12 keV were used to  irradiate 100 K water ice. All beam 
currents were in the range of ~ 1 0 ’s of nA. Saturation values for integrated beam 
absorption are shown with dashed lines and are given to  the right of each energy 
value.

6.3.3 H 2 O2 production and electron energy

Ice films at 100 K were irradiated with electrons of energy E q= 6  keV, 7 keV, 8  

keV, 10 keV, and 12 keV. In all cases films were deposited at 100 K and grown to  a 

thickness slightly greater than  the projected range, as determined by Eq. 5.4. Results 

for initial production and saturation, based on integration of the 2850 cm - 1  band, 

are shown in Figure 6.9. G-value measurements based on the low-dose initial rise of 

H 2 O 2  are shown in Figure 6.10.

The determ ination of G-values is useful for understanding production within the

w *  

$♦<0 0 VV

0  6 keV S at =0.0717

♦  7 keV Sat =0.0744  

0  8 keV S at =0.0693  

0  10 keV S at =0.111

♦  12 keV S at =0.0985

Dose (eV cm -2)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6. H20 2 PRODUCTION WITH TEMPERATURE AND DEPTH  112

0.1

$  6 keV, =0.0266

t  7 keV, G [^ O zl =0.0354 

0  8 keV, G I H ^  =0.0357 

0  10 keV G[H20 2] =0.0495 

♦  12 keV GIHgOj] =0.05

0.09

0 0 8

0 0 7 i ►

O  0.06

j g  0.05

0.04

0.03

0.02

0.01

0 0.5 1 1.5 2 2.5 3

Dose (eV cm-2)
3.5 4 4.5 5

X10

Figure 6.10: Linear fits to  initial production rates are used to generate G-values for 
H2 0 2  a t various incident electron energy levels (see text).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6. H20 2 PRODUCTION WITH TEMPERATURE AND DEPTH  113

u f
ii

LU 0.8
•*-O
c
o
o<j)
a>

r ( E >  (Ef/8keV)1/20.6

(0
0.4

c
0)Q.

0.2
do>
o
E
o

LU
ET

•0.2

E nergy, ^  (keV)

Figure 6.11: The number of molecules of H2 O 2  produced per incident initial electron 
of energy Eq is plotted as a function of Eq, measured in keV.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6. H20 2 PRODUCTION WITH TEMPERATURE AND DEPTH  114

ice film as a function of energy absorbed, but it provides little insight into the vari­

ations of production efficiency for a single electron of energy E 0 as it passes through 

the ice and im parts an energy d E  per unit distance dx. To examine this process we 

define the param eter T as the  molecules produced per initial electron and 7  =  d T /d E  

as the number of molecules produced per electron per unit energy loss. We can then 

write Eq. 6.1 as,

d{Hd f 2 }  =  r  -  <7D { H 2o 2 } ,  (6.5)

where F  is the cumulative electron flux, with dF  =  $ 0 dt. Integration yields,

{H 20 2} = VF0 (1 -  e~F/F°) (6 .6 )

where F0 =  1  / a D and T(E0) =  G E 0. Figure 6.11 shows a plot r (£ ’0) vs. E 0 using 

our laboratory results. A fit of the form,

/  p 3 . 2  \  1/2

" (§Sv) (6-7>
is used to find T for any energy E 0 with the condition tha t E —> 0 at E 0 =  0. We use 

this relationship in Section 6.4.1 to  examine production with depth into the ice.

Also of interest for determining the role of initial energy, E q, in H2 O 2  steady- 

state and depth profiles is the effective destruction cross-section, aD(E),  at energy E.  

This is different from the measured cross-sections, <7 d, which represent the density- 

weighted average destruction cross-section over the range of the electron, R ( E 0),

through the ice. The relationship between these two quantities can be expressed as,

_  £  <TD(E(x)) lH2Oi]dx
a °  -  ------- 1' ,] I I T  .1   (6.5)io [H20 2]dx

where square brackets denote molecular volume density (molec. cm-3). The denom­

inator in Eq. 6 . 8  integrates to  { H 20 2}. The measured quantities for d D and { H 20 2}

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6. H20 2 PRODUCTION WITH TEMPERATURE AND DEPTH  115

at energies E  and E  +  A E  can then be used to  solve for an  using,

ctd(E +  A E ) { H 20 2}\e+ae  — c d {E){H 20 2}\e =

P X -Y L N tL  p X

=  /  aD[H20 2] d x -  /  aD[H20 2}d:
Jo Jo

=  od {E) f [.H20 2]dx
J  X

= ° d (E) {{H20 2}\e+&e ~  { H20 2} \ e ) (6.9)

The <j £> are then calculated using the laboratory results in the following equation,

(p \  ~  &d(E  +  A E ) { H 20 2}\e +ae  ~  &d(E){H20 2} \e  f m n )
d  \E)  ~  s t j  n  \l S w  \  l (6.10)

\ n 2 U 2 \ \ E + A E  —  1 -W2W2/ IB

Using our experimentally determined values, we find a linear least-squares fit to  so­

lution for Go yields the general expression,

oD «  3.39 x 10~14£ o +  4.13 x 10~ 1 3  cm2. (6.11)

The determ ination of a 0 as a function of energy allows us to  adjust the destruc­

tion cross-section for a given electron as it looses energy along its path  through the 

ice. This is an im portant relationship when considering the depth profile of H2 O 2  

production and desctruction, as shown in the following section.

6.4 D iscussion

6.4.1 H 2 O2 production as a function of depth into ice

We have examined H2 O 2  production as a function of tem perature, current, and energy, 

but ultim ately we are interested in the application to  the icy satellites. Relating 

laboratory production of H2 O 2  in th in  films to  bulk production in the radiolytically
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cos 9 = M
Incident electron 

of energy Eo

Ice surface

Depth: x(E) 
X(E) = M(R(Eo) - R(E)) E< Eo

R(E)

S t i

Depth: x(0)
x(0) = mR(Eo) Range, R(E0)

Figure 6.12: The relationship between projected range of an electron w ith energy E 0, 
the depth below the surface to  which the electron penetrates, and the depth at which 
the electron has deposited EdeP = Eo — E  of its energy. For radiolytic production and 
destruction at a given depth below the surface we integrate over 2% steradians and 
account for the distribution of electrons with energy E 0 im parting energy to  a depth 
x. In each case, the minimum E q considered is th a t for which 9 = 0 (i.e. incidence is 
normal to  the ice surface).

processed region of moons such as Europa and Enceladus requires understanding 

H2 O2  production as a function of depth into the ice. Only by quantifying production 

and destruction of chemical species with depth into the ice can we begin to  understand 

the bulk radiolytic chemistry.

The production of a given chemical species at depth x  in the ice is a function of 

the flux of electrons integrated over the range of possible energies reaching depth x, 

times the production rate for the energy deposited, dE,  over the range dx. Accounting 

for electrons incident over 27r steradians, we can express production as a function of
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depth as,

/O /*oo
d f i  j  ( E q )  7  (E) S  (E) dE0

J 1 Jo
(6 .12)

where j  ( E q), 7  ( E) ,  and S  (E ) are the surface electron flux, the production per unit

energy loss, and the stopping power respectively. The param eter /i is the cosine of

geometry and definitions relevant to  production with depth.

Using da ta  from Voyager 1 and Galileo, Paranicas et al. (2001) described the 

surface electron flux as seen by Europa via,

where j* =  4.23, E * =  3.11, a =  —1.58, b =  1.86 and j  is given in units of cm - 2  s - 1  

sr - 1  eV-1 . The energy range examined was 0.01 MeV < E 0  <  10 MeV. For a given 

depth below the  surface, x, we need to  know the incident energy flux and energy 

deposited as a function of the initial incident energy, E 0, and surface flux, j ( E 0). 

The projected range of an electron with energy Eo is related to the depth reached 

below the surface by the cosine of the incident angle, /j, (Fig. 6 .1 2 ). As the electron 

looses energy, the depth for a given energy E,  where E  < E 0, can be found using 

x (E)  =  n  (R ( E q) — R(E)) .  Solving for E(x).  an electron of initial energy Eo will then 

have an energy at depth x  of,

final expression. Similarly, differentiation of Eq. 5.4 also leads to  the expression,

the incident angle, 6 , of the electron at the surface, cos 6 =  /i. Figure 6.12 shows the

(6.13)

(6.14)

where we have used the range relation as described in Section 5.2 to  arrive a t the

dR  dE
E  ’

(6.15)
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Figure 6.13: Volume production of H2 0 2  as a function of depth below the surface 
in 100 K ice. At each point x  below the surface the production resulting from the 
contribution of each electron of initial energy E 0 is accounted for and summed over 
the solid angle range of cos# =  /i =  0.3-1.0 and. 2n. Results are shown for an initial 
electron energy spectrum  of 0.01-200 keV and 0.01 keV -  1 MeV. Electron fluxes at 
each energy are calculated using the expression of Paranicas et al. (2001).

allowing us to  solve for stopping power, S (E )  = d E / d x ,

The above expressions are combined to  solve Eq. 6.12 numerically using the 

experimentally constrained expression for 7 (E) as derived in Section 6.3.3. The range 

expression used to  derive Eq. 6.14 and 6.16 should only be used for ~keV  electrons, 

as can be seen in Figure 2.5. Here I solve for Q(x) up to 200 keV and then show th a t 

extending the solution up to  1 MeV does not dram atically alter the results. Figure 

6.13 show the solution for these two scenarios, integrating from the surface down to
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a depth of 100 pm. In both  cases a t each depth x  I have solved for the solid angle 

solution down to  p = 0.3, or an angle of 17.5° up from the surface. Volume production 

is seen to  be in the range of 1  x 1 0 1 9  molec. s - 1  cm-3 , with maximum production 

occurring near the surface and decreasing w ith depth into the ice. In the 200 keV 

limit the surface production is found to  be 1.49 x 101 9  molec. s- 1  cm - 3  and in the 1 

MeV limit it is found to  be 2.15 x 101 9  molec. s_ 1  cm-3 .

Following the expression for Q(x),  we define the destruction rate per unit voume 

at depth x  as,

/0 poo
dp J  j  (E0) a D ( E ) d E 0. (6-17)

Using our experimentally constrained expression for <Jn(E). we solve numerically for 

L(E) .  Results are shown in Figure 6.14. As can be seen, the m ajor feature of the 

solutions is a decrease in volumetric destruction w ith depth. In both  the Q ( x ) and 

L(x) solutions the 1 MeV cases yields higher values, but the values are not orders 

of magnitude higher than  the 200 keV case. Thus, while I feel confident th a t our 

m athem atical expression is valid for E 0 up to  200 keV, my results indicate th a t the 

error associated with extending the range to  1 MeV do not greatly alter the results.

Together, the production and destruction rates can be combined to  yield the 

equilibrium density of H2 0 2  a t depth x,

=  W y  (6 J 8 )

Figure 6.15 shows the results for the steady-state concentration as a function of depth 

into the ice. Again, we have solve for a 200 keV limit and a 1 MeV limit. A solid 

angle covering p  =  0.3 — 1.0 was used in each case. As can be seen from these results, 

I find th a t concentration increases with depth below the surface. Solving for the to ta l 

concentration a t the surface [x =  0 ) resulting from production and destruction of 

all electrons in the range 0.01-200 keV and coming from p = 0 .3-1.0 over 27r, I find a

percent by number abundance for H2 0 2  of 0.37% relative to  water. For the 1 MeV

case, this number is 0.54% by number relative to  water. Interestingly, these numbers 

are a comparable to, but a few times larger than, empirical results for the abundance
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Figure 6.14: Volume destruction of H2 0 2  as a function of integrated contribution 
from incident electrons over a range of energies and incident angles. As with Q(x),  
here we consider the energy spectrum  of 0.01-200 keV and 0.01 keV -  1 MeV and the 
solid ange contribution from // =  0.3 — 1.0. At the surface I find L = 0.1337 molec. 
s” 1 cm ~~3  for the 200 keV case and L = 0.1339 molec. s- 1  cm - 3  for the 1 MeV limit. 
W ith increasing depth destruction decreases, reaching about 5% of its surface value 
a t 1 0 0  jim depth.
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E
E„ = 0.01-200 keV
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[H20 2] = Q(x)i(x)
3.5

.21
x 10'

Figure 6.15: Steady-state H2 O2  concentration (in molecules) as a function of depth 
below surface. Calculations are based on an incident electron energy spectrum  of 0.01- 
200 keV and 0.01 keV -  1 MeV. Integration over a 2n solid angle for incoming electrons 
is considered from an angle of 17.5° from the surface plane to  the perpendicular. 
Results indicate an increase in H2 O 2  abundance w ith depth below the surface. Percent 
by number abundances for H2 O 2  reach 5-10% at 100 pm depth.
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of H2 O 2  on the surface of Europa (Carlson et al., 1999a).

As the steady-state concentration increases with depth, I find th a t at 100 /an  

depth the H2 0 2  abundance reaches levels of 5.2% and 1 0 .8 % by number relative to  

water for the 1 MeV and 200 keV limits respectively. These numbers should be 

treated  w ith caution as they do not account for electrons in the range of ~10 MeV 

and the energy and stopping power calculations for E 0 > 200 keV likely included 

errors. Furthermore our numerical fits for our experimental da ta  are good but should 

also be treated  with caution and extended the da ta  range to  higher and lower energies 

would help build confidence in these fits.

W ith these caveats in mind however, our results indicate th a t steady-state H 2 0 2  

concentrations increase with depth into the surface. Correcting the range expression 

to  account for the NIST results as per Berger et al. (2005) will allow us to  more 

accurately extend our integration to  greater depths and to  higher energies w ithout 

the need for more laboratory data.

6.5 C onclusion

6.5.1 Im plications for Icy Satellites

The results presented here imply th a t the NIMS results for H2 0 2  on the surface of 

Europa represent a lower estim ate for what may lie beneath the surface. Sputtering, 

gardening, and destruction from ion and protons could be responsible for the observed 

lower surface abundance and these factors will not have large contributions a t depth. 

The high-energy electrons will dominate steady-state H2 0 2  concentrations in these 

regions.

Critical for understanding the application to  icy satellites is a comparison of the 

H2 0 2  depth profile w ith surface age and gardening rates. The average surface age, 

based on crater counts (Zahnle et al., 2003), is between 30-70 Myr. Gardening, from 

impacts both large and small, is estim ated to  create a ~ 1 .3 m  regolith over the course 

of 'MO Myr (Cooper et al., 2001). For the results presented here, in which we have 

only integrated to  1 0 0  fim  depth, gardening would mix this layer in ~  1 0 0  years.
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Only surfaces younger than  this would retain the signature of peroxide production 

with depth. If we can extend our H 2 0 2  depth profile to  tens of centimeters to  a 

few meters we should be able to accurately predict the sub-gardening layer H2 0 2  

concentration for a given surface age. This is the focus of future work.

The to ta l abundance of H2 0 2  and 0 2  will play an im portant role in oxidizing 

the subsurface ocean if geological mechanisms are available for delivering the surface 

material to  the subsurface. This could be a key consideration for astrobiology and 

subsurface habitability (Chyba, 2000; Chyba and Phillips, 2001; Hand et al., 2007).

Finally I note th a t the increased H2 0 2  concentration must be considered in the 

context of 0 2  formation and the observed steady-state abundance of condensed phase 

0 2  on the europan surface and gas phase 0 2  in the europan atmosphere (see e.g. 

C hapter 7. As an im portant precursor for 0 2  the H2 0 2  abundance critically feeds 

into net 0 2  production. Understanding this relationship is the subject of ongoing 

research in our laboratory and several other laboratories, each examining a different, 

but overlapping, set of irradiation and tem perature conditions.
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Chapter 7

On the phase and stability of 
radiolytically produced oxidants

The radiolytic production of oxidants on the surface of icy moons such as Europa 

has been examined theoretically (Cooper et al., 2001; Johnson et al., 2003), in the 

laboratory (Baragiola et al., 1999; Moore and Hudson, 2000), and through direct 

observation (Carlson et al., 1999a; Spencer and Calvin, 2002). (For a comprehensive 

review of all aspects, see Johnson et al. (2004).) The presence of such compounds in 

the ice may lead to  the formation of significant quantities of clathrate hydrates rather 

than  the commonly assumed forms of ice I. C lathrates of oxidants are observed in 

terrestrial ice sheets and expected elsewhere in the solar system (Blake et al., 1991; 

Miller, 1961, 1969). Indeed, clathrates in the europan ice shell and on the seafloor have 

been previously examined in some detail (Crawford and Stevenson, 1988; Kargel et al., 

2000; Prieto-Ballesteros et al., 2005). Here, however, we consider the contribution 

from radiolytically produced oxidants. Our purpose is twofold: first, we aim to 

characterize the ice phases th a t are likely to  exist near the surface and within the 

ice shell. Second, we hypothesize a possible solution to the puzzling observation of 

condensed-phase 0 2  on the surface of Europa based on an examination of the stability 

of clathrates near the surface of Europa (Spencer and Calvin, 2002). [Note th a t much

1Most of this chapter is published as Hand et al. (2006) with some parts from McKay et al. 
(2003).
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of our argument can also be applied to  a similar debate regarding observations of 

Ganymede (see Johnson and Jesser (1997) and Baragiola et al. (1999)).] Solid 0 2  is 

not stable near the surface of Europa; thus a variety of trapping mechanisms have been 

invoked to  explain the observations (Johnson et al. (2003), and references therein). 

Here we suggest th a t clathrates, specifically mixed clathrates hosting 0 2, C 0 2, and 

S 0 2, could solve this problem.

Our focus on Europa and oxidants is m otivated in part by the prospect for finding 

life on this moon. The habitability of the putative subsurface ocean of Europa may 

depend on the radiolytic production of oxidants at the surface (Chyba, 2000; Chyba 

and Phillips, 2001; Cooper et al., 2001). Mechanisms and time scales for the delivery 

of surface products to  the ocean are still highly uncertain, but the geologically young 

surface of Europa [<250 million years old, and generally considered to  be on the 

order of ~50 million years (Zahnle et al., 2003)] gives at least some indication th a t 

communication between the surface and subsurface occurs. Thus oxidants produced 

on the surface and gardened into the near subsurface Phillips et al. (2000); Chyba 

and Phillips (2001); Cooper et al. (2001) could be mixed into the bulk ice shell and 

perhaps delivered to  the ocean. Here we examine the consequences of transporting 

such m aterial through the ice shell. Specifically, we analyze the role of 0 2, H2 0 2, 

C 0 2, and S 0 2  clathrate formation on the bulk physics and chemistry of the ice shell. 

We also explore, in brief, the fate of clathrates once they reach the subsurface ocean.

7.1 C onditions for clathrate hydrate form ation

The formation of clathrate hydrates depends on the tem perature and pressure en­

vironment, and the properties of the guest molecule (Sloan, 1998). Formation of 

the hydrogen-bonded hydrate lattice occurs primarily in three different, cubically 

symmetric structures. O ther structures may be possible under conditions yet to  be 

explored. All known forms involve combinations of two or more types of polyhedral 

cages. Here we discuss structure I (SI) and structure II (SII), as they are host to  the 

compounds of interest in this work (Figure 7.1). Structure H hydrates are typically 

less stable but can house some alkanes, alkenes, and aromatics. While the term s
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‘clath rate’ and ‘hydrate’ are often used interchangeably within the field, hereafter we 

use the term  ‘c lath rate’ so as not to  confuse the reader with the hydrated m aterial 

(possibly H2 SO4  or sulfate salts) discovered on the surface of Europa (McCord et ah, 

1998a; Carlson et ah, 1999b).

(C)

Figure 7.1: C lathrate cages of SI and SII clathrates. Vertices represent water 
molecules, with oxygen atoms a t the center, and the lines represent hydrogen bonds 
between the H and O atoms of neighboring water molecules. Cage (a) is the pentag­
onal dodecahedron th a t forms the small cage of both SI and SII clathrates. Cage (b) 
is the tetrakaidecahedron th a t forms the large cage of SI clathrates. Cage (c) is the 
hexakaidecahedron th a t forms the large cage of SII clathrates. The average cavity 
radius for each structure is 3.95 A, 4.33 A, and 4.73 A, respectively (Sloan, 1998). 
When in SII, the small cage has an average radius of 3.91 A. Cage forms are modeled 
after Sloan (1998).

The unit cell of SI clathrate is 1 2  A3 in volume and consists of two small cages 

and six large cages for a to ta l of 46 water molecules (Figure 7.1). The SI small cages 

are 3.95 A in radius and can house molecules less than  5.1 A in diam eter (Sloan, 

1998). The large cages have a radius of 4.3 A and can hold molecules as large as 5.8
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A in diameter. Typical SI hydrates include methane, carbon dioxide, and hydrogen 

sulfide. While each unit cell could potentially hold eight host molecules, in reality not 

all cages are filled; clathrates are non-stoichiometric, i.e. the relative proportions of 

the elements vary. The ratio of cages occupied to  the to tal number of cages is term ed 

the fractional occupancy ratio, and it is largely a function of tem perature, pressure, 

and concentration of the guest molecule.

SII clathrates house oxygen and nitrogen gases as well as a host of larger molecules. 

The unit cell consists of 136 hydrogen-bonded water molecules arranged in 16 dodec­

ahedral cages and eight hexadecahedral cages (Figure 7.1). The 16 small cages have 

a radius of 3.91 A and can hold molecules with diameter less than  5 A. The eight 

large cages are 4.73 A in radius and can hold molecules with diameters of 6.7 A or 

less. The SII cubic unit is ~17  A on a side (Kuhs et al., 1997; Sloan, 1998). Figure

7.1 shows all three cage types formed in SI and SII clathrates.

The binding of a given gas molecule into a cage is dependent on the relative size 

of the molecule and the magnitude of the van der Waals interaction between the host 

and the surrounding water molecules. Determining the relationship between a gas- 

phase mixture and its corresponding clathrate mixture depends on the inverse ratio 

of the dissociation pressures of the pure clathrates (van der Waals and Platteeuw, 

1959).

7.2 C lathrate stab ility

The critical param eter for determining clathrate stability at a given tem perature is 

the dissociation pressure. At the dissociation pressure, ice, gas, and clathrates are 

in equilibrium. Above this pressure, the clathrate phase is stable, and the ice and 

gas phases will combine to  form the clathrate. Below the dissociation pressure, the 

clathrate becomes unstable, and only the ice and gas phases are present.

Formation of clathrates in the solid state  can be kinetically inhibited by the avail­

ability of water molecules to  form the cage structure (Barrer and Ruzicka, 1962; 

Bar-Nun et al., 1987). If the tem perature and pressure conditions are satisfied, a 

gas bubble trapped in ice will form a clathrate layer at the boundary of the bubble.
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The impermeability of the clathrate structure, however, can greatly impede further 

reaction of the gas compound with the ice (Bar-Nun et al., 1987). Diffusion of water 

through the clathrate may be a rate-lim iting factor (Price, 1995), though much work 

is underway to  better understand this process (Salamatin et al., 1998). Interestingly, 

Barrer and Ruzicka (1962) found th a t the incorporation of gases into clathrates could 

be greatly accelerated by shaking an ice crystal and gas mixture w ith glass beads. 

This laboratory-observed effect could have a natural analogue in the sputtered and 

gardened regolith of icy satellites, thus enhancing clathrate formation on such bodies. 

Recent laboratory work by Grieves and Orlando (2005) suggests th a t clathrates could 

be an effective trapping mechanism for O 2 . Their work also supports the claim th a t 

radiation could play a role in the formation of the clathrate.

For tem peratures above ~273 K (at 1 atm ), pure liquid water is stable, and a 

solution is formed with the gas such th a t the solution is in equilibrium with the 

dissolved gas. W hen the concentration of the dissolved gas is beyond the solubility 

limit for the gas, the solution is said to  be supersaturated. If pressure is increased, a 

point is reached at which water, gas, and clathrate phases are in equilibrium. Under 

conditions of clathrate stability, excess gas will be partitioned into the clathrate phase, 

and the clathrate structure will remain stable in liquid water. Note th a t the stability 

of methane clathrates in terrestrial oceans is enhanced by the sediments in which they 

form; only the very localized conditions for solubility need to  be exceeded in order 

for the clathrate to  be stable (Buffett, 2000). For a given gas clathrate, there exists 

a quadruple point (the Q-point) a t which all four phases of water-ice-gas-clathrate 

are in equilibrium. The Q-point can be found by plotting dissociation pressure versus 

tem perature for a given phase boundary. The intersection of the lines for gas-water- 

clathrate and gas-ice-clathrate represents the Q-point for the system. For the case of 

oxygen, the Q-point is at a pressure of approximately 11.1 M Pa and — 1°C (Lipenkov 

and Istomin, 2001).

For a given gas hydrate, the dissociation pressure scales with tem perature as 

follows (van der Waals and Platteeuw, 1959; Miller, 1961):

log Pd = A  + B / T  (7.1)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7. PHASE AND STABILITY OF OXIDANTS 129

Here the dissociation pressure, Pj, is given in M Pa and the tem perature, T, in Kelvin. 

The param eters A and B are experimentally determined for a specific system in a given 

tem perature range.

For a given gas mixture, one can calculate the combined dissociation pressure for 

the system. Having calculated individual dissociation pressures, values for various 

clathrate gas mixtures can be approximated by assuming th a t the hydrate behaves 

as an ideally dilute solution and the fractional occupancy ratio is constant and the 

same for all gases (Lipenkov and Istomin, 2001). W ith these assumptions, the mixed 

gas dissociation pressure can be expressed as:

Pd(max)

where Pj. is the dissociation pressure, as per Eq. 7.1, for component i, and y-t are the 

respective relative guest molecule abundances. This expression for the dissociation 

pressure can now be used in conjunction with Eq. 7.1, and a phase diagram for the 

mixture can be created for a given set of guest molecules.

We now apply this formalism to  the ice shell of Europa. We first examine which 

guest molecules might be available on the surface, and the relative abundance of such 

compounds.

7.3 R ad io lytic  production  o f oxidants on th e  eu- 

ropan surface

The surface ice of Europa is subject to  a flux of high-energy ions ( ~ 2 x  101 0  keV 

cm - 2  s-1 ), electrons (~  6  x 101 0  keV cm 2  s-1 ), and ultraviolet radiation ( ~ 4 x  101 0  

keV cm - 2  s-1 , for A <  2800 A, energetic enough to  break apart water molecules) as a 

result of being situated deep within the jovian magnetosphere (Cooper et al., 2001). 

Laboratory simulations have dem onstrated th a t the oxidants observed on the surface 

of Europa could be directly attribu ted  to  the radiolytic chemistry th a t results from 

such particles (Moore and Khanna, 1991; Carlson et al., 1999a,b; Moore and Hudson,

V'1' J'i-
— 1

(7.2)
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2000). Here we examine each of the observed oxidants in detail to  set upper and lower 

bounds on the relative abundance of each compound on the surface of Europa.

7.3.1 Oxygen

Molecular oxygen is a highly reactive compound in organic chemistry and, as such, 

represents a potentially useful source of energy to  any ecosystem. As a term inal elec­

tron  acceptor in biochemical reactions, few other compounds offer comparable ener­

getic favorability (Nealson, 1997). The presence of a thin oxygen atmosphere on Eu­

ropa has been known for some time (Hall et ah, 1995), and more recent ground-based 

observations have reported the presence of condensed O2  on the surface (Spencer and 

Calvin, 2002). In addition, da ta  from the Galileo Near-Infrared Mapping Spectrome­

te r (NIMS) indicate the presence of hydrogen peroxide (H2 O 2 ) on the  europan surface 

(Carlson et al., 1999a). If transported to  a subsurface liquid water ocean, the H2 O 2  

would decay to  O 2  on a geologically short time scale (Chyba, 2000). Therefore, we 

treat H2 O 2  as equivalent to  O 2  when estim ating the to ta l abundance of O 2  in the 

ice shell and ocean. Little is known about H2 0 2  clathrate formation, and so here we 

make the tentative assumption th a t the behavior of H 2 O 2  clathrate will be compa­

rable to  th a t of oxygen. Ultimately, we show th a t the H2 0 2  flux is small compared 

with th a t of molecular O 2  in the ice, so th a t H2 O 2  only accounts for a small fraction 

of the clathrate. In addition, once the peroxide has decayed to  oxygen it will not be 

converted back to  peroxide unless it is recycled and exposed to  the surface radiation 

environment. Thus, even if peroxide is not efficiently enclathrated on its initial pass 

through the ice shell it will later decay to  oxygen, which, if reincorporated into the 

ice shell, will form a clathrate.

Molecular oxygen in the solid phase appears to  occur at all longitudes on the 

surface of Europa (Spencer and Calvin, 2002), whereas H2 O 2  has been observed only 

on Europa’s leading hemisphere (Carlson et al., 1999a; Carlson, 2001). One possibility, 

consistent w ith conclusions of this work, is th a t the solid O 2  pervades the ice crust as 

an end product of many production and resurfacing cycles, while surficial H2 O 2  may 

be a more short-lived precursor produced by surface irradiation. The non-detection
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of H2 0 2  on the trailing hemisphere may be due to  the high radiation noise associated 

with those measurements or to  the more complex chemistry involving the sulfates. 

Both products are likely part of a radiolytic oxygen cycle th a t is broadly outlined in 

Figure 7.2. Destruction of H20  yields H and OH radicals, which then  react along the 

following pathways (Moore and Hudson, 2000; Cooper et al., 2003):

H +  OH 

H +  H 

OH +  OH 

OH +  H2 0 2

h 2o

h 2

h 2 o 2

h 2o  +  h o 2.

(7.3)

(7.4)

(7.5)

(7.6)

Formation of 0 2  may come directly from the reaction of two trapped O atoms

Ions, e-, UV-C IQ'9 torr 0 2 atmosphere

HjO, H2, 0 2 s p u tte r in g  [_oss to  sp a ce /io n ized ionized

D iffusion and 
loss to  sp a ceh 2o  -> h  + o h

OH + OH -> H?0

OH

ag g reg a tio n

HO
Some 0 2 
t ra p p e d  
in ice

(rare; H20  -> H2 + O)

Near-surface ice of Europa

Figure 7.2: A simplified sequence for radiolytic production and destruction of water, 
H2 0 2, and molecular oxygen. Some H2 0 2  and 0 2  become sequestered below the 
heavily processed surface.
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(Johnson et al., 2003). Alternatively, the photolytic decay of H2 O 2  dimers can lead 

to  O2  production (Cooper et al., 2003):

H2 0 2  • H2 0 2  +  hv -+ H20  • H20  +  0 2  (7.7)

Some of the 0 2  will be attacked by the H radicals, which leads to  hydroperoxy radicals 

(H 0 2). Combination of two such hydroperoxy radicals then leads to  the production 

of H2 0 2  and 0 2  (Cooper et al., 2003):

H 0 2  +  H 0 2  -> H2 0 2  +  0 2  (7.8)

Estimates from the NIMS results put the H2 0 2  surface abundance at 0.13% by 

number (Carlson et al., 1999a). Based on this number alone as a proxy for 0 2, it has 

been argued th a t Europa could have an annual oxygen flux of 109  — 101 2  mol from 

the ice shell to  the ocean (Chyba and Hand, 2001). Here, however, we also consider 

the net radiolytic production of molecular oxygen.

The weak band a t 5771 A observed by Spencer and Calvin (2 0 0 2 ) has been a t­

tributed to  the double excitation of two interacting 0 2  molecules in solid (7 -phase) 

oxygen. As a result of the need for two molecules, one should expect the 5771 A ab­

sorption to  follow a quadratic dependence on 0 2  concentration. Given the observed 

band depth (51 / I )  of 0.3% and a 7 -phase absorption coefficient of a  =  1.6 cm-1 , we 

calculate the 0 2  abundance using:

HH<"drS] >’ ■•>

where D  represents the surface ice grain diameter [~80 pm, obtained here using 

H20  grain size maps derived using methods discussed by Carlson et al. (2005)], /  

is the fractional 0 2  density relative to  H 2 0 , and r 0  is the diffuse reflectance. The 

first quantity on the right-hand side accounts for the average path  length through 

a grain, the second quantity accounts for the resulting absorption, and the final 

quantity represents the number of scattering (and absorption) events (Hapke, 1993). 

As a lower limit, we assume the 0 2  is embedded in pure, non-absorbing ice grains,
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thus maximizing the number of scatterings. W ith this assumption, it follows th a t 

(1 — ro) =  51 / I ,  and the above equation can be solved for / ,  the fractional density of 

0 2. We find th a t in this lower limit case, /  =  1.2%.

A more physically realistic estim ate must a ttribu te  some absorption to  impure ice 

grains, independent of 0 2  absorption. For this case, we assume th a t the 0 2  signature 

is primarily from the bright icy regions and the signal from darker regions is muted 

by the low number of scattering events. We use the albedo d a ta  for the infrared- 

bright plains (Clark et al., 1998) and assume th a t the highest albedo value (at 0.66 

/rm) corresponds to  conservative scattering and unit reflectance. The interpolated 

reflectance at 0.577 /rm is then ~0.97 so (1 — ro) =  0.03 +  51 / 1, and the fractional 

density of 0 2  is found to  be 4.6%.

Combining 0 2  and H2 0 2  yields a to ta l equivalent 0 2  abundance of no less than  

1.3% and perhaps more than  4.7% by number relative to  water. While sputtering 

certainly destroys compounds and causes ions of oxygen and hydrogen to  escape, 

gardening outpaces sputtering (Chyba and Phillips, 2001; Cooper et al., 2001), and 

over the course of one ice shell resurfacing time scale (50-250 million years) we could 

reasonably expect at least the upper few meters to  have an 0 2 + H 2 0 2  abundance 

similar to  th a t observed for the surface. Indeed, more recent analyses of gardening 

rates indicate th a t the upper 1 - 1 0  m of ice could be mixed on time scales of ~ 1 0  

million years (Phillips and Chyba, 2001).

Solid 0 2  on the surface of Europa is thermodynamically unstable. For the surface 

tem perature range of 70-130 K, the vapor pressure of 0 2  falls between 0.007 and 

2 MPa. Thus, even in the colder regions, the ~  1 0 - 7  Pa europan atmosphere (of 

primarily 0 2) is far too th in  to  keep the 0 2  in solid form. This paradox suggests 

th a t either the 0 2  in the ice is mechanically trapped or solid 0 2  is continuously being 

produced via radiolysis. It has been proposed th a t the stability of the observed oxygen 

on the surface of Ganymede may be related to  diurnal tem perature cycles (Vidal et al., 

1997; Baragiola and Bahr, 1998; Johnson, 1999). Oxygen may condense during the 

cold nights and then sublime during the warmer daytime tem peratures. On Europa, 

however, this mechanism would not suffice as the night-side of the moon only gets 

down to  ~ 8 6  K (Johnson et al., 2004). To explain the presence of interacting oxygen
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pairs on the icy galilean satellites, Johnson and Jesser (1997) proposed the presence of 

O 2  microatmospheres in radiation-induced bubbles within the surface ice. However, 

diffusion of O 2  through normal amorphous or crystalline ice (i.e. unirradiated ice) is 

very fast, and thus the bubble hypothesis has been questioned (Baragiola and Bahr, 

1998) [see comment by Johnson (1999) and subsequent reply by Baragiola et al. 

(1999)]. We address the trapping of O 2  in the near-surface ice in detail in the section 

on mixed hydrate.

7.3.2 Sulfur dioxide

Sulfur, perhaps both  endogenous and exogenous in origin, appears to  play a dominant 

role in the surface chemistry of Europa (McCord et al., 1998b; Carlson et al., 2 0 0 2 ). 

One reservoir for sulfur is th a t of sulfur dioxide. Using observations from the Hubble 

Space Telescope (Noll and Weaver, 1995), coupled with absorption measurements 

(Sack et al., 1992), we estim ate the S 0 2  abundance in the same way as was shown 

above for O 2 , bu t here we use a linear dependence instead of quadratic dependence for 

the absorption. We find an SO 2  number density relative to  H2 O of ~0.3%. The other 

predominant forms are likely polymerized sulfur, sulfuric acid hydrate, and hydrated 

sulfate salts. Here we concern ourselves only with the abundance of S 0 2, as this 

compound is known to  form clathrates (Miller, 1961; Sloan, 1998).

While the observed surface abundance for SO 2  is just a few tenths of a percent, 

leaching and mantle degassing models predict higher levels of S 0 2  in the ocean water. 

Scaling Io’s output of SO 2  to  Europa, Kargel et al. (2000) find th a t over the past 4.5 

billion years as much as 2  x 1 0 2 0  kg of S 0 2  could have been vented to  the ocean. 

Considering, on the other hand, a carbonaceous chondrite leaching model, they find 

a comparable value of 4.8 x 102 0  kg for SO2  abundance. By number relative to  

water this is 0.7-1.7%. Similarly, Crawford and Stevenson (1988) have estim ated the 

S 0 2  abundance to  be 0 .1 % by number in ocean. Thus, if resurfacing is driven by 

water from below erupting to  the surface, then these oceanic concentrations could 

reasonably be expected to  set an upper limit for SO2  th a t is trapped in the ice and 

later transform ed to  S 0 2  clathrate.
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For the present study, we consider the range of 0.1-1.7% by number relative to  wa­

te r for S 0 2  in the ice shell, but use 0.3% as our preferred, and empirically supported, 

value.

7.3.3 Carbon dioxide

Most models for the formation of Europa assume an origin in the jovian subnebula 

from m aterial comparable in composition to  th a t of carbonaceous chondrites (Kargel 

et al., 2000; Zolotov and Shock, 2001), though recent work by Zolotov and Shock 

(2004) has argued for a composition originating primarily from ordinary chondrites. 

Assuming only C 0 2  derived from leaching of this material, it has been argued th a t 

oceanic concentrations could be in the range of roughly 0.02-1.23% by number C 0 2  

(Crawford and Stevenson, 1988; McCollom, 1999; Kargel et al., 2000). If erupted 

to  the surface, comparable concentrations of solid C 0 2  could be expected in the ice 

shell.

Observations from the Galileo NIMS indicate a percent by number abundance 

for C 0 2  of 0.08% (Chyba, 2000). The NIMS da ta  represent only approximately the 

uppermost millimeter or less of the surface and, consequently, only the most radiation- 

processed of surface materials. W hen exposed to  high-energy ions and electrons, C 0 2  

rapidly evolves to  CO and 0 + (Moore and Khanna, 1991). CO is highly volatile and 

probably will escape into the atmosphere where it can be ionized and swept away by 

Jup iter’s corotating magnetic field. A tenuous CO atmosphere, comparable to  or less 

than  th a t of 0 2, could exist on Europa; however, no corresponding carbon lines were 

seen in the spectra of Hall et al. (1995). The NIMS observations probably represent 

a lower limit for C 0 2  concentration in the ice shell.

C 0 2  is found on Europa’s leading hemisphere, where the availability of carbon 

is enhanced by micrometeorite impacts. C 0 2  has not been detected on the trailing 

hemisphere, but the limits are not stringent. The trailing side’s exogenous carbon 

source is prim arily in the form of ions trapped in the magnetosphere. Carbon delivery 

from micrometeoroids is estim ated a t 1-10 g s - 1  over the surface of Europa, though 

much of this flux is concentrated on the leading hemisphere (Johnson et al., 2004).
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For the purpose of estim ating clathrate formation and abundance in the ice shell, 

we conclude th a t the concentration of CO 2  in the ice shell is likely to  fall between 

the empirically established lower limit of 0.08% and the theoretical modeling result 

of 1.23% by number abundance relative to  water.

7.3.4 Combined oxidant contam ination

Using the limits for each oxidant compound discussed above, we find tha t, a t a mini­

mum, the combination of O 2 + C O 2 + SO 2  (1.3% +  0.08% +  0.3%) will yield a low end 

oxidant contam ination of 1.7% by number relative to  water. If the CO 2  abundance 

is similar to  th a t of SO 2 , this number rises to  1.9%. Using the higher estim ate for O 2  

(4.7%), which is still empirically supported, yields an oxidant contam ination of 5.1%. 

These results for upper limits on C 0 2  and S 0 2  yield a to ta l oxidant contam ination 

of 7.6% by number relative to  water. Thus our predicted range for radiolytically 

produced oxidant contam ination of the surface ice is 1.7-7.6% by number relative to 

H2 0 .

7.4 T em perature and pressure in th e  europan ice  

shell

Formation of clathrates in ice depends on the tem perature and pressure environment 

within the ice shell. Figure 7.3 shows the dissociation pressure curves for the clathrate 

phase of the three compounds considered in this work. In Figures 7.4-7.6, we have 

modeled the tem perature and pressure profiles through the ice shell and displayed 

these curves in relation to  th a t of several different clathrate mixtures. Three shell 

thicknesses are presented - 5 km, 10 km, and 30 km - and for each shell we have 

superimposed both a simplified tem perature gradient (thermal conductivity constant 

and a volumetric heating ra te  of 0 ) and a more complex tem perature gradient con­

sistent with a Maxwell rheology for the ice (Ojakangas and Stevenson, 1989; Chyba 

et al., 1998). These curves, labeled T F  and TM, respectively, are for ice shells models
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in which heat is lost through conduction, not convection. Both 130 K and 70 K sur­

face tem perature scenarios were modeled, bu t only the 130 K results are presented 

in Figures fig:h064a-7.6. In each case the tem perature at the base of the ice sheet 

was assumed to  be 273 K. The surface pressure, derived from observed O 2  column 

densities (Hall et al., 1995), was taken to  be 2.2 x 10- 7  Pa (Johnson et al., 2004). 

The pressure a t the ice-water interface for the 5-km, 10-km, and 30-km shells was 6.5 

MPa, 13 MPa, and 39 MPa, respectively. Here we have used a value of 0.99 g cm - 3  for 

the density of the overlying ice. From these profiles the region of clathrate stability is 

then represented by the area to  the right of the ice shell tem perature-pressure profile.

7.5 C lathrate hydrates o f O xygen, C arbon D iox­

ide, and Sulfur D ioxide

Using Eq. 7.1, we calculate dissociation curves for O 2 , CO 2 , and SO 2 . Experim ental 

da ta  for clathrate stability at the low tem peratures (70-130 K) and pressures [~10 - 6  

Pa (~10~n  bar)] expected for the surface of Europa are very limited (Blake et al., 

1991), so in each case we combine available da ta  with the low tem perature modeling 

results of (Lunine and Stevenson, 1985), which will allow for a more accurate estimate 

of the stability of the clathrate phase.

7.5.1 Pure oxygen clathrates in the ice shell

Kuhs et al. (2000) determined the constants A and B in Eq. 7.1 for pure oxygen 

clathrate over the tem perature range 253-273 K and found A =  4.17 and B =  -850. 

The low tem perature thermodynamic model of Lunine and Stevenson (1985) yields 

the values of A =  5.20 and B =  -870. In Figure 7.3, we show both  curves for the 

tem perature range of 70-273 K. At high tem peratures, the curve of Kuhs et al. (2000) 

indicates a dissociation pressure of nearly an order of m agnitude lower than  th a t 

of the curve of Lunine and Stevenson (1985). The theoretical curve fails a t higher 

tem peratures, so we use the values of Kuhs et al. (2000) for subsequent calculations. 

At 100 K, the predicted dissociation pressure is ~316 Pa. W ithin the ice shell, this
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corresponds to  a depth of approximately 30 cm below the surface. Our conclusion, 

in agreement w ith the analysis of Ganymede as discussed in Calvin et al. (1996), is 

th a t pure O 2  clathrates would not be stable near the surface. However, given th a t 

gardening stirs the upper ~1  m on the time scale of ~  106  years (Chyba and Phillips,

2 0 0 1 ), it follows th a t dispersed 0 2  mixed down below the gardening depth is likely to 

be in the clathrate phase, especially if gardening enhances clathrate formation (see 

the section C lathrate stability). In addition, while much of the energy from incident 

particles is lost in the first few millimeters of ice (Cooper et al., 2001), radiolysis will 

still form some 0 2  a t depth, e.g., from deeper interactions of gamma rays produced 

by electron bremsstrahlung.

As resurfacing processes take place - such as cryovolcanism (Greenberg et al.,

1998), impacts (Schenk, 2002), or cycloidal fracturing (Hoppa et al., 1999) - 0 2  on 

the surface may be transported downward through the ice shell. The rise in pressure 

with depth below the surface ensures tha t, even as tem perature rises, 0 2  clathrates 

remain stable as they are transported  downward. The clathrate is stable throughout 

most of the ice shell in all models of the tem perature profile. Curve A in Figure 

?? shows the stability of pure 0 2  clathrate with respect to  the tem peraturepressure 

profile of a 5-km, a 10-km, and a 30-km shell. W ith a surface tem perature of 70 K, 

the stability of pure 0 2  hydrate moves to ~ 8  pm below the surface. For the case of a 

5-km shell with a 70 K surface tem perature, 0 2  clathrate becomes unstable at a depth 

of 4.4 km below the surface for the simplified (TF) gradient, and 4.6 km below the 

surface when Maxwell rheology (TM) is considered. When the surface tem perature is 

increased to  130 K, stability is not reached until ~3.3 m below the surface and is lost 

at 4.1 km (TF) and 4.4 km (TM) below the surface. At 100 K surface tem perature, 

stability is reached a t ~30 cm below the surface but is then lost at a depth of ~4.4 

km. Models for the 10-km and 30-km thick ice shells indicate th a t clathrate will be 

stable through to  the base of the ice shell.

In the pure 0 2  case, it is to  be expected th a t SII hydrate forms throughout much 

of the ice shell and subsequent delivery of molecular oxygen to  the ocean is in the 

form of enclathrated 0 2. Would the delivered 0 2  clathrate be stable in the aqueous 

solution of the europan ocean? Using Lake Vostok as an analogous system, we note
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Figure 7.3: Dissociation pressure curves for O 2 , CO 2 , and SO2  at tem peratures ex­
pected for the ice shell of Europa. All curves follow the form, log P,i =  A  + B /T ,  
where Pa is the dissociation pressure in M Pa and T  is the tem perature in Kelvin. 
Curve 1 is for O 2  and uses values for constants A and B as derived from the theoret­
ical modeling work of Lunine and Stevenson (1985). Curve 2 is for 0 2  and uses the 
empirically determined constants (for 253-273 K) of Kuhs et al. (2000). Curves 3 and 
4 are for CO 2  and S 0 2, respectively, and are based on data  from Miller (1961) and 
Miller (1974).
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th a t Lipenkov and Istomin (2001) have calculated an oxygen solubility (mole fraction) 

of ~  7.5 x 10- 4  for a tem perature of 270.15 K and pressures in the range of 35-40 MPa. 

While such pressures are not expected for the upper ~25 km of Europa’s hydrosphere, 

the bulk of the subsurface ocean would be expected to  be at or above (greater than) 

this pressure, and thus we use this value as a rough estim ate of average solubility in a 

europan ocean. Note, however, th a t Lipenkov and Istomin (2001) consider Vostok to 

be a freshwater lake; the solubility of oxygen in a salty europan ocean would be less 

than  th a t of the freshwater case. This reduced solubility enhances the precipitation 

of oxygen hydrate. However, ions act to  destabilize the clathrate structure (Sloan,

1998), and therefore the net effect is difficult to  predict.

Life within the putative europan ocean may be oxidant limited (Gaidos et al.,

1999), and thus the flux of O 2  is an im portant consideration for habitability. For 

an O 2  abundance of 1.3-4.7% through the uppermost 1-10 m of ice, we find th a t a 

50 million year resurfacing time scale yields an annual oxygen flux range of 4.5 x 

108  — 1 . 6  x 101 0  mol from the ice shell to  the ocean. Assuming a 100 km thick ocean, 

we can then calculate the amount of tim e needed to  reach O 2  saturation if we start 

with a completely anoxic, freshwater ocean. On the low end (1.3% to  a 1 m depth), 

we find th a t reaching the O 2  solubility limit would take over 200 billion years. For 

the high-end estimate, we find th a t an abundance of 4.7% through the upper 10 m 

results in O 2  saturation after 7 billion years. If the resurfacing timescale is 10 million 

years, then saturation is reached after ~1.5 billion years. In this case, if there were 

no sinks, then an additional ~  1 0 1 1 mol of O 2  hydrate is added to the ocean with 

each successive recycling period. If the hydrate floats-as would be expected for pure 

0 2-then recycling of the shell would likely result in an increasing mass fraction of O 2  

hydrate in the ice shell.

Extending this process over long time scales, one could envision a process whereby 

regions of thicker, deeper ice melt and release O 2  clathrate, which then migrates to 

thinner regions of the shell and collects as a zone of concentrated hydrate within the 

ice shell. In term s of chemical potential, such regions would be very attractive for 

any life forms at the ice-water interface. As shown below, we calculate th a t oxygen
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Figure 7.4: Mixed hydrate dissociation pressure curve for combined O2 , CO2 , and 
SO2 hydrate. Mole fractions used for combined dissociation pressure were taken 
from europan surface abundance measurements and estimates (see text). Percent by 
number abundances (relative to water) used for each curve are as follows: curve A, 0 2 
=  4.0, C 0 2 =  0 .0 , S 0 2 =  0 .0 ; curve B, 0 2 =  4.7, C 0 2 =  0.08, S 0 2 =  0.03; curve C, 
0 2 =  1.3, C 0 2 =  0.08, S 0 2 =  0.03; curve D, 0 2 =  3.0, C 0 2 =  0 .6 , S 0 2 =  0.3; curve 
E, 0 2  =  4.7, C 0 2 =  1 .2 , S 0 2 =  1.7; and curve F, 0 2 -  1.3, C 0 2 =  1.2, S 0 2 =  1.7. 
Temperature-pressure profiles for three different ice shell thicknesses are presented (5 
km, 10 km, and 30 km). For each case, the temperature gradient through the ice 
shell is modeled by both a simplified solution to Fourier’s law (TF) and by a more 
complex Maxwell rheology (TM). The region below the ice profiles is the region of 
clathrate stability.
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Figure 7.5: Mixed hydrate dissociation pressure curve for a 10 km ice shell on Europa. 
Details as per caption in Figure 7.4.
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Figure 7.6: Mixed hydrate dissociation pressure curve for a 30 km ice shell on Europa. 
Details as per caption in Figure 7.4.
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clathrate will have a density of 1.01 g cm 3  if 90% of all cages in SII clathrate are occu­

pied. Thus, the pure oxygen clathrate is likely to  be heavier than  pure ice bu t lighter 

th an  a saltwater ocean solution [~1.03 g cm 3  for the E arth ’s ocean (Petrenko and 

W hitworth, 1999)]. Given the difference between the physical properties of ice and 

hydrate [e.g. very low therm al conductivity of hydrate (Sloan, 1998; Carroll, 2003)], 

such concentrations of hydrate will have im portant implications for the ice shell thick­

ness and rheology. Such consequences are examined in more detail in Implications 

for the ice shell.

7.5.2 Carbon dioxide hydrate

Low tem perature experiments by Miller (1961) determined the constants for CO 2  

clathrate to  be A =  5.1524 and B =  -1121.0 for the tem perature range of 175-232 

K. The thermodynamic model of Lunine and Stevenson (1985) then predicts th a t 

a t 100 K, the corresponding dissociation pressure will be 6.04 x 10~ 2  Pa, a pressure 

th a t is reached at a depth of ~  47 fim  below the surface [using a surface pressure of

2.2 x 10- 7  Pa (Hall et al., 1995) and an ice density of 0.990 g cm3]. The curve of 

Miller (1961) (shown in Figure 7.3) predicts a dissociation pressure of 8.87 x 10- 2  Pa, 

which corresponds to a depth of ~  6 8  fim  below the surface. At 70 K and 130 K, the 

depth below the surface required for stability is 9 x 10- 4  /im and 2.64 cm, respectively. 

At 273 K, the dissociation pressure for CO 2  clathrate is ~1.13 MPa, and thus, after 

nucleation near the surface, a pure CO 2  clathrate will be stable throughout ice shells 

of thickness 5, 10, and 30 km. Figure 7.3 shows the corresponding curve for CO 2 

clathrate stability in the range of 70-273 K.

CO 2  typically forms SI clathrate, though the molecule can easily fit in the large 

cages of SII clathrate. The ratio of molecular diam eter to  cavity diam eter for C 0 2 

and an SI small cage is 1.00, which makes CO 2  occupation of the cage w ithout distor­

tion difficult (Sloan, 1998). W ith a 5% small cage occupancy and a 90% large cage 

occupancy, we calculate a clathrate density of 1.03 g cm3, which is heavier than  pure 

liquid water but comparable to  th a t of salty ocean water. Estim ates for CO 2  clathrate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7. PHASE AND STABILITY OF OXIDANTS 145

densities over a range of tem perature have found tha t, at lower tem peratures, den­

sities can increase by a few percent (Prieto-Ballesteros et ah, 2004). Nevertheless, 

given the uncertainty of the salt content in Europa’s putative ocean, it is difficult 

to  predict whether pure CO 2  clathrates would sink to  the ocean floor or float and 

accrete on the bottom  of the ice shell.

7.5.3 Sulfur dioxide hydrate

SO 2  was perhaps the first clathrate hydrate ever to  be observed, and was reported 

by Joseph Priestly in the late 1770’s (Sloan, 1998). The constants A =  5.96 and B 

=  -1764 for SO 2  are not well determined for the low tem peratures expected on the 

surface of Europa (Miller, 1961). Nevertheless, Lunine and Stevenson (1985) have 

predicted a dissociation pressure of 6.65 x 10~ 7  Pa  at 100 K. This is ju st a factor of 

~ 3  larger than  the surface pressure on Europa, and thus we expect SO 2  clathrates to 

be present from the surface to  the base of the ice shell.

C lathrates of SO 2  form SI clathrate (Miller, 1961), and while the density of pure 

S 0 2  clathrate has been reported to  be as much as 1.4 g cm3  (Crawford and Stevenson, 

1988), we find a more conservative value of 1.13 g cm 3  by assuming zero small cage 

occupancy and 90% large cage occupancy. This is considerably more than  the density 

of most salty ocean models for Europa (Kargel et al., 2000; Zolotov and Shock, 2001; 

McKinnon and Zolensky, 2003). Thus, if introduced into the ocean, such clathrates 

would likely precipitate to  the ocean floor if they were not first dissolved into the 

solution.

7.5.4 M ixed hydrate

Using Eq. 7.2 and the relative abundance concentrations discussed in Radiolytic 

Production of Oxidants on the Europan Surface, the dissociation pressure curve for 

0 2-, C 0 2-, and S 0 2-contam inated ice on Europa can be calculated. The stability 

of the mixtures can then be compared w ith the tem perature and pressure profiles 

for different ice shell thicknesses. Figures 7.4-7.6 shows the resulting plot w ith sev­

eral different curves for various perm utations of the upper and lower limits for each
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molecular species.

The influence of adding a small fraction of C 0 2  and S 0 2  drastically decreases 

the dissociation pressure required to  enclathrate the mixture w ith 0 2. Despite the 

fact th a t the relative mole fractions of C 0 2  and S 0 2  are much less than  th a t of 0 2, 

the lower dissociation pressures for C 0 2  and S 0 2  results in an SI hydrate th a t is 

dominated by S 0 2  occupancy, followed by C 0 2  occupancy. For a 5-km shell with 

a surface tem perature of 130 K, it takes only a 2 0 % mixture w ith S 0 2  for a mixed 

0 2 -S 0 2  clathrate to  become stable at a depth of ~  10 pm. W hen the m ixture is 1:1, 

the depth below surface for stability is reduced to  ~  4 pm. Adding just 8.5% C 0 2  

or 0 .2 2 % S 0 2  to  0 2  reduces the dissociation pressure enough to  allow the clathrate 

phase to  be stable through to  the bottom  of the 5-km ice shell.

Considering clathrate formation from a mixture, however, may be an erroneous 

assumption for the surface of Europa. For mixtures in terrestrial systems, where 

clathrates usually nucleate from liquids or gases, the dissociation pressure and struc­

tu ral preference are a result of the initial mixture. On Europa, radiolysis produces a 

singular compound within the ice matrix, and such compounds may subsequently ag­

gregate to  form bubbles (Johnson and Jesser, 1997). Thus initially one might expect 

an 0 2  bubble to  form SII and C 0 2  and S 0 2  bubbles to form SI. The effect of radiation 

on clathrate formation has not been well studied in the laboratory environment; thus 

we are pursuing experiments to  analyze these process in the laboratory.

Near the surface, however, neither solid 0 2  or pure 0 2  clathrate is going to  be 

stable, as was shown in the section on pure oxygen clathrates in the ice shell. Stability 

of 0 2  in the mixed clathrate on the surface of Europa is much greater than  the pure 

0 2  clathrate or the solid-phase 0 2. Thus we suggest th a t radiolytically produced 0 2  

diffuses through the near surface ice until it either: (a) escapes to  the moons surface- 

bound atmosphere (Shematovich et al., 2005) and ultim ately via ionization to  the 

jovian magnetosphere, or (b) is incorporated into the mixed hydrate of C 0 2  and S 0 2  

and is trapped in what is most likely SI clathrate. An interesting consequence of 

this prediction is th a t the mixed SI clathrate will predominantly have large cages 

capable of holding two oxygen molecules. While double occupancy of clathrate cages 

is inconsistent w ith the original clathrate theoretical work of van der Waals and
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Platteeuw (1959), recent experimental work indicates th a t double occupancy with 

some guest molecules, such as 0 2, may occur (Champagnon et al., 1997; Kuhs et al., 

1997; Chazallon and Kuhs, 2 0 0 2 ). Indeed, the 5771 A line observed by Spencer and 

Calvin (2002) could be condensed solid-phase 0 2  as described in th a t work, or as 

we propose, it may be the result of two enclathrated 0 2  molecules occupying the 

same cage or a clathrate-sealed 0 2  microatmosphere-bubble. The interaction of two 

clathrate-trapped 0 2  molecules could be an alternative explanation to  the 5771 A line 

reported for the presence of solid-phase 0 2  on the surface of Europa, Callisto, and 

Ganymede (Spencer et al., 1995; Spencer and Calvin, 2002). In our model, radiolysis 

produces S 0 2, C 0 2, and 0 2, after which the S 0 2  forms SI clathrate a t the surface 

and C 0 2  forms SI clathrate very near the surface. Diffusion of these compounds 

results in a mixed S 0 2 -C 0 2  clathrate. Molecular oxygen, which is unstable near the 

surface, diffuses toward the surface, bu t if it encounters the clathrate mixture, it too is 

incorporated into the structure. We note th a t, as a result of the bonding param eters of 

the H20  molecules in the clathrate structure, SII clathrate is intrinsically more stable 

than  SI clathrate (Kuhs et al., 1997). Given the high-energy radiation environment of 

the near surface of Europa, SII clathrate may be the more stable phase for the S 0 2- 

C 0 2 - 0 2  mixture. Alternatively, microatmosphere-bubbles of an 0 2 -C 0 2 -S 0 2  mixture 

may aggregate and subsequently form a mixed clathrate at the bubble boundary. The 

low porosity of the clathrate shell could effectively trap  the 0 2  in the bubble, which 

would lead to  an 0 2 - 0 2  interaction and photon absorption. However, this scenario 

would imply gaseous 0 2  and thus fails to  meet the 1 - 0  band asymm etry requirement 

needed to  meet the observations (Baragiola et al., 1999).

If conditions for clathrate formation and stability are such th a t clathrate form in 

equilibrium with liquid water, then  the issue of clathrate density plays an interesting 

role in where such clathrate will ultim ately reside. For a given aqueous solution and 

clathrate host, one would expect the clathrate crystals to float on the surface or sink 

to  the ocean floor.

Determining the clathrate density is complicated by several factors related to  the 

unique environment of clathrate formation on Europa. First, to  determine density, 

one needs to  know which clathrate structure will form, and as mentioned above, it
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may not be correct to  assume th a t the SO2 -CO 2 -O 2  mixture will form SI clathrate. 

SI clathrates typically have a higher hosting capacity per unit volume, so for a given 

guest molecule or mixture, formation of SI clathrate will be more dense than  th a t 

of SII clathrate. For the simple and relatively small hydrate formers discussed here 

(O 2 , CO 2 , SO2 ), bo th  structures are large enough to  host the molecules. The small 

size of 0 2  results in additional stability for the SII over the SI form (Sloan, 1998). 

The SII form has three times the number of small cages per unit volume, so with 

0 2  occupancy of these cages the structure is stabilized. W hen mixed with a small 

amount of C 0 2  or SO2 , however, the SI form becomes the more stable structure.

Density calculations are dependent on the cage structure, the guest molecules, 

and the fractional occupancy of the guest a t a given tem perature and pressure. The 

equation for calculating hydrate density is:

Nw
N A v e

P = -----
M W „ , o  + E li £,ii VijViMWj

V  ( 7 ' 1 0 )Vcell

where N w  is the number of H20  molecules per cell, N avc is Avagadro’s number, 

M W j  is the molecular weight of guest j ,  y  is the fractional occupation of cavity i by 

component j ,  V  is the number of cavities of type I, Vceu is the volume of a unit cell, 

N  is the number of cavity types in a unit cell, and C  is the number of components 

in the hydrate phase.

Here we calculate the necessary mixing ratios for 0 2 + C 0 2  and 0 2 + S 0 2  to  raise 

both SI and SII clathrate densities above 1.10 g cm3. We choose 1.10 g cm 3  as 

a reasonable estimate for a substance th a t would sink in most proposed europan 

saltwater solutions (Kargel et al., 2000; Zolotov and Shock, 2001; McKinnon and 

Zolensky, 2003). For SI clathrate, an oxygen occupancy of 90% and 10% for the 

small and large cages, respectively, coupled w ith a 0 % and 80% small and large cage 

occupancy for SO 2 , yields a clathrate density of 1.16 g cm3. By comparison, the 

density for SII clathrate w ith the same occupancy is 1.09 g cm3. If we replace SO 2  

with CO 2 , the SI density is 1.10 g cm3, and the SII density is 1.04 g cm3. Splitting 

the large cage occupancy such th a t 30% of the cages are occupied by C 0 2  and 60% 

by SO 2 , and assuming 1 0 0 % small cage occupancy by 0 2, gives a density of 1.15 g
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cm3. All SI mixtures with a reasonable large cage occupancy of SO 2  or CO 2  result 

in a density greater than  th a t of most saltwater solutions considered reasonable for 

Europa (Kargel et ah, 2000; Zolotov and Shock, 2001; McKinnon and Zolensky, 2003).

Consequently, as the mixed clathrate is introduced into the liquid water ocean, it 

is to  be expected th a t the clathrate will precipitate to  the seafloor and form a layer of 

clathrate sediment if no hydrotherm al sources are available for reducing the material. 

This only holds if the mole fractions of CO 2  and SO2  dissolved in the ocean water is 

such th a t clathrate begins to  form.

Considering the bulk carbon content of a europan ocean, Crawford and Stevenson 

(1988) have used a to ta l C 0 2  mass on Europa of 1 0 2 1  — 1 0 2 4  g to  yield mole fraction 

concentration levels between 2.6 x 10- 4  and 0.21. Factoring in for clathrate buffering, 

they suggest a C 0 2  equilibrium concentration for a 272 K ocean, where Ptop = 100 

bar (10 MPa) and Pbottom =  1, 000 bar (100 MPa), of 3 x 10- 3  mole fraction. Similarly, 

given the cosmic abundance of sulfur in relation to rock-forming elements, Crawford 

and Stevenson (1988) have argued th a t S 0 2  could reach a concentration of ~  1  x 1 0 ~ 3  

mole fraction on Europa. By comparison, the observed surface abundance for these 

compounds is ~  8  x 1 CT4  — 6  x 1 0  3  mole fraction, which is not too far from the 

model predictions.

If we assume th a t the subsurface ocean has reached the above-mentioned concen­

trations, then any incoming gases-which would already be in mixed clathrate form- 

would remain in the clathrate phase and precipitate to  the ocean floor. Now instead 

of having an O 2  reservoir at the base of the ice sheet, the available 0 2  is trapped 

in the mixed clathrate w ith CO 2  and SO 2 , and the combination settles on the ocean 

floor.

Here, however, we reach an interesting problem with regard to  the ice shell gas 

concentration and oceanic gas concentrations. We can assume th a t the radiolytically 

produced O 2  (O 2  and H2 O 2 ) is a net inward flux to  the ocean because its source 

is the intensely irradiated and chemically active surface environment. The case is 

different for CO 2  and SO 2 . If fracturing and eruptions are the prim ary mechanisms 

for recycling the ice shell, then ice shell concentrations of these species should closely 

parallel oceanic concentrations. The only net source of new sulfur and carbon would
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be iongenic sulfur and impact-delivered or solar wind-derived carbon. Interestingly, 

the near agreement of the observed surface values and the oceanic concentrations 

needed for clathrate precipitation suggests tha t, without exogenic sources of S and 

C, there would be no net mixed clathrate precipitation for a given shell recycling 

period. Oxygen alone would remain as the net increasing gas and hydrate-forming 

species. Thus the partitioning of O2  clathrate in the ice shell and mixed clathrate 

on the seafloor could be a metric of exogenic sulfur and carbon delivery to  Europa. 

In other words, where the incoming 0 2  gets stored - at the base of the ice shell or 

the base of the ocean - is highly dependent on the incoming flux of other clathrate 

formers such as carbon and sulfur species.

7.6 Im plications for th e  ice shell

If clathrates play a large role in the ice physics of the europan ice shell, then  several 

aspects of the resulting rheology, therm al physics, and electrical chemistry need to  be 

reexamined. Table 7.1 provides a summary of some of these properties. Based on our 

results, in which we consider only those clathrate guest molecules produced radiolyti- 

cally at the surface, we expect the bulk ice shell to  be mixed w ith ~ 1 .7-7.6% oxidants 

by number relative to  water. W hen enclathrated, the cage occupancy and resulting 

stoichiometry are such th a t each oxidant molecule requires ~ 6  H2 O molecules (Miller, 

1961; Sloan, 1998). This is a conservative estim ate as there may be more empty cages 

th a t could drive this number higher. At 1.7-7.6 % oxidant abundance, the resulting 

clathrate contribution would fall in the range of 12-53% relative to  pure ice. Many of 

the existing models for the behavior of the europan ice shell assume bulk properties 

comparable to pure water ice. At low levels of clathrate abundance this is a valid 

assumption; however, once levels get beyond ~ 1 0 % abundance, as is shown below, the 

difference in physical properties between clathrates and ice could play a significant 

role in bulk properties of the ice shell.

Even higher levels of clathrate abundance could easily be reached if clathrates 

introduced into the ocean are not dissolved but accreted onto the ice shell a t the
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Property Clathrates Ice (Ih)
Thermal conductivity (263 K) 0.50 ±0.01 W  m ” 1 K " 1 2.2 W  m ” 1 K - 1

Therm al expansion coefficient 44 ± 9  x 10“ 6  K " 1 31 ± 9  x 10~ 6  K - 1

Young’s modulus (at 268 K) 8.4 xlO 9  Pa 9.5xlO 9  Pa
Bulk modulus (272 K) 5.6 8 . 8

Shear modulus (272 K) 2.4 3.9
Poisson’s ratio 0.33 0.33
Dielectric constant (273 K) ~58 94

Table 7.1: Properties of clathrates and ice. D ata are from Sloan (1998), Carroll 
(2003), and Takeya et al. (2000).

icewater interface. Furthermore, clathrate levels could be considerably higher if en­

dogenous hydrotherm al compounds, such as methane, hydrogen sulfide, and carbon 

dioxide, are incorporated into the ice shell during cryovolcanic events. Compressional 

events may also serve to  concentrate clathrates. Work by Durham et al. (2003) indi­

cates th a t during deformation of methane hydrate (SI) free water within the hydrate 

lattice migrates to free surfaces, thus segregating the water ice from the hydrate 

phase. As the tidal stress and strain deforms the ice shell of Europa, clathrates and 

ice could become segregated through this process. Such differentiation, taking place 

over long tim e scales, could potentially yield a heterogeneous ice shell.

A key consequence of significant clathrate abundance in the ice shell is its role 

in determining the ice shell thickness. The steady-state thickness of the ice shell 

on Europa depends on the heat flux through the ice and the tem perature difference 

between the surface and the sub-ice (most likely, liquid water) layer. Here we are 

considering heat loss only through conduction, not convection. The ice shell thickness 

grows or shrinks depending on changes in these parameters, and the extent to  which 

the ice shell compensates is directly dependent on the therm al conductivity of the 

ice. This relationship, known as Fourier’s law, is largely analogous to  Ohm ’s law in 

electronics and is typically expressed as:

< 7 ' n )
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where k  is the therm al conductivity. Therm al conductivity, however, is itself a  func­

tion of tem perature:

k(T ) = ^  + b (7.12)

with a =  651 W  m - 1  for water ice Ih empirically determined and good for tem per­

atures >60 K and b usually taken to  be 0 (Petrenko and W hitworth, 1999). Thus 

for the coldest ices on the surface of Europa (~70 K), k =  9.3 W  m - 1  K -1 , and for 

the basal ice just above the icewater interface (~270 K), k = 2.4 W m - 1  K-1 . The 

heating ra te  for a given layer within the shell depends on the difference between the

heat flow in and out of the shell, combined with the volumetric heating ra te  (due to

tidal heating), q, within the layer itself:

where p is the density of the m aterial and Cp is the specific heat capacity at constant 

pressure. At steady state, and with q assumed to  be roughly 0, this equation can be 

solved exactly for the ice shell thickness. In the simplest model, k is chosen a t some 

intermediate value, and the ice layer thickness, h, is then determined by

h = (7.14)

where H  is the tem perature a t the base of the ice shell and Ts is the tem perature at 

the surface.

Assuming q rs 0, however, is not valid for the case of Europa, where tidal heating 

occurs within the ice shell. The volumetric heating rate is highly dependent on the 

ice tem perature (Ojakangas and Stevenson, 1989; Chyba et al., 1998):

q oc el(l~Trn/T) (7.15)

where Tm is the melting tem perature of the ice and I is equal to  24 at Tm. The net 

effect is th a t much of the tidal energy is dissipated near the base of the ice shell. 

Incorporating q ^  0 and k  ^  constant into our solution yields the following equation
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for the ice shell thickness (Chyba et al., 1998):

k  =  ( 2^ 2)  l ~ 2 F  ±  ^  +  4H2  [ln (Tfi/ Ts)R 1/2] (7 1 6 )

Here F  is the energy flux through the surface. Considering both  the simplified model 

and the more complex rheology model, we examine the effect of clathrates.

Knowledge of the therm al conductivity of clathrates is limited to  just a few studies 

(Sloan, 1998; Carroll, 2003). All studies, however, indicate th a t the therm al conduc­

tivity of clathrates is much less than  th a t of ice and is ~0.5 W  m _ 1  K - 1  (note th a t 

reported measurements have been primarily for clathrates of hydrocarbons). The 

tem perature dependence is not well understood, but as a rough estim ate we assume 

th a t a = 131.5 W  m _ 1  for clathrates.

Taking the extreme case of a pure clathrate shell, we find th a t for a given tem ­

perature gradient and heat flux, the thickness of the clathrate shell would be reduced 

by a factor of 3-5 relative to  pure ice. For a suggested heat flow of 24-50 mW  m - 1  

(Squyres et al., 1983; Melosh et al., 2004) and a tem perature difference of 170 K, 

Eq. 7.14 yields an ice shell of 17-8.2 km thick or a clathrate shell of only 3.4-1.7 

km in thickness. W ith H  = 24 mW  m - 1  and solving for pure ice, Eq. 7.16 yields a 

shell thickness ~15 km. For the case of a clathrate shell, the thickness is found to  

be ~ 4  km. For H  =  50 mW  m _ 1  the solutions are ~ 8  km and ~ 2  km for ice and 

clathrate, respectively. The added insulating capability of the clathrate allows the 

shell to m aintain a much steeper tem perature gradient between the liquid water layer 

and the space environment.

If we consider 10% clathrate abundance and use kiCe — 2.4 W  m - 1  K - 1  and 

kciathrate =  0.5 W  m _ 1  K -1 , we find th a t the fractional decrease in shell thickness, 

relative to  the pure ice case and using Eq. 7.14, is in the range of 7.9-27.5%. The low- 

end estimate comes from considering the two different materials conducting in parallel 

(krotai = Q-Qkice+QAkdathrate), while the high-end estimate comes from considering the 
materials conducting in series (1 / k Totai =  0 .9 /kice + 0 .1 / kdathrate). At 50% abundance 

and 24 mW  m -1 , the ice shell is reduced to  ~ 6  km versus ~17 km for the pure ice 

case (here we have taken ice and clathrate in series). Physically, the series model is
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likely more realistic as this would correspond to  a shell with clathrate grains mixed 

throughout. However, at low clathrate concentrations a complete conductivity path  

through ice will be easily found, and kTotai ~  kice. If layers of clathrate accumulate, 

the series model for adding the reciprocal of the conductivities is also correct. The 

parallel configuration would require continuous, direct, independent conduction paths 

through both  materials. As previously mentioned, such differentiation within the  shell 

might be possible, though we see it as unlikely.

Along w ith the bulk ice shell thickness, the apparent inelasticity of clathrates 

(Durham et ah, 2003) could make convection in a thick shell more difficult. Fur­

thermore, the onset of convection in Europa’s ice shell is determined by the Rayleigh 

number (Turcotte and Schubert, 1982):

R a = pgh3aAT/(K ,r/) (7-17)

which, w ith a th in  clathrate shell, would be less likely to  surpass the critical Rayleigh 

number, generally assumed to  be in the range of 500-3,500 (Pappalardo et al., 1998). 

In addition, the morphology of impact craters, used in generating some estimates for 

the ice shell thickness (Turtle and Pierazzo, 2001; Schenk, 2002), must be reconsid­

ered if our results for clathrates are correct. For instance, calculating the relaxation 

times for central peaks in large craters would require not only incorporating the 

clathrate viscosity (poorly constrained), bu t also the reduced therm al conductivity 

and increased therm al expansion coefficient. Finally, we note th a t the dielectric con­

stant of SI and SII hydrates is nearly half th a t of pure ice (Sloan, 1998) - i.e. it 

is a better insulator - such concentrations could affect Europa’s induced magnetic 

field and possibly influence active remote sensing techniques such as ice-penetrating 

radio sounding (radar). In the later case, a better insulator perm its greater radar 

penetration (Chyba et al., 1998).

Finally, the above-noted effects on ice shell thickness provide the first suggestion 

known to  us of a significant coupling between irradiation processes of external origin 

and the internal rheology of an irradiated icy body in a planetary magnetosphere. 

The ~T00 mW  m - 2  energy flux of incident magnetospheric particles (Cooper et al.,
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2 0 0 1 ) exceeds the heat fluxes from radiogenic and tidal heating and contributes to 

clathrate formation via production of mobile volatile gases and possibly through the 

kinetic effects of sputtering. Europa, we conclude, is potentially a body w ith both 

rheological and astrobiolological processes driven in part by the extremely high-energy 

flux of energetic particles from the magnetospheric environment.

7.7 C onclusion

The radiolytic production of O 2 , H 2 0 2, C 0 2, and S 0 2  on the surface of Europa likely 

generates a 1-10 m deep layer of surface ice w ith an oxidant contribution of 1.7-7.6% 

by number relative to  H2 0 . This layer could extend through a larger fraction of the ice 

shell if resurfacing mechanisms are such th a t ice processed at the surface is entrained 

into the bulk ice shell. Compared with oxygen levels found in the Antarctic ice sheet 

(Lipenkov and Istomin, 2001), we find th a t the surface ice of Europa may be three 

to  four orders of m agnitude more oxidizing. While such compounds could potentially 

be of use to  a subsurface ecosystem, the oxidizing surface may also rapidly destroy 

any potential chemical or molecular fossils of such organisms.

Molecular oxygen produced via radiolysis at depth (greater than  tens of centime­

ters) could form an SII hydrate. Molecular oxygen produced near the surface will 

be unstable and m igrate upward through the ice where it may encounter a mixed 

S 0 2 -C 0 2  clathrate. Similarly, atmospheric 0 2  diffusing into the ice may also en­

counter the mixed clathrate. If O 2  joins the clathrate mixture, it will remain stable 

in this phase a t the surface, and as such, the double occupancy of a clathrate cage 

by two O 2  molecules could explain the thermodynamically puzzling observation of 

condensed 0 2  on the surface of Europa and other galilean satellites (Baragiola and 

Bahr, 1998; Johnson, 1999; Spencer and Calvin, 2002). A second possible mechanism 

for clathrate-enhanced trapping of 0 2  is th a t of a clathrate-sealed gas bubble, though 

this scenario cannot account for the 5771 A absorption attribu ted  to  solid-phase 0 2.

We also note th a t the formation of the mixed clathrate could serve as a sink 

for 0 2  in the atmosphere, possibly providing an explanation for the patchiness of 

Europa’s atmospheric oxygen airglow as observed by the Hubble Space Telescope
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(M cGrath et al., 2004). Laboratory work in progress will hopefully help us unravel 

the connection between the proposed radiolytic sulfur cycle (Carlson et ah, 1999b) 

and the radiolytic oxygen cycle.

A mixed SO 2 -CO 2 -O 2  clathrate will be stable throughout the  ice shell for thick­

nesses of 5 km and higher. The formation of clathrate from 1.7% to  7.6% by number 

oxidant abundance implies th a t clathrate contributions could reach levels of 1 2 - 5 3 % 

by number relative to  ice. Such a high concentration of clathrate has significant impli­

cations for the flow of heat through the ice shell. We find th a t for clathrate admixtures 

in the range of 10-50% by number relative to pure ice, there is a  corresponding frac­

tional decrease in the ice shell thickness (relative to  pure ice) of ~8-60%. In other 

words, for a given heat flux through the ice, clathrate-contam inated ice shells are th in  

in comparison w ith a pure ice shell. Since the oxidants are produced primarily by 

surface irradiation, this suggests the new possibility of icy moon rheology driven in 

part by irradiation, an inescapable environmental process in magnetospheres of large 
planets w ith strong magnetic fields.

Oxidants produced on the surface of Europa and trapped as clathrates may repre­

sent a reservoir of biologically useful compounds within the ice shell. Such a reservoir 

could have im portant implications for habitability of the putative ocean, and the ice 

shell itself (Chyba and Hand, 2001). Because of uncertainties in ice shell resurfacing 

time scales and delivery mechanisms, the oxidant flux is difficult to  constrain. We 

find, however, th a t for a 100 million year resurfacing time scale and a 1.2-4.6 % by 

number O 2  contribution to  the upper 1  m of ice, 2  x 1 0 8  — 8  x 1 0 8  mol year - 1  of O 2  is 

delivered to  the ocean. This is comparable to  estimates for the  delivery of reductants 

(such as CH 4  and H2 S) expected from activity on the ocean floor (McCollom, 1999).

We note th a t Ram an spectroscopy has been utilized for the study of clathrates 

in the laboratory and has frequently been considered a useful tool for life detection 

(Champagnon et al., 1997; Ellery and Wynn-Williams, 2003). Future spacecraft lan­

ders equipped with such instrum entation will be of use for understanding bo th  the 

ice physics and habitability of Europa.
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Chapter 8

The surface chem istry of oxidants 
and reductants on Europa

The geographic distribution of surface chemistry on Europa is complicated by the 

variety of factors affecting different hemispheres of the moon. Due to  the small 

gyroradii of the electrons, the trailing hemisphere experiences the bulk of the  irradi­

ation as the magnetic field sweeps past Europa. The leading hemisphere experiences 

less radiation but undergoes enhanced gardening and delivery of elements from mi­

crometeorite impacts. Exogenous sulfur, carbon, and oxygen are delivered both  as 

high-energy ions and as components of chondritic impact m aterial (Johnson et al., 

2004). Endogenous delivery of m aterial from the subsurface may help explain some 

of the observations (McCord et al., 1998b), bu t it is difficult to  assess endogenous 

sources. Figure 8.1 summarizes our current understanding of the global distribution 

of many of the identified compounds and some of the large-scale processes affecting 

such distributions. This map approximates distributions based on currently available 

data; some compounds may have much broader distribution, but here we limit our­

selves to  the available observations. We refer the reader to  Carlson (2001); Carlson 

et al. (2005); Greeley et al. (2004) and Johnson et al. (2004) for more detail.

1Much of this chapter has been accepted for publication as (Hand et al., 2007).
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Figure 8.1: Global scale processes affecting the surface of Europa. Sub-J and Anti-J 
correspond to  the sub-jovian and anti-jovian hemispheres. Europa’s leading hemi­
sphere experiences enhanced gardening resulting from an increased micrometeorite 
flux. The trailing hemisphere experiences enhanced irradiation, due to  the small 
gyroradii of the electrons carried by the magnetic field. The direction of (slow) non- 
synchronous rotation is shown by the arrows. Boxes for distribution of observed 
chemical compounds are approximate. We note th a t the sulfur hydrate is found 
globally, but high concentrations are found in the region outlined.

8.1 O xidants

The prim ary observed oxidants on Europa are H2 O 2 , 0 2, S 0 2, C 0 2, and the SO4 -  

anion. Observations from the Near Infrared M apping Spectrometer (NIMS) onboard 

the Galileo spacecraft set the surface abundance of radiolytically produced H2 O 2  at
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0.13% by number relative to  H20  (Carlson et al., 1999a). The presence of a th in  0 2  

atmosphere (~1CT1 4  bar) on Europa has long been known (Hall et al., 1995) and more 

recent work indicates th a t molecular oxygen is trapped in the surface ice of Europa 

(Spencer and Calvin, 2002). Hand et al. (2006) have taken a detailed look a t the 

ground based observations of 0 2  and concluded th a t the 0.3% absorption in the 5771 

A band observed by Spencer and Calvin (2 0 0 2 ) implies an 0 2  abundance of 1 .2-4.6% 

0 2  by number relative to  H2 0 .

The surface abundance of S 0 2  is ~0.3% by number relative to  H20  with a range 

of 0.1-1.7% constrained by compositional arguments (Hand et al., 2006; Kargel et al., 

2000; Crawford and Stevenson, 1988). The dominant reservoir for sulfur on the surface 

is sulfate, w ith NIMS observations indicating regions with ~10% sulfate by number 

relative to  H20  (Carlson et al., 2005).

Carbon dioxide is present on the surface of Europa at an abundance of 0.08% by 

number relative to  H20  (Chyba, 2000). Given a chondritic origin for Europa, the 

abundance could be as high as 1.23% (Kargel et al., 2000). Carbon monoxide likely 

exists as a result of C 0 2  radiolysis, bu t due to  low signal to  noise w ith NIMS at the 

CO 2141 cm - 1  band it has not been observed on the surface or in the atmosphere.

The delivery of these oxidants to  the sub-surface ocean could drastically alter the 

oceanic chemistry and, consequently, the habitability of the ocean. The largest uncer­

tainty, however, is the physical mechanism and timescale for delivery. We therefore 

choose this param eter as a variable and consider the range of delivery rates for these 

oxidants over a wide range of delivery periods. Here we define the delivery period, 

Td, as the  average tim e it takes for m aterial on the surface of Europa to  reach the 

putative subsurface ocean. In other words, for a given radiolytic product - e.g. 0 2  

- it will take on average Td years for th a t molecule to  be transferred to the ocean. 

Previous work (Chyba, 2000; Chyba and Phillips, 2001) considered Td to  be roughly 
equivalent to  the observed surface age, rice. This may be a fair approximation but 

other alternatives are possible and for th a t reason we decouple the two param eters in 

the work presented here.

In Section 8.4 we explore the  relationship between these two quantities and provide 

some constraints for the delivery period. For the present calculations, however we
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make no restrictions on rrj other than  to  set an upper limit of 0.5 Gyr. Beyond 

0.5 Ga, models for the therm al-orbital evolution of Europa indicate a more tidally 

active world with a significantly increased heat flux (Hussmann and Spohn, 2004). 

We assume th a t an increased heat flux would lead to increased ice shell activity. For 

this reason we see 0.5 Gyr as a sufficient upper limit for our calculations.

In Figure 8.2 we plot moles of compound delivered per year as a function of delivery 

period. The to ta l number of moles of each compound is determined by integrating 

the percent by number abundance constraints through the gardened regolith of the 

surface. Gardening depths, dg, are calculated based on Cooper et al. (2001),

dg = 1 0 “ V  ( 1  +  ^ A o r 0 ' 5 5  , (8 .1 )

where go = 1.2 /mi y r - 1  is the initial cumulative growth rate and to =  1.7 x 105  yrs is 

the mixing timescale. For a given delivery period the gardening depth is calculated 

using t = Td and the resulting to ta l number moles of each compound is found. Though 

gardening depth is a function of surface age, it is an appropriate integration depth 

for us to  use because resurfacing mechanisms such a cryovolcanism will only serve to  

increase the depth of the layer of radiolytically processed material. For long delivery 

periods, the gardening depth is likely a very conservative underestim ate for this depth.

The number of moles delivered to  the ocean per year, r/j, is then found by dividing 

the to tal numbers of moles of compound i by the delivery period,

m =  ^ 2 fi- (8 .2 )
Td

Here A  is the surface area of Europa and e* is the concentration of each compound 

throughout the gardened layer in units of moles per cubic meter.

If the delivery period is comparable to  the observed surface age of 30-70 Myr 

(Zahnle et al., 2003), then  the ocean on Europa is receives between 8  x 108  — 5 x 109  

moles per year of O 2 . If the delivery period is 10 Myr, the flux lies between 2  x 1 0 9—9 x 

109  moles per year. Even at Td = 500 Myr the flux lies between 3 x 108  — 1 x 109  moles 

O 2  per year. These numbers are comparable to  the contemporary O 2  flux of 7 x 109
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Figure 8.2: Moles per year of radiolytically produced oxidants delivered to  the subsur­
face ocean of Europa. The delivery period, r^, is the average tim e it takes for m aterial 
on the surface of Europa to  reach the ocean. While the surface age falls between 30-70 
Myr (Zahnle et al., 2003), the delivery period could be considerably longer depend­
ing on ice shell structure and resurfacing mechanisms (see text). The abundances 
of compounds are given in percent by number abundance relative to  water. Upper 
and lower bounds on abundances are set by empirical constraints or compositional 
models.

moles yr~x resulting from photolysis in E a rth ’s upper atmosphere. Photosynthesis on 

Earth, by comparison, yields ~  101 6  moles per year (Walker, 1977).

In Figure 8.3 we calculate the integrated molarity of O 2  and H2 O2  in a 100 km 

thick global ocean. Our results are for 1 Gyr of integration over the delivery period

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 8. SURFACE CHEMISTRY 162

-  e.g. for t(] =  100 Myr the ocean would have received the gardened surface reservoir 

of oxidants ten times. To explore the upper limits on concentration, here we have 

considered a scenario in which radiolytically produced oxidants are delivered to  an 

ocean w ith no chemical sinks. Upon delivery to  the ocean, these compounds will react 

w ith available reductants and we consider this scenario in Figure 8.7 and Section 8.3.

1 0 '2

O Upper limit: 4.6%

0„ Lower limit: 1.2%

H„0. : 0.13%

Oceanic 0 2 minimum zones on Earth

Surface age 
30-70 Myr
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Figure 8.3: Oxygen molarity of a 100 km global ocean on Europa, assuming no oxygen 
sinks. For a given delivery period the flux is integrated over 1 Gyr.

Shown in Figures 8.3 and 8.7 are limits for dissolved O 2  concentrations needed 

for some terrestrial oceanic metazoans (Childress, 1968; Childress and Seibel, 1998). 

The work of Childress (1968) was on the small (35-125 mm in length) crustacean 

Gnathophausia ingens. For all values of the delivery period, O 2  concentrations are at
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least an order of m agnitude greater than  those needed to  support complex life forms 

like Gnathophausia. Indeed, delivery of H2 O 2  alone will be sufficient to  achieve such 

concentrations. Oxygen limits for single-celled microorganisms are more difficult to 

constrain (Sleep, 2005), but are certainly lower than  th a t of metazoans. The solubility 

of oxygen increases w ith decreasing water tem perature and increasing pressure, thus 

while regions of our ocean are ~3%  supersaturated with O 2  (~250 pM ), if Europa’s 

ocean is near 0 °C and 10-100 MPa, then O 2  saturation will be ~50 mm (Lipenkov 

and Istomin, 2001). This is much greater than  needed by terrestrial organisms. On 

Europa, surpassing dissolved 0 2  levels comparable to  saturation levels for the E a rth ’s 

ocean occurs for delivery periods less than  ~ 7  Myr and ~ 6 8  Myr, for the low-end and 

high-end values of surface O 2  +  H 2 O 2 , respectively. In other words, for the high-end 

value, if the delivery period is the same as the surface age, then Europa’s ocean could 

well have enough dissolved oxygen to  support any known marine macrofauna.

8.2 R ed u ctan ts and R adiolysis o f H 20  +  C 0 2

Given the highly oxidized nature of the europan surface, is it possible to  radiolytically 

produce reduced compounds th a t could affect ocean chemistry or be of use to  a 

subsurface ecosystem? The evidence for CO 2  on the surface suggests th a t carbon 

is available, but what form is th a t carbon likely to  take after years of radiolysis? 

It has been proposed th a t radiolytically produced formaldehyde could be a source 

of carbon for a subsurface ecosystem on Europa (Chyba, 2000; Chyba and Phillips,

2001). M ethanol could also be a useful form of carbon and several workers have 

explored methanol in the context of astrophysical ices (Schutte et al., 1993; Bernstein 

et al., 1995; Moore et al., 1996). The radiolytic production of H2 CO, CH3OH and CH4  

from pure H2 O +C O 2  mixtures, however, may be a limiting process for the availability 

of such reductants.

Recent experiments a t astrophysical tem peratures (~5-20 K) have shown th a t 

formaldehyde is a t best a minor product during ion and UV irradiation of H2 O +C O 2  

ices (Gerakines et al., 2000; Brucato et al., 1997; Moore and Khanna, 1991). The 

predominant carbon-bearing products are CO and carbonic acid, H 2 CO 3 . Considering
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Oxidation states for carbon and sulfur compounds relevant to  Europa

CH4 CH3OH HCHO CO c o 2
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Figure 8.4: Oxidation states of carbon and sulfur compounds relevant to  the radiolytic 
surface chemistry and subsurface aqueous chemistry of Europa.

the progression of oxidation states from methane to  carbon dioxide, CH4  —► CH3 OH 

—> CH2 O —► HCOO-  —► CO 2 , carbonic acid falls on the far right-hand side with CO 2  

and an oxidation state  of +4 (See Table 8.4). This is hardly an improvement from 

the standpoint of chemical disequilibrium and it may have im portant consequences 

for the pH of the ocean chemistry. Here we examine the role of high-energy electrons 

in the radiolytic production of single-carbon species such as H2 CO 3 , H2 CO, CH 3 OH, 

and CH4 . The configuration of the experiment and vacuum chamber was described in 

Chapter 5, but in brief we have constructed a 10- 9  to rr vacuum chamber w ith a He- 

cryostat cold finger onto which we can deposit th in  ice films. A 100 keV electron gun 

is then used to  irradiate the sample while simultaneous acquisition of mid-IR (FTIR) 

and mass-spectra (RGA) allow monitoring and analysis of the resulting products. In 

the analysis presented here we examine radiolytic processing of water and carbon 

dioxide films a t tem peratures and pressures relevant to  Europa. Figure 8.5 shows 

results from 1 0  keV electron irradiation of a H 2 O +C O 2  (2 :1 ) th in  ice film. W ater 

vapor and C 0 2  gas were co-deposited a t 50 K onto a gold mirror. The final thickness 

of the film was ~1.77 /iin thick, enough to  absorb most of the energy from the 10 

keV electrons (see Figure 2.5).

After deposition the film was slowly warmed to  90 K and subsequently irradiated 

w ith an electron beam of 100 nA -  3 /j,A. Spectra were collected at a resolution of 4 

c m '1, with each spectrum  being the co-added average of 1024 spectra collected over a 

period of approximately nine minutes. Spectra are presented in units of absorbance,
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Figure 8.5: Spectra of a 1.77 /im film of [2 :1 ] H2 0 :C 0 2  ice deposited at 50 K and 
irradiated a t 90 K with 10 keV electrons. The bottom  spectra shows the film be­
fore irradiation and the top spectra shows the film after irradiation. Spectral lines 
consistent w ith CO and H2 C 0 3  - not H2 CO, CH 3 OH, or CH4  - are observed in the 
irradiated spectra (See text, Table 8.1).
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where an averaged pre-depositional spectra of 3072 spectra has been used in the de­

nom inator for calculating absorbance (Absorbance =  - l o g 1 0  (II r r a d ia te d , /1P re d e p o s i t io n ) ) ,  

where I  is the intensity of the spectra). W hen calculating integrated bands for prod­

ucts such as H2 C 0 3  we use a pre-irradiation averaged spectra instead of the pre- 

depositional averaged spectra in the denominator of the absorbance.

The lower line in Figure 8.5 shows the ice film before irradiation and the upper 

spectra shows the same film after four hours of irradiation. The cumulative dose 

experienced by the film was ~ 2 x  102 1  eV cm-2 . As can be seen, the m ajor spectral 

features to  emerge are then strong lines at 2570, 2141, 1714, 1485, 1380, and 1298. 

The C 0 2  bands at 2340 and 2278 persist in the irradiated spectra. Aside from the 

2141 band of CO, all of the other bands have been a ttribu ted  to  the formation of 

H 2 CO 3 . Table 8.1, shows published band positions and absorptions for C 0 2, CO, 

H2 CO 3 , H2 CO, CH 3 OH and CH4.

Consistent with both  the UV and ion laboratory results for astrophysical ices, we 

find carbonic acid and carbon monoxide to  be the prim ary products of H2 0 ± C 0 2  

electron radiolysis of ices a t europan tem perature and pressure. Initially, as shown 

in Figure 8 .6 , H 2 CO 3  and CO concentrations rise linearly and the CO 2  concentration 

decreases slightly. Equilibrium is reached at ^2 0  eV/16 amu (~10 2 0  eV cm-2), where 

production and destruction rates become equal and all four components are in steady 

state  (CO 2 , H2 0 , CO, and H2 CO 3 ). The initial H2 CO 3  production rate at 90 K under 

electron irradiation is G = 0.020/100 eV, compared to  0.028 and 0.030 obtained at 18 

K for proton radiolysis and UV photolysis, respectively (Gerakines et al., 2000). The 

carbonic acid destruction cross-section for incident 10 keV electrons is s ~  10“ 1 6  cm2. 

Using the three H2 CO 3  bands of 2626 cm-1 , 1508 cm-1 , and 1307 cm-1 , with corre­

sponding band strengths of 1.6 ± 0 .08  x 10-17, 6.5±0.6 x 10-17, and 1.0±0.02 x 10- 1 7  

(Gerakines et al., 2000), we find a to ta l H2 CO 3  production of 3 .2 4 x l0 16 molecules 

per square centimeter. As a  fraction of remaining CO 2 , this amounts to a molar ratio 

of 23.7%. By comparison, the to ta l CO in the ice was 2 .7 8 x l0 16 molec cm-2 , leading 

to  a C O / CO 2  molar ratio of 20.4%.

The radiolytic destruction of CO 2  generated 6 .2 2 x l0 1 6  atoms of carbon available 

for synthesis into other compounds. Some of this carbon escaped into the vacuum
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Compound Band position (cm x) A (cm molecule L) Reference

OO

2342 7.4 x 10“ 1 7 Gerakines et al. (2000) 
Moore and Hudson, 1998

2280 7.25 x 10- 1 7 Gerakines et al. (2 0 0 0 )
CO 2143 1 . 1  x 1 0 - 1 7 Gerakines et al. (2 0 0 0 )
H2 C 0 3  (18K) 2850-2761, O-H str 9.8 ± 0 .4  x 10- 1 7 DelloRusso et al. 

Gerakines et al. 
Brucato et al.,

(1993)
(2 0 0 0 )
(1997)

2576-2626, O-H str 1 . 6  ± 0 .08  x 1 0 “ 1 6 DelloRusso et al. 
Gerakines et al. 

Brucato et al.,

(1993)
(2 0 0 0 )
(1997)

1710-1736, C = 0  str 1 . 1  ± 0 . 0 1  x 1 0 “ 1 6 DelloRusso et al. 
Moore et al. 

Brucato et al.,

(1993)
(1991)
(1997)

1482-1508, C-OH asym str 6.5 ± 0 .6  x 10- 1 7 DelloRusso et al. 
Moore et al. 

Brucato et al.,

(1993)
(1991)
(1997)

1294-1307, C-OH i.p. bend 1 . 0  ± 0 . 0 2  x 1 0 " 1 6 DelloRusso et al. 
Moore et al. 

Brucato et al.,

(1993)
(1991)
(1997)

1038-1040, C-OH sym str 1.4 ± 0 .2  x K T 1 8 DelloRusso et al. 
Moore et al. 

Brucato et al.,

(1993)
(1991)
(1997)

908, C-OH o.p. bend 5.6 ± 0 .8  x K T 1 7 DelloRusso et al. 
Gerakines et al.

(1993)
(2 0 0 0 )

811-813, CO3  o.p. bend DelloRusso et al. 
Brucato et al.,

(1993)
(1997)

690, CO3  i.p. bend 1.3 ± 0 .2  x 10- 1 7 DelloRusso et al. 
Gerakines et al.

(1993)
(2 0 0 0 )

H2CO (20K) 2886, 2895, C-H str 2.8 x nr18 Schutte et al. 
Moore

(1993) 
et al,*

2824, 2827, C-H str 3.7 x 10~ 1 8 Schutte et al. 
Moore

(1993) 
et al.*

1716-1719 9.6 x 10“ 1 8 Schutte et al. 
Moore et al.

(1993)
(1991)

1498 3.9 x 10“ 1 8 Schutte et al. 
Moore et al.

(1993)
(1991)

1245 1 x nr18 Schutte et al. 
Moore et al.

(1993)
(1991)

1176 4.8 x 10- 1 9 Moore et al.*
CH3OH 1134 - Moore et al. (1991)

1 0 2 1 1.5 x 10" 1 7 Moore et al. (1991)
c h 4 1302 7.2 x 10~ 1 7 Moore and Hudson (1998)

Table 8.1: Spectral lines for several im portant single-carbon compounds relevant to 
Europa. in d ic a te s  bands derived from reference spectra made available by the Cos­
mic Ice Laboratory at NASA GSFC, http://wwww-691.gsfc.nasa.gov/cosmoc.ice.lab.
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Figure 8 .6 : Concentrations of CO 2  and radiolytically produced compounds, CO and 
H2 CO 3 , as a function of absorbed dose. Initial production rises linearly w ith a sub­
sequent plateau as destruction balances production. At ~20 eV/16-amu all four 
components approach equilibrium.
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chamber and was lost from the system. Based on our H2 C 0 3  and CO production 

we can account for approximately 97% of the evolved carbon, with roughly equal 

partitioning into each compound. In an effort to  account for the remaining 3%, we 

found no convincing signature of H2 CO, CH3OH or CH4 . In addition, no signature of 

carbon suboxide (C 3 O 2 ) was found. Interestingly, we do see growth of features at 2044 

cm - 1  and 1878 cm-1 , consistent with the production of the C 0 3  radical (Moore and 

Khanna, 1991; Jacox and Milligan, 1971). Lacking band strengths for these features 

we cannot quantify the carbon sequestered in this compound.

The combined accounting for carbon residing in CO 2 , CO, H2 C 0 3 , and possible 

minor species like C 0 3, lead us to  conclude th a t upper limits for H2 CO, CH 3 OH, 

and CH4  production are in the range of ~1%  of the destroyed carbon or ~0.5%  by 

number of the remaining C 0 2. On the surface of Europa this would be ~  4 x 10~4% 

H2CO by number relative to  water.

Chyba and Phillips (2001) calculated th a t the upper 1.3 m of gardened regolith 

on Europa could contain 5 x 101 8  molecules of H2 CO. For a C 0 2  percent by number 

abundance of 0.08% this leads to  a 0.16% abundance of H2CO relative to  C 0 2. Our 

laboratory results show th a t these numbers are within the bound of our upper limits. 

The conclusion of Chyba and Phillips (2001) th a t delivery of radiolytically produced 

H2CO could support ~  3 x 102 3  microbial cells is valid to within a factor of three.

Based on our radiolysis results we conclude th a t the surface of Europa is not 

likely to  be a large source of reductants for the subsurface ocean. Most of the carbon 

is in the form of the oxidants C 0 2, CO, and H 2 C 0 3. An im portant distinction to 

make here, however, is th a t the redox state  of the initial carbon compound is a 

critical factor in the resulting carbon chemistry. Laboratory work by the authors has 

shown polymerization of short chain alkanes and alkenes in ice and the production 

of alcohols, methane, and C 0 2  (see Chapter 9). O ther workers have similarly shown 

th a t production of refractory organic m aterial in irradiated ices is possible (Bernstein 

et al., 1995; Moore and Hudson, 1998). While radiolysis of C 0 2  may not lead to  

large quantities of reduced carbon compounds, exogenous organic m aterial contained 

within micrometeorites and dust particles could potentially survive radiolysis and be 

delivered to  the ocean in reduced form.
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8.3 A b iotic  sinks for surface oxidants

In Figures 8.3 and 8.7 we showed th a t radiolytically produced oxidants could be 

present in high concentrations in the ocean even if timescales for delivery were much 

greater than  the surface age. Here we consider the role of abiotic sinks within the 

ocean as a mechanism for drawing down the concentration of oxidants.

McCollom (1999) has examined the possibility of hydrothermally derived reduc­

tan ts on Europa as a mechanism for driving methanogenesis. In his reduced ocean 

hydrothermal fluid the reductants CH4, H2 , H2 S, Fe2+ are present at 4.9, 12.0, 

33.3, and 0.30 mm concentration, respectively. The terrestrial hydrotherm al flux 

is 3(±1.5) x 101 3  kg of seawater per year (Elderfield and Schultz, 1996), and McCol­

lom (1999) considers the europan flux to  be ~  ICC3  th a t of the Earth. This leads to 

delivery fluxes of 1.5 x 108, 3.6 x 108, 1.0 x 109, and 9 x 107  moles per year for CH4, 

H2, H2 S, and Fe2+, respectively.

As an added check on these estimates, we calculate a europan hydrotherm al flux 

by using the terrestrial oceanic heat flux of 3.2 x 101 3  W (Stein and Stein, 1994) and 

the mid-ocean ridge heat flux of 2 ±  1 x 101 2  W  (Elderfield and Schultz, 1996), as 

scaling factors for Europa’s hydrotherm al fluid flux. For to ta l europan ocean heat 

fluxes ranging between 1.74 x 101 1  — 5.1 x 101 2  W  (corresponding to  6.5-190 mW  

m -2), we find a fluid flux range of 1.5 x 101 1  — 4.8 x 101 2  kg y r_1. Using typical 

terrestrial hydrotherm al fluid concentrations for H2 S, CH4, and H2  (Elderfield and 

Schultz, 1996; Kelley et al., 2001) leads to  ~  109, ~  107, and ~  108  moles per year 

respectively. These are comparable to  the values of McCollom (1999).

To build up oxidants in Europa’s ocean the annual flux of radiolytically pro­

duced oxidants must compensate for the hydrothermally delivered reductants. The 

reductant-oxidant pairing could be accomplished with the following representative 

reactions, proceeding abiotically (McCollom and Shock, 1997):
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H2S +  2 0 2  -► S 0 ^  +  2 H+ 

Fe2+ +  0.25O2 +  H+ -»• Fe3+ +  0.5H2O

CH4  +  2 0 2  -> C 0 2  +  2H20  

H 2  +  0.5O 2  -* H20

(8.3)

(8.4)

(8.5)

(8.6)

The to ta l 0 2  needed to  compensate these reactions, based on the reductant fluxes 

given above, is 2.5 x 109  moles per year. As McCollom (1999) has shown, the tem per­

ature and pressure dependence of the above reactions largely determines the reaction 

thermodynamics. Here we have assumed all reactions move to  the right in order to 

maximize oxidant consumption. The oxidants C 0 2  and SO2- could also react with 

available reductants via,

The sinks for the sulfate anion and carbonate anion will include precipitation of 

anhydrite (C aS04) and carbonate (CaCO.-j). Both compounds have enhanced solu­

bility at lower tem peratures, but we consider precipitation to  be complete in order to  

consume as much of the surface oxidants as possible. Taking the McCollom (1999) 

hydrothermal flux of 1.5 x 109  moles per year of Ca2+ we find th a t much of the car­

bon could be consumed via precipitation, but the delivery of sulfate is large enough 

to  accommodate anhydrite precipitation for the full range of delivery periods exam­

ined here. In Figure 8.7 we calculate the 0 2  molarity of the ocean with the added 

condition of 2.5 x 109  moles per years of 0 2  consumed by hydrothermally delivered 

reductants. As in Figure 8.3 we have limited our integration to  only the past 1 Gyr 

on Europa. We have treated  the H2 0 2  delivery as part of the to ta l 0 2  delivery since 

H 2 0 2  decays to  0 2  on geologically short timescales (r i / 2  ~  10 yrs). To compensate 

the reductants with 0 2  and H2 0 2  the delivery timescale must be less than  107  Myr. 

For the lower limit of 0 2  abundance, the delivery period must be less than  11 Myr.

C 0 2  +  4H2  CH 4  +  2H20  

S O f - +  2H2  +  4H+ -► H2S +  4H2 0 .

(8.7)

(8.8)
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In both cases, once the net flux of O 2  is positive, then the O 2  concentration rapidly 

surpasses the terrestrial 0 2  minimum zone concentrations. The upper estim ate for 

abundance surpasses 0 2  minima zone concentrations when delivery periods are less 

than  105 Myr. For the lower limit this occurs a t 10 Myr. Surpassing 0 2  saturation 

occurs for delivery periods less than  6  Myr and 60 Myr for the lower and upper limits 

respectively. In other words, if the delivery period is the same as the surface age, 

then Europa’s ocean could well be saturated with oxygen.

In all cases of accounting for sinks we find th a t the delivery of the sulfate anion 

will likely serve as the largest oxidant reservoir for aqueous chemistry in the europan 

ocean. Though 0 2  and C 0 2  could be largely consumed by endogenous reductants, 

there is a minimum of ~  2  x 1 0 9  moles per year of sulfate delivered to  the ocean. 

Achieving sulfate concentrations comparable to  those of E a rth ’s ocean (2.86 x 10- 2  

moles kg-1 , Kelley et al. (2001)) requires delivery periods of <  51 Myr. In dissolved 

form, the SO2- and H SO j will buffer the ocean w ith chemically useful oxidants and 

it will be sulfate chemistry th a t dominates the ocean.

8.4 T im escales for D elivery

While radiolytic processing of the upper few millimeters of the surface occurs on 

short geological timescales (<  102  — 103  yrs, Johnson et al. (2004)), considerable 

debate exists as to  whether or not any of the surface oxidants do indeed reach the 

putative subsurface ocean. W ithout such surface-to-subsurface cycling the available 

free energy will be largely limited to  geologically leached or out-gassed oxidants such 

as C 0 2  and S 0 2~~ (Zolotov and Shock, 2003, 2004). In previous sections we have 

left the delivery period as a free variable. Here we examine several different factors 

related to  the surface age and resurfacing processes with the aim of providing some 

constraints on the delivery period of surface m aterial to the sub-surface ocean. We 

also address specific concerns (Zolotov and Shock, 2004) regarding escape of oxidants 

to  the atmosphere during warm resurfacing events.

The geology of Europa is limited to  surface observations and thus remains poorly 

constrained. There is, a t present, no evidence for contemporary resurfacing (Phillips
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Process Relevant timescale Reference
Surface age (craters)
Nonsynchronous rotation, tr 
Plume rise
Sodium depletion (1 cm layer)* 
Sputtering erosion 
Gardening
Radiolytic equilibrium (upper 1 mm)

30-70 Myr 
0.01 < tr < 0.25 Myr 

0.001-0.03 Myr 
0.3-3.0 Myr

0.0147 m Myr 1 
~1.2 m in 10 Myr 

< 102 -  103 yrs

Zahnle et al. (2003) 
Hoppa et al. (1999, 2001) 

Barr and Pappalardo (2003) 
Leblanc et al. (2002) 

Tiscareno and Geissler (2003)
Cooper et al. (2001) 

Johnson et al. (2004)

Table 8.2: Timescales for various processes on Europa. *Sodium escape and depletion 
from a 1% by number Na ice layer (1% corresponds to  ocean water).

et al., 2000). Nevertheless, only ~15% of Europa has been imaged a t <1 km per pixel 

(Schenk et al., 2004). W ithout any contemporary activity to  which relative ages can 

be tethered (e.g. active plumes or new craters), the only concrete statem ent th a t can 

be made about resurfacing of the ice shell is th a t ~30-70 Ma much of the surface was 

renewed (Zahnle et al., 2003).

Two broad classes of ice shell models are put forth in the Europa literature: thin- 

shell models (~5 km thick or less), and thick-shell models (~10-30 km thickness). 

Recent work based on Galileo magnetometer and gravity da ta  favors th in  shells (Hand 

and Chyba, 2007), but we consider both  possibilities here. We examine each model 

and assess the implications for communication between the surface and the underlying 

ocean. Our aim is to  elucidate processes th a t may prevent or enhance the delivery of 

surface m aterial to  the sub-surface ocean. In so doing, we assess plausible time scales 

for various processes. Table 8.2 presents some of the known or modeled timescales 

for various processes we take to  be relevant to  resurfacing on Europa.

W ith the th in  shell model, the dynamics between the surface and subsurface are 

simplified by the fact th a t only one layer lies between the surface and the ocean-ice 

interface. Tectonic fracturing, lineament building and cryovolcanic reworking allow 

for direct communication between the surface ice and the ocean. Stresses are sufficient 

for cracks initiated a t the base of the ice shell to  penetrate to  the surface (Crawford

8.4.1 Thin Shells
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and Stevenson, 1988). Products of the radiolytic chemistry are directly introduced 

into the ocean. Several geological mechanisms are possible, here we consider two: 

1 ) tectonic events in the ice shell cause resurfacing and allow for delivery of surface 

material (including possible m elt-through events as a subset), and 2 ) cryovolcanism 

resurfaces the ice shell from the top down.

In the first case, the surface age (30-70 Myr) is roughly equivalent to  the delivery 

period. As the surface is renewed through extensional processes, surface materials 

are delivered to  the sub-surface through subduction processes. Regions of subduction 

are still largely unaccounted for on Europa (Prockter and Pappalardo, 2000), but 

we can at least constrain the delivery period associated with this mechanism were 

it to  be im portant for resurfacing. Included in this are models th a t consider direct 

delivery of m aterial via m elt-through events (Greenberg et al., 1999; O ’Brien et al., 

2002; Thomson and Delaney, 2001). The delivery period in these la tte r models is the 

observed surface age of the chaos terrain, which a t present is considered comparable 

to  the bulk surface age.

For the case of cryovolcanism, isostatic compensation drives delivery. One mil­

limeter of unit density ice deposited on the surface causes roughly one millimeter of 

unit density ice to  melt from the bottom . This is analogous to  snowfall on the A ntarc­

tic ice sheet and delivery of melting basal ice to  subglacial lakes. The delivery period 

is regulated by surface deposition, which in tu rn  is directly related to  the observed 

surface age. The period for delivery, however, can be dramatically different from the 

surface age. For instance, the surface age of the Antarctic ice sheet is essentially zero 

(new snow and winds cover the surface on the timescale of ^ 1 - 1 0  years), and yet the 

bottom  of the ice sheet contains m aterial ~0.5 Myrs old (Petit et al., 1999). The 

surface age and the delivery period are off by ~5-6 orders of magnitude.

On Europa, istostasy would also regulate delivery if surface deposition, e.g. cry­

ovolcanism, were the prim ary resurfacing mechanism. Crater and lineament topog­

raphy on Europa is on the order of several hundred meters (Schenk, 2 0 0 2 ), thus 1  

km of global cryovolcanic deposition could serve to  erase old features. Lacking direct 

evidence of contem porary cryovolcanism on Europa, we use the recent Cassini obser­

vations of the South Polar region of Enceladus (Spencer et al., 2006a) as an upper
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limit for what could occur on an active Europa. The south-pole geyser on Enceladus 

allows 150-350 kg s - 1  of water to  escape (Hansen et al., 2006). Kargel (2006) estim ates 

th a t the actual amount of water ejected could be ~840 kg s-1 . The new terrain on 

Enceladus is restricted to  the southern hemisphere, or about a quarter of the moons 

surface area (2 x 101 1  m2). We calculate a mass source rate to  surface area renewed of 

~ 2 . 5  x 10- 9  kg m ~ 2  s - 1  (here we have taken 500 kg s- 1  of redeposition). This leads 

to  80 /rm y r - 1  of m aterial on the surface, or 1 km of material deposited every ~12.7 

Myr. (This is likely a lower limit for deposition as other fractures in the region of the 

Enceladus tiger stripes may have contributed ejecta to  the resurfacing process.) If 

similar cryovolcanic processes were to  take place on Europa during periods of active 

resurfacing, then  through compensation, m aterial deposited on the surface of a 5 km 

thick shell would require ~65 Myr to  reach the ice-water interface. An 8  km shell 

would require ~100 Myr for delivery. In all cases, as shown in Figure 8.3, the resulting 

delivery of O 2  is above th a t needed to  m aintain an oceanic O 2  molarity comparable 

to  terrestrial O2  minima zones. For both  the tectonic and cryovolcanic models of a 

thin-ice shell we find th a t delivery timescales are short enough to  allow for significant 

oxidant delivery to  Europa’s ocean.

8.4.2 Thick Shells

Thick shell models introduce a host of complications when trying to  relate the ob­

served surface age to  the delivery period. It can be argued th a t the observed surface 

age of Europa represents the end of a period of increased tidal energy and th a t we 

may now be in a period of relative quiescence on Europa, w ith an ice shell th a t is 

continuing to  thicken and with little to  no new resurfacing for hundreds of millions of 

years, if not billions of years, to  come (Hussmann and Spohn, 2004; Hussmann et al.,

2002). In the evolving orbital eccentricity models of Hussmann and Spohn (2004) the 

therm al history (and future) of Europa is highly dependent on the mechanisms and 

regions chosen for heat dissipation on Io, Europa, and Ganymede (e.g. conduction vs. 

convection in the mantle and /or ice shell), so predictions are uncertain.

If a thick shell exists, a strong argument can be made th a t a stagnant ice lid of a
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few kilometers thickness overlies a convecting ice shell of tens of kilometers thickness 

(Pappalardo and Barr, 2004; Barr and Pappalardo, 2003; Barr et al., 2004). In this 

case, the stagnant lid would not directly communicate with the putative subsurface 

ocean. The radiolytically-produced oxidants contained in the lid would have to  go 

through a series of coupled geological process before reaching the ocean.

In this model, the observed young surface age of the lid must be explained by 

resurfacing processes between the lid and the ductile convecting shell. Two arguments 

can then be made about cycling of the surface material into the ocean, 1 ) most of 

the m aterial in the lid stays in the lid, and 2 ) m aterial in the lid mixes w ith the 

convecting shell. If the former case is true, then oxidants produced on the surface 

will rarely reach the ocean. In the later case, oxidants will eventually reach the ocean 

via convection processes (Barr and Pappalardo, 2003). The delivery period is then 

a function of both the observed surface age and cycling processes within the ductile 

shell.

While a non-mixing stagnant lid cannot be ruled out, several factors make it 

physically implausible. First and foremost are the mechanical difficulties of creating 

a surface young in appearance but old in molecular residence time. In other words, 

the cratering clock needs to  be reset without actually recycling material.

Heating from below can be invoked as a means for relaxing the surface topography 

and eventually erasing craters (viscoelastic relaxation), but this mechanism would also 

erase the lineament topography along with the craters. Obviously the la tte r has not 

occurred, Europa’s surface is saturated w ith superimposed lineaments.

Erasing craters w ithout cycling surface m aterial could be accomplished by the 

repeated formation of new lineae. Given enough time and enough fractures, the 

crater structure will be indistinguishable from other topographic structures. Such 

activity is at least partially evident in the Tyre impact structure (Moore et ah, 2001). 

This would seem a nice solution were it not for the fact th a t regions of extensional 

tectonic activity in the ice shell imply regions of compression or subduction. As 

discussed above, subduction could be an effective mechanism for delivery, but such 

regions remain unidentified on Europa.

Strike-slip faults do not necessitate such compression or subduction. Such faults
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could serve to  partially erase the cratering record. However, some models for double 

ridge formation via strike-slip faulting argue for frictional heating and therm al up- 

warping as a means for raising the ridges (Nimmo and Gaidos, 2002). Such heating 

causes sublimation along the ridges. Ridge sublimation is essentially m uted cryo- 

volcanism. On the low end, ridge tem peratures of ~130 K lead to  sublimation and 

subsequent deposition of 1 fim  y r - 1  (Fagents et al., 2000). Higher tem peratures {e.g. 

150 K) raise this rate by nearly three orders of magnitude. Delivery timescales from 

the surface to  the brittle-ductile layer interface for the buried m aterial are then com­

parable to those described for cryovolcanism, i.e. tens of millions of years.

We note th a t the process of ridge sublimation and subsequent redeposition ad­

dresses a concern by Zolotov and Shock (2004) over the fate of radiolytically produced 

surface oxidants. These workers argued th a t delivery of oxidants to  the ocean would 

be inhibited by the degassing of ice during warm resurfacing events. We argue th a t 

while degassing may occur, most of the oxidants do not escape (Fagents et al., 2000; 

Carlson et al., 2005). Instead, they are redeposited and trapped in the surface ice. 

The presence of molecular oxygen in the solid phase on the surface of Europa is itself 

a puzzle (Baragiola and Bahr, 1998; Johnson, 1999). Recently Hand et al. (2006) have 

argued th a t mixed-clathrates of O 2 -CO 2 -SO 2  could solve the trapping problem. While 

O 2  may be released to  the atmosphere, the higher tem peratures will also promote the 

reaction of O 2  to  sulfate and carbonate,

O2 + SO2 +  H2 —► H2SO4 (8-9)

O 2  +  CO +  H 2  -> H2 CO 3  (8 .1 0 )

These compounds would collect in the ice while H 2 O sublimes. Such surface chemistry 

during warming could in part explain the observations of hydrated sulfate m aterial 

in the hummocky low-lying m atrix terrain of chaos features but not on the surface 

of intact ‘raft blocks. Carlson et al. (2005) have proposed a similar mechanism to 

explain the formation of concentrated sulfate hydrate lag deposits on the flanks of 

double-ridges. While molecular 0 2  may evolve out of the ice during warming, some 

of the O 2  will be sequestered into other oxidants, and O 2  away from the region of
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heating may be buried during redeposition of the sublimed material.

Along with the mechanical difficulties, isolation of the fid m aterial is not well 

supported by the observed surface chemistry. Europa simultaneously experiences a 

net deposition of sulfur atoms to  the surface and a net loss of sodium atoms from the 

surface (Johnson, 2000; Cooper et al., 2001). The presence of a sodium cloud around 

Europa was first reported by Brown and Hill (1996) and subsequent observations have 

helped constrain the net loss of sodium to  ~  4 — 9 x 106  atoms cm - 2  s - 1  (Leblanc 

et al., 2002). This is significantly larger than  the Iogenic flux of 2 — 8  x 105  atoms 

cm - 2  s - 1  (Leblanc et al., 2002). As noted by Leblanc et al. (2002), if the surface 

ice contained 1 % by number sodium, a one-centimeter ice layer would be depleted in 

less than  1 Myr and a 10 m layer would be depleted in 1 Gyr. Mixing of the surface 

m aterial w ith a potentially salt-rich subsurface is an obvious way of providing such a 

chemical source.

We find it hard to  reconcile a young surface age with surface m aterial th a t does 

not experience at least some level of subsurface cycling. M aterial from the surface will 

eventually be transported to  the stagnant lid/ductile shell interface, at which point 

delivery to  the ocean is dependent on convective processes within the ductile shell. 

Barr and Pappalardo (2003) have estim ated vertical velocities for plumes within such 

a shell to  be ~0.1-1  m y r^ 1, giving rise/fall times of ~1000 to  30,000 years. In others 

words, if surface m aterial can be transported  to  the interface between the stagnant lid 

and ductile shell, then  the tim e for transport to  the putative ocean is comparatively 

short, provided plumes are active in th a t region of the shell. Transport times through 

the lid will be comparable to  those outlined for the th in  shell model, after which 

transport through the ductile layer will be relatively short.

For both  th in  and thick shell models, delivery periods are found to lie in the range 

of 10-100 Myr. Mechanisms may exist th a t prevent the surface m aterial from reaching 

the subsurface ocean, but they are hard to  justify given the observed surface age. Our 

results for oxidant delivery indicate th a t delivery periods of 10-100 Myr result in an 

oxidant-rich ocean.
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8.5 C onclusion

We have shown th a t even with hydrotherm al sinks and long delivery periods, the 

ocean on Europa is likely to  be oxidized. At a minimum, the abundance of sulfate 

supplied from the surface will likely lead to sulfate buffers in the form of mineral 

precipitation (e.g. anhydrite). Zolotov and Shock (2004) have argued th a t abiotic 

reactions would consume radiolytic oxidants, leaving little geochemical energy avail­

able for life. We find th a t for delivery periods of less than  ~100 Myr the flux of O 2  

and H2 O2  will more than  compensate for hydrothermal reductants, given the level 

of hydrothermal activity predicted by McCollom (1999) and our own scaling of the 

terrestrial flux to  the europan system. We also argue th a t reduction of sulfate - a key 

metabolic pathway for terrestrial deep ocean ecosystems and one explored by Zolotov 

and Shock (2004) - would be an obvious niche for Europan biota and it is one not 

likely to  be limited by the availability of oxidants. The limiting factor for chemical 

energy on Europa is not oxidants, but rather reductants.

Geology on Europa, however, could impede the delivery of such compounds. But 

we have shown th a t even for the most extended of delivery scenarios, oxidant delivery 

may be sufficient for supporting complex organisms comparable to  those found in the 

oxygen minima zones of the E a rth ’s ocean. In addition, we find th a t for both  th in  

and thick-shell models it is geologically implausible to  isolate this m aterial from the 

ocean if tectonism and /o r cryovolcanism are present on Europa. Nevertheless, one 

possible interpretation of the observed surface age is th a t 30-70 Ma Europa expe­

rienced resurfacing and since th a t time Europa has been cooling and the thickness 

of the ice shell increasing. This may have been the last time surface oxidants were 

transferred to  the sub-surface and Zolotov and Shock (2004) argue th a t there is no 

effective mechanism to  deliver oxidants to  the ocean in the present epoch. This could 

be the case, but if Europa was active in the past then delivery in the past could serve 

to  maintain chemical disequilibrium through to  the present.

Since it appears th a t the bulk surface age is 30-70 Myr (Zahnle et al., 2003) an 

interesting question to  ask is: how long could O 2  in the ocean persist a t biologically 

useful levels if the last delivery occurred 30-70 Ma and no new m aterial has since
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reached the ocean? W ith 2.5 x 109  moles per year of O2  consumed by reductants 

for 30-70 Myr, we find th a t O 2  levels in Europa’s ocean would need to  have been 

1.1 x 10- 4  —1.4 x 1(T4  moles per liter in order to  achieve contem porary concentrations 

of 8  x 1 0 - 5  moles per liter (comparable to  terrestrial O 2  minimum zones and capable 

of supporting macrofauna). M aintaining an ocean with 1.1 x 10- 4  — 1.4 x 10- 4  moles 

per liter would have required delivery periods of <  90 Myr. If, however, the delivery 

period is 30-70 Myr then  contem porary 0 2  concentrations are between ~  10- 3  and 

1 0  4  moles per liter.

Nearly all of the Hussmann and Spohn (2004) models indicate th a t the past ~  4.5 

Gyr of coupled therm al-orbital evolution on Europa have involved substantially more 

energy than  the present epoch. A greater heat flux in the past would have meant a 

thinner ice shell and potentially shorter delivery periods for surface oxidants.

We have shown th a t few, if any, reductants are produced through radiolysis of C 0 2  

with water. If C 0 2  is the prim ary initial form of carbon on Europa, then radiolysis will 

serve to  partition the carbon into reservoirs of CO and H2 CO 3  with an approximate 

ratio of [5:1:1] for the three species respectively.

Given our calculated abundances for oxidant delivery and our experimental re­

sults showing little to  no reductant production via CO 2  radiolysis, we conclude th a t 

chemical energy derived from redox pairs could be limited by the geological activity 

of the ocean floor. The availability of reductants is a function of seawater cycling 

with the mantle and this in tu rn  is a function of tidal dissipation in the mantle. 

Therefore the partitioning of tidal energy in the ice layer and mantle through time 

is a critical param eter for discerning the availability of both reductants and oxidants 

on Europa. Empirical constraints on tidal dissipation in the mantle and of seawater 

cycling through the oceanic crust could greatly enhance our understanding of the 

reductants and oxidants available for a putative europan biosphere. Along with sur­

face spectroscopy for compositional information, gravity d a ta  and altim etry d a ta  on 

a future mission could help resolve these outstanding questions.
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Figure 8.7: Oxygen molarity (with H2 0 2  added) of a 100 km global ocean in which 
2.5 x 109  moles per year of 0 2 are consumed by the hydrothermally delivered re­
ductants CH4, H2, and H2 S. Here we show oceanic concentrations th a t would result 
from low (1.33% by number abundance relative to  H2 0 )  and high (4.73% by number 
abundance relative to  H2 0 )  surface concentrations of 0 2  +  H 2 0 2. For the high-end, 
delivery periods as long as 105 Myr will still result in 0 2  concentrations th a t surpass 
those found in terrestrial 0 2  minima zones. For the low-end, the delivery period needs 
to  be 10 Myr or less in order to reach this level. Even with sinks added the oxygen 
concentration of Europa’s ocean can exceed levels comparable to  th a t of the E a rth ’s 
ocean surface waters (~250 /tm (Millero, 2005)). If the 0 2  +  H 2 0 2  abundance in the 
surface ice is 4.73% by number relative to  H2 0 , then ocean concentrations of 250 /hin 
are exceeded for delivery periods less than  ~ 6 8  Myr. For the lower surface abundance 
of 1.33% by number relative to H2 0 , delivery periods of ~ 7  Myr or less are required 
to  exceed 250 fi 0 2.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 9 

Radiolysis of H 2O +  Hydrocarbons

The availability and redox state  of carbon on Europa may play a critical role in the 

habitability of the subsurface ocean. Previously we have examined the abundance 

of CO 2  and the radiolytic products from C 0 2-rich ices. Those results indicated th a t 

while carbon may be present in considerable abundance, it is likely in the oxidized 

forms of CO 2 , CO, and H2 CO 3 . The only form of carbon observed on Europa is C 0 2  

(Smythe et ah, 1998). Nevertheless, exogenous organics should be delivered to  the 

europan surface at a rate of ~40 g s_ 1  globally (Pierazzo and Chyba, 2002; Johnson 

et ah, 2004). Organics, or at least the C-H bonds at 3.44 fim, have been detected 

in the infrared on Callisto, Ganymede, and Enceladus (McCord et al., 1997; Brown 

et al., 2006). Results from the Cassini ion and neutral mass spectrometer (INMS) 

flyby through the southern hemisphere plumes on Enceladus also indicate organics, 

specifically methane and trace amounts of propane and acetylene (Waite et al., 2006).

Considerable work has been done on hydrocarbons, methanol, and ammonia in 

ice (e.g. Khare et al. (1989); Moore and Hudson (1998); Bernstein et al. (1995)), but 

much of th a t work focused on com etary/astrophysical tem peratures (<  20 K) and UV 

or ion irradiation. Our work focuses on high energy (~keV) electron irradiation of ices 

in the tem perature range appropriate for Europa and for much of Enceladus. Here we 

report on results from high-energy electron irradiation of th in  ice films at ~ 1 0 - 8  to rr 

and tem peratures ranging from 70-100K. M ethane and ethane are unstable in solid 

form on the surface of Europa and for this reason our study of hydrocarbon radiolysis

182
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begins w ith propane (C:jH8) and then moves to  more complex compounds. Mixtures 

include water w ith CaH8, C3 H6 , C 4 H 1 0  (butane and isobutane), and C4 H8 ,(l-butene 

and cis/trans-2-butene). Figure 9.1 shows the various compounds used for this study 

and Figure 9.2 shows several reference spectra used for analysis of the irradiation 

products.

Irradiated Carbon Compounds

Alkanes Alkenes

Propane / \ P ropene / X

B utane / s / 1-Butene ✓ S /

Isobutane A 2-B utene / V /

Temperature: 80 K, 100 K; Pressure: 10'8-10 9 Torr

Figure 9.1: Alkanes and alkenes examined in this work.

In all cases the H2 0+ alkane or alkene ice mixtures underwent the following pro­

cedure: 1 ) irradiation, 2 ) a post-irradiation ‘sitting’ period, during which we looked 

for changes th a t may have occurred at the irradiation tem perature, 3) warming of the 

film to 300 K a t 1 K per minute, 4) examination of any residue left on the target mir­

ror, and 5) removal of the mirror for further examination of the residue. Mid-infrared 

spectra and mass spectra were collected throughout. Residues were examined with 

FTIR  and matrix-assisted laser desorption/ionization (MALDI), though no actual 

m atrix was used because desorption of the residue was possible directly off the target 

mirror.
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Two prim ary questions were explored. First, what is the steady-state chemical 

form of the irradiated carbon? Second, what is the fate of the carbon-carbon bonds in 

our irradiated alkanes and alkenes? We find th a t while some of the carbon is lost to 

C 0 2  formation, much of the carbon is sequestered into highly refractory, long-chain 

aliphatic compounds th a t remain as a th in  residue even after the ice film has been 

raised to  standard tem perature and pressure (T =  25 °C, 1 atm  (760 torr)).

The double bonds of the alkenes in our initial m ixtures were rapidly destroyed 

or converted to  single carbon bonds, covalent bonds with hydrogen, bonds with -OH 

(hydroxyl), bonds with oxygen (C-O), or double bonds with oxygen (carbonyl). Spec­

tra  resulting from irradiation of alkane and alkene ices are largely indistinguishable; 

the initial differences in film composition are destroyed and the resulting m ixture 

includes long-chain, branched aliphatics, aldehydes, ketones, esters, and alcohols. 

MALDI analysis of the residues indicates some differences between the polymeriza­

tion patterns of the alkane and alkene films, but further work is necessary to  establish 

the repeatability of these results.

9.1 In -situ  analysis o f radiolytic evolu tion

9.1.1 Propane vs. Propene

In Figure 9.3 we show the evolution of a H2 O + C 3 H8  [3:1] m ixture irradiated a t 80 K 

with 10 keV electrons a t 200 nA. The bottom  spectrum  shows the ice film after sitting 

for ~ 5  hours w ith no irradiation. The upper three fines show representative spectra 

after 20 minutes of irradiation, 5 hours of irradiation, and 7 hours of irradiation 

(moving upward).

The formation of C 0 2  and CH 4  was monitored by the rise of the 2340 cm - 1  and 

1302 cm - 1  bands respectively. While the C-H related peaks in the 2800-3000 cm - 1  

and 1350-1550 cm - 1  range decreased as a function of dose, the most striking result 

of the irradiated propane was the stability of the C-H and C-C bonds. Aside from 

the loss of carbon to C 0 2  and CH4, the post-irradiation spectra were very similar 

to  the pre-irradiation spectra. The strong peak in the pre-irradiation spectrum  at
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propane060119:10 keV Electron Irradiation: H20+Propane (3:1) at 80 K
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Figure 9.3: Mid-infrared spectra of a propane+w ater ice m ixture (80 K) during irra­
diation w ith 10 keV electrons a t 200. The bottom  spectrum  is prior to  the onset of 
irradiation and each sequentially higher spectrum  is from a point later in tim e during 
irradiation. The top spectrum  is after approximately 7 hours of irradiation.
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~2965 cm - 1  and ~2872 cm - 1  correspond to  the -CH 3  asymmetric and symmetric 

stretches, respectively. The decrease in these peaks, coupled w ith the persistence of 

the -CH2- asymmetric stretch at ~2934 cm - 1  and the -CH2- scissoring at ~1466 cm-1 , 

indicate th a t the short-chain hydrocarbons were being polymerized. This conclusion 

is supported by the observation of refractory residues left on the gold mirror substrate 

after warming and sublimation of the H20  ice, discussed later in this chapter. Also 

observed, though more subtle and obscured by the broad water band at ~1700 cm'-1, 

was the emergence of the carbonyl bond a t 1710 cm-1 .

In Figure 9.4 we show the change in band area for several of the above-mentioned 

chemical species and bonds as a function of integrated dose. Each d a ta  point repre­

sents the integrated area of a given band for an individual spectrum  collected during 

the irradiation process. Baseline fits were either linear or quadratic depending on the 

position of the band relative to  the curvature of the broad water bands.

The two prim ary species observed evolving from the spectra were carbon dioxide 

and methane. The rise of m ethane was rapid but then leveled off with saturation, 

reached a t ~  2  x 102 0  eV cm-2 . Carbon dioxide, on the other hand, continued to  rise. 

After more than  seven hours of irradiation no steady-state saturation level for C 0 2  

was observed.

Two band regions related to  C-H and C-C bonding were integrated as clusters. 

The close proximity and overlapping nature of the bands makes separating individual 

bands difficult and, for the purpose of understanding dominant processes, unnecessary. 

The data  for the first region, from 2836-2996 cm - 1  was integrated using a quadratic 

fit to  the background water band and is shown in red circles. The da ta  for the second 

region, integrated from 1356-1510 cm - 1  w ith a linear fit, is shown with blue triangles. 

While both  regions decreased in band area, the more rapid drop seen in the first region 

can, at least in part, be a ttribu ted  to  the reduction in the -CH 3  bands th a t dominate 

th a t region. The band at 2961 cm - 1  is the -CH 3  asymmetric stretch while th a t at 

2872 cm - 1  is the symmetric stretch. Between these two bands is the asymmetric 

stretch of -CH2- (2934 cm-1). The bands within the second region are largely due 

to  the -CH2- scissoring a t 1466 cm - 1  and the C(CH3) symmetric bending a t 1379 

cm-1 . Loss of -CH 3  relative to  -CH2-, as evidenced by the relative decrease in bands
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Figure 9.4: Integrated bands vs. Dose for an initial ice mixture of H2 0 + C 3 H8. Shown 
here are the changes in band area for C-H regions, one of which consists principally 
of the CH 3  stretching modes (2836-2996 cm-1 ), and one of which is dom inated by 
-CH2- modes (1356-1510 cm-1). Also shown are the growth in the C 0 2  and CH 4  

bands. The loss of the CH 3  band while the -CH2- band remains relatively constant 
is consistent w ith the polymerization of the propane. Production of CH4  consumed 
most of the initially available carbon and tracked the CH3  band closely. M ethane 
was a likely product of the cleaved methyl functional group joined with a free H+. 
The production of C 0 2  was initially slow but increased rapidly after ~  5 x 101 9  eV 
cm-2 . This is consistent with the production of a term inal carboxyl precursor followed 
by cleavage and loss of H+ to  form C 0 2. C 0 2  continued to  rise throughout the 
experiment and the area of the -CH2- region began to  decrease steadily. Radiolysis 
first cleaves the term inal CH3, producing CH4. As polymerization proceeded and 
CH 3  carbons became scarce, the radiolytic energy resulted in destruction of -CH2- 
and term inal -COOH.
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Figure 9.5: Irradiation sequence of a H 2 0+ propene [3:1] ice mxiture. The lowermost 
spectrum  shows the ice film pre-irradiation. Each subsequent higher spectrum  is from 
a point in tim e later in during the irradiation sequence. Loss of the carbon 7r bond 
is readily apparent in the decreasing strength of the peaks at 1645 cm - 1  and 997 
cm-1 . As w ith the propane, we also observe destruction of the -CH 3  band region and 
production of both  C 0 2  and methane.

strengths, is consistent with propane polymerization. The minor decrease in area of 

the 1356-1510 cm - 1  region w ith increased dose is consistent w ith carbon lost to  C 0 2  

and CH 4  while some carbon remains in the long-chain aliphatic compounds resulting 

from polymerization. The final, post-irradiation spectrum  of the H2 0+ p ro p an e  film 

also shows the small but broad band th a t emerges between ryj 1000-1050 cm” 1. This 

band is characteristic of the C -0  bond in alcohols and becomes more apparent after 

warming and loss of H2 0 .

Changing one of the carbon-carbon bonds to  a double bond, i.e. using propene 

(C3 H6) instead of propane, altered the initial radiolytic chemistry, bu t the steady- 

state composition - at least as observed in the mid-infrared - appeared quite similar to
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Figure 9.6: Detail of Figure 9.5 showing modification of the -CH 3  dom inated region 
on the shoulder of the broad H20  ~  3300 cm - 1  band.

its alkane counterpart. Figures 9.5, 9.6, and 9.7 show the irradiation sequence, again 

moving from the unirradiated 80 K ice (lowermost spectrum) to  the spectrum  of the 

ice mixture after ~ 7  hours of irradiation with 10 keV electrons at 200 nA (uppermost 

spectrum ).

Differences between the starting spectra of the propane and propene films include 

the strong 1645 cm - 1  peak (-CH=CH 2 ), the strong 997 cm - 1  peak (CH=CH), and the 

strong 912 cm ' 1 peak (-CH=CH2). None of these bands persisted during radiation. 

Information about the alkene nature of the initial film was completely absent in the 

final ice spectra.

The -CH 3  and -CH2- bands in the 2800-3000 cm - 1  region of the propene film 

were initially more complex due to  the additional vibrations of double-bonded =C-H  

(Figure 9.6). During irradiation, however, the double bond was destroyed and the 

additional vibrational modes vanished, leaving the aliphatic -CH 3  asymmetric and 

symmetric stretches, and the asymmetric stretch of -CH2-. As with the irradiated 

propane, the relative strength of the 2934 cm - 1  -CH2- band compared to  the -CH 3  

bands is consistent with polymerization. Figures 9.9, 9.10, and 9.11 show the pre-
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Figure 9.7: Detail of Figure 9.5 showing destruction of the C =C  7r bonds as the bands 
at 1645 cm - 1  and 997 cm - 1  decrease w ith increasing dose. Also evident here is the 
production of m ethane via the growth of the band a t 1302 cm - 1  and modification of 
the -CH2- and -CH 3  bands in the region of 1400-1470 cm-1 .
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and post-irradiation spectra for propane and propene together in order to  facilitate 

comparisons.

The change in band strength as a function of dose for the H2 0 + C 3 H6  ice film 

is quantified in Figure 9.8. Integrated band absorptions are shown for CO 2 , CH4, 

and the two C-H regions discussed above. In addition the C =C  bands at 1645 cm - 1  

and 997 cm - 1  are shown, both  with linear fits used to  extract the band area from the 

background water profile. At a dose of ~  102 0  eV cm - 2  the 997 cm " 1 band disappeared 

and the 1645 cm - 1  band diminished to  just a small feature on the shoulder of the 

broad water band at ~1680 cm - 1  (see Figure 9.7). The double bond of the propene 

molecule was rapidly destroyed. Interestingly, the 2340 cm - 1  band of C 0 2  rose rapidly 

and was larger than  the corresponding band in the propane study.

As w ith the irradiated propane, after a dose of ~  1019, C 0 2  production increased 

concomitantly with CH4  and continued to  increase a t the same ra te  until ~  102° eV 

cm " 2  a t which point the production rate decreased slightly but continued upward. 

The C-H regions show the same behavior as observed with propane, though in this 

case the 2836-2996 cm - 1  region shows only a very minor decrease w ith accumulated 

dose. Conspicuously absent in both  the propane and propene films was any sign of 

CO at 2140 cm-1 . We address this point below in the context of chemical pathways 

during irradiation.

At a dose of ~  102° eV cm - 2  each molecule in the ice film has received on average 

~  10 eV. This amounts to  roughly 3.2 eV per bond in the H 2 0-f-C 3 H8  film and 3.6 

eV per bond in the propene film. These doses are comparable, though roughly a 

factor of two less than  those used in the similar work of Moore and Hudson (1998). 

Of the carbon bonds initially present in our films (C-C, C-H, and C—C), the most 

radiation resistant bonds were seen to  be those of C-C, followed by C-H and C = 0 . 

This stability sequence can be understood through the molecular orbital theory of 

bond strength. The C = 0  is stronger than  the C =C  bond because, according to 

molecular orbital theory (W inter, 1994), the two additional valence electrons in C = 0  

( 1 0  total) go into an additional cr-bond, giving greater bonding strength (and shorter 

bond-length, hence the larger wavenumber for the absorption) than  the C =C  bond 

with eight valence electrons, four of which are in cr-bonds and four of which are in the
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Figure 9.8: Irradiation of an H2 0 + C 3 H6 ice m ixture results in rapid degradation of 
the C =C  bond, as made clear by the decrease in both  the 982-1024 cm - 1  band and 
the 1609-1661 cm - 1  bands. As with the alkane mixtures, here we see production of 
C 0 2  and methane coupled w ith loss of the -CH 3  dominated C-H region (1356-1510 
cm-1). The 2836-2996 C-H band is stable and is, in part, indicative of polymerization 
of the short-chain hydrocarbon.
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Figure 9.9: Comparison of the propane and propene irradiation results. In blue 
are spectra from before and after irradiation of a propene-rich ice film. In black 
are pre- and post-irradiation spectra of a propane-rich ice film. While the initial 
propene film is easily distinguished from the initial propane film as a result of the 
C =C  vibrational modes at 1645 cm - 1  and 997 c m '1, after irradiation the films are 
largely indistinguishable. The additional complexity of the alkene in the ice mixture 
is lost as a result of exposure to  the high-energy electron irradiation.
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Figure 9.10: Detail of Figure 9.9 showing similarity of propane (black) and propene 
(blue) ice films after irradiation. While the strength of the -CH 3  band at ~  2960 
remains stronger in the propane ice (upper spectrum), the two spectra show the same 
C-H bands with similar relative intensities.

Bond Bond type Energy (eV /bond) Bond length (pm)

C-H a 4.28 109
C-C a 3.61 154
C = C <7+7T 6.36 134
CeeC 0-+27T 8.65 1 2 0

C -0 a 3.71 143
C = 0 2a+ ir 8.28 or 7.67 1 2 0

0 = 0 5.17
O-H a 3.79 or 4.81 96
Typical
Typical

a  bond: ~ 3 .8  eV  per bond  
7r bond: ~ 2 .7  eV  per bond

Table 9.1: Interatomic bonds and associated param eters for carbon, hydrogen, and 
oxygen. D ata from Darwent (1970), Cottrell (1958), and W inter (1994).
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Figure 9.11: Detail of Figure 9.9 showing similarity of propane (black) and propene 
(blue) ice films after irradiation. Despite the initial added complexity of a C =C  bond, 
the alkene (propene) results in an irradiated spectrum  with little difference from th a t 
of the alkane (propane).
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weaker 7r-bonds. The n  bond of the C =C  is destroyed by the electron irradiation and 

the double bond becomes a single a  bond. In the C = 0  bond however, the a  bond 

needs to  be broken before the weaker 7r bonds can be broken. Table 9.1 shows the 

energy and configuration differences among these bonds.

9.1.2 Four Carbon Compounds

Results for the irradiation of butane, isobutane, and (l,2)-butene did not vary sig­

nificantly from the changes observed between the three-carbon alkane and alkenes. 

Radiolysis resulted in rapid degradation of the CH 3  bands but persistence of the CH 2  

bands, consistent w ith polymerization of the starting hydrocarbon. The alkenes were 

observed to  undergo destruction of the C =C  bonds. The final products consisted of 

long chain aliphatics with -OH, C-O, and C = 0  bonds. C 0 2  and CH 4  were also seen 

to  evolve.

Figure 9.12 shows a pair of spectra characteristic of the pre- and post-irradiation 

sequence for an ice film of H 2 O +C 4 Hi0  [2.25:1]. The bands in both  spectra are largely 

indistinguishable from their counterpart in the propane films. This is not surprising 

given th a t the bonds and functional groups of the two starting compound are identical. 

A slight excess of -CH2- might be expected in the butane film but it was not observed 

in our spectra. Clearly visible in the irradiated spectrum, in the 1000-1030 cm - 1  

region, are the C -0  bands of alcohols (see Figure 9.2 for reference).

Starting with an ice film containing the branched alkane, isobutane, did little to 

alter the results. Figure 9.13 shows the irradiation sequence and Figures 9.14 and 

9.15 show details of regions of interest. Pure isobutane contains no -CH2- and very 

little of th a t band was observed in the initial film (Figure 9.14). W hat was seen 

of th a t band is mostly due to  cracking and modification of some of the isobutane 

during deposition. The isobutane appeared to  have minor alkene contam ination, as 

evidenced by the small bands at 1636 cm - 1  and 912 cm-1 .

The irradiated isobutane film shows a high -CH 2 -/-C H 3  ratio, again a strong 

indication of hydrocarbon polymerization. Coupled with this are the C 0 2, CH4, 

C = 0 , and C -0  bonds characteristic of all the irradiated hydrocarbons. Figure 9.15
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0 5 0 7 2 3 : H20 + B u ta n e  [2 .25:1], 70K , 10keV , 1 - 3 p A
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Figure 9.12: Pre- and post-irradiation spectra of H aO+butane film, 500-4000 cm "1. 
The film was irradiated at 70 K with 10 keV electrons and a beam current of 1-3 jiA. 
Bands relevant to  production and destruction process are shown.
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Figure 9.13: Spectra of h^O +isobutane film, 500-4000 cm-1 . The black spectrum  was 
taken prior to  the onset of irradiation, the red spectrum  was taken after approximately 
eight hours of irradiation, and the blue spectrum  was taken during warming at a 
tem perature of 206 K.
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Figure 9.14: Spectra of H 2 0+ isobu tane  film, detail of Figure 9.13, 2600-4000 cm 1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 9. RADIOLYSIS OF H20  + HYDROCARBONS 200
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Figure 9.15: Spectra of H^O+isobutane film, detail of Figure 9.13, 500-1800 cm F

shows results down to  ~500 cm - 1  and none of the strong bands expected for aromatics 

are seen. This is especially significant for the case of isobutane. W ith the straight 

chain hydrocarbons no aromatic bands were seen and we suspected th a t perhaps 

trapping in the ice m atrix limited mobility, bending, and linking of the hydrocarbon 

units, inhibiting the formation of aromatic rings. The branched structure of isobutane 

should have addressed some of these concerns and yet we still saw no definitive sign 

of aromatics in the spectra. These points are addressed in greater detail a t the end 

of this chapter.

The four-carbon alkenes, 1-butene and 2-butene, were irradiated a t 80 K with 10 

keV electrons. Figures 9.16, 9.17, and 9.18 show a representative 1-butene spectrum  

prior to  irradiation (lower) and after approximately seven hours of irradiation (upper 

spectrum). Again, little difference was seen between the spectra of the irradiated 

film containing these hydrocarbons and the previously discussed hydrocarbons. Some 

residual C =C  bonds persisted, bu t the final spectrum  was dominated by the signature 

of the aliphatics w ith aldehydes, ketones, and alcohols. Integrated band areas are 

shown for several key bonds in Figure 9.19. The latent rise of C 0 2  relative to  CH 4
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Figure 9.16: Spectra of H20  +  1 -butene during irradiation. The bottom  spectra 
(black) shows the ice film before irradiation. The progression of the spectra upwards 
show the evolution of the ice film during irradiation. The upperm ost spectra (red) 
shows the film after sitting for more than  an hour after irradiation. Production of 
C 0 2  is apparent at the 2340 cm-1 .
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H20 + 1 -Butene at 80 K
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Figure 9.17: Spectra of H2 O +  1-butene pre- and post-irradiation, detail of Figure 
9.16, 2700-3600 cm-1 . In the upper spectrum, showing irradiated ice, the relative 
band height of the -CH 3  symmetric stretch has been greatly diminished while the 
-CH 2 - str remains relatively constant, if not increasing some. This is similar to  what 
was seen w ith the three-carbon compounds and is indicative of polymerization of the 
short chain hydrocarbons.
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Figure 9.18: Spectra of H20  +  1-butene pre- and post-irradiation, detail of Figure 
9.16, 600-1700 cm-1 . In this region the loss the C=C bond is confirmed through 
observation of six different bands, centered at 1640, 1414, 1080, 1073, 1000, and 
912 cm-1 . Similarly, the loss of -CH 3  can be seen by the change in the 1433 cm - 1  

band. M ethane production can be seen by the band rising at 1302 cm-1 . Particularly 
visible in these before and after spectra is the appearance of the shoulder at 1710 
cm-1 , indicative of carbonyl bonds (C = 0 ) on the long-chain aliphatic hydrocarbons.
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Figure 9.19: Integrated bands vs. Dose, H2 O +  1-Butene film. As in Figures 9.4 and 
9.8, destruction of bonds and synthesis of new products was tracked by integrating 
band areas and observing the changes as a function of dose. Results for propene and 
1 -butene are very similar.
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suggests th a t methane be a precursor to  full oxidation of the carbon. The 982-1024 

cm - 1  band of the 1 -butene film did not decrease as rapidly as seen in the propene 

film, but the 1609-1661 cm - 1  region showed very similar behavior when compared to  

propene. M ethane production reached saturation at a band area of ~ 0 .1-0.2 cm-1 . 

Carbon dioxide production never reached saturation.

9.2 H ydrocarbon residue analysis

Analysis of the residues remaining on the gold substrate, after warming and subli­

mation of the water ice and other volatiles, is interesting for two prim ary reasons. 

First, we can better understand the spectral signature of such materials observed 

remotely on other worlds, such as Ganymede, Callisto, and Enceladus (Brown et al., 

2006; McCord et al., 1997). Second, the radiolytic production of such compounds on 

worlds like Europa could have im portant consequences for the ocean chemistry, and 

habitability, if such surface materials reach the subsurface ocean (see Chapter 8  for 

more detail on delivery to  the sub-surface).

Caution is necessary, of course, because the final residue does not perfectly rep­

resent the compounds produced in-situ during irradiation. Warming from ~70 K to 

~300 K results in the loss of many compounds th a t would not escape on icy worlds. 

Indeed, these materials may also be delivered to  the sub-surface ocean on worlds like 

Europa. The loss of volatiles and warming also likely modifies the compounds left on 

the substrate.

To asses the smaller molecules lost during warming, mass spectral da ta  from the 

residual gas analyzer (RGA) was collected throughout all irradiation and warming 

sequences. In Figure 9.20 the da ta  from the isobutane experiment are shown. This 

spectrum  was created by integrating species collected throughout the warming process 

from 80 K to  300 K at 1 K per minute. A background spectrum  was collected while 

the ice film sat at 80 K prior to  irradiation. This spectrum  was then subtracted from 

the integrated warming spectrum. The water peaks a t 17 and 18 m /z  dom inate the 

spectrum, followed by the peak at 44 m /z  due largely to  carbon dioxide and propane. 

The peaks at 57 and 58 are from butane and ketones (e.g. acetone CH3 CH 2 HCO).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 9. RADIOLYSIS OF H20  + HYDROCARBONS 206

H -0  + Isobutane: WARM28.WBG -  NOIR28.WBG
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Figure 9.20: D ata from the residual gas analyzer (RGA) integrated over the warming 
process from 80-300 K. The three large clusters of peaks are from H2 O (18), CO (28), 
and CO 2  +  a hydrocarbon fraction (44, e.g. C3 H8 ). The CO, not seen in the infrared, 
is derived from CO 2 .
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H20  + Isobutane: WARM28.WBG -  NOIR28.WBG
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Figure 9.21: Detail of d a ta  from Figure 9.20, showing the m /z  range from 50-100. 
The butane, and likely aldehyde and alcohol, fraction is seen a t m /z  of 57 and 58. 
Clusters at higher m /z  are primarily due to  polymerization via addition of methyl or 
formyl radicals.
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In Figure 9.21 the region from 50-100 m /z  is shown in greater detail. Though only 

trace species were observed in this region, evidence for polymerization to  compounds 

such as butanal (m /z =  72) and pentanal (m /z =  8 6 ) can been seen in the peak 

clusters around these regions.

The tem perature at which various species evolve from the film is of particular 

interest in the context of loss from the surface of Europa and the possible remote 

detection by instrum ents onboard a spacecraft orbiter. While it seems unlikely th a t 

sufficient quantities would reach the altitude of orbit (~  1 0 0 - 2 0 0  km) for the case 

of the relatively massive Europa, detection of organics in the plume of Enceladus 

do serve as an intriguing proof of concept (Waite et al., 2006). In Figure 9.22 the 

time-series evolution of the lighter volatiles from the film during warming is plotted. 

As shown, many species exhibit a spike of release in the range of ^105 K. This is 

well within the range for Europa’s daytime equatorial surface tem peratures (Spencer 

et al., 1999), indicating th a t perhaps such species could be remotely detected if the 

molecules were to  reach the altitude of the spacecraft. More discussion on science 

from orbit is given in C hapter 11.

After warming, residues were found on the target mirrors of all samples. Fig­

ure 9.23 shows the gold mirror substrate removed from the vacuum chamber and 

cryostat. Figure 9.24 shows microscopic images of the residues. The circular struc­

tures seen in the alkene residues are suggestive of bubbles or membranes. Aliphatic 

compounds have been shown to  form vesicles after synthesis through ultra-violet ir­

radiation (Dworkin et al., 2001), a result of interest for prebiotic chemistry. Future 

work will focus on isolating the aliphatic component from these residues.

Using a laboratory FT IR  we collected spectra of the residues at room tem perature 

and pressure. As can be seen from Figures 9.25 and 9.26 the largest differences 

between these spectra and the in-situ spectra are the distinct O-H peaks a t 3400 cm - 1  

and 1060 cm-1 . These peaks were obscured by the O-H of the water in the ice spectra, 

but here one can clearly see th a t this functional group is an im portant component 

of the resulting aliphatic mixture. W ith much of the water signature removed, the 

organic signature is very strong. There are eight major bands th a t characterize all 

of the residue spectra. These are: 1) the broad -OH at ~3400 cm-1 , 2) the ~2960
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Figure 9.22: Results from the residual gas analyzer (RGA) collected during warming 
of an irradiated propane and water ice film. Irradiation tem perature was 80 K and 
the electrons used were 10 keV with a 200 nA beam current. Each line corresponds 
to  the partial pressure of the gas phase for the mass-to-charge ratios (m /z) indicated. 
Next to  each m /z are candidate species for the detected ions. Black line (18), H2 0 ; 
Red dash (28), CO; Purple line (29), HCO; Blue line and dash (43, 44), C 0 2, C 3 H8, 
CH3 HCO; Green line (32), CH3 OH, 0 2; Purple dash (26), C 2 H2; Red line (30), H2 CO; 
Black dash (58), C4 H 1 0 , C 2 H2 0 2; Green dash (46), CH 3 CH 2 OH.
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G o ld  m irrors -  1 c m  s p o t  s i z e  w ith  e -  b e a m

Figure 9.23: Hydrocarbon residues on the gold mirror substrate. The faint residues 
apparent here are left behind after warming of irradiated H2 0 +hydrocarbon ices. 
After irradiation and warming, the vacuum chamber is repressurized and the cryostat 
cold-finger removed so th a t the gold mirror can be retrieved for further laboratory 
analysis. We estimate the residue mass to  be <  /./,g, making traditional GCMS and 
other techniques difficult and susceptible to  confusion with trace contaminants.
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Figure 9.24: The hydrocarbon residues of Figure 9.23 are shown here under a mi­
croscope. The w idth of each image is approximately 850 jim  (see scale bar in lower 
left). The curious hydrocarbon structures were unexpected and may be of interest in 
the context of vesicle formation from amphiphiles formed during irradiation (Dworkin 
et al., 2001). Our ongoing analysis is looking into this possibility by rehydrating some 
of the residue m aterial and isolating any aliphatic component.
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Residues from irradiation of alkanes
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Figure 9.25: Spectra from residues resulting from electron irradiation of H2 0 +  alkane 
ices. The similarity of bands observed in these spectra indicate th a t the chemical 
composition of the residues is quite similar.
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Residues from irradiation of alkenes
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Black: Propene
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Figure 9.26: Spectra from residues resulting from electron irradiation of H2 0 +  alkene 
ices. The similarity of bands observed in these spectra indicate th a t the chemical 
composition of the residues is quite similar. In addition, little difference can be seen 
between these spectra and those of the alkane residues in Figure 9.25.
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Figure 9.27: M atrix-assisted laser desorption/ionization (MALDI) spectrum  of a hy­
drocarbon residue produced during irradiation of an 80 K H2 0 + C 4 H8  ice w ith 10 
keV electrons. A custom MALDI mount was constructed for our gold mirrors so th a t 
the films could be analyzed directly w ithout dissolution and coupling w ith a m atrix 
(i.e. our analysis is LDI). Shown here is the entire spectrum  up to  2500 m /z. The 
strongest peak within the broad distribution <1000 m /z is a t 241.8 m /z. Beyond 
m /z  of 1 0 0 0 , the peaks are real bu t their periodicity is still not well understood.

cm - 1  asymmetric stretch of -CH 3 , 3) the ~2930 cm - 1  asymmetric stretch of -CH2-, 4) 

the symmetric stretch of -CH 3  a t ~2874 cm-1 , 5) the C = 0  carbonyl band at ~1710 

cm-1 , 6 ) the -CH2- scissor at ~1458 cm-1 , 7) the symmetric bend of C(CH ) 3  at ~1377 

cm-1 , and 8 ) the broad C -0  alcohol band centered at approximately 1060 cm-1 . The 

combination of all these bands indicates th a t the residues are dominated by long chain 

aliphatic hydrocarbons, w ith a m ixture of aldehydes, ketones, and alcohols.

To better understand the size and mass of the compounds in the residue, matrix- 

assisted laser desorption/ionization (MALDI) was utilized. Our samples, however, 

were not first dissolved into a matrix. A custom plate for the MALDI instrum ent 

was constructed such th a t the gold mirrors from our experiments could be introduced 

into the MALDI instrum ent directly. This eliminated the need for removing the 

small residue sample from the mirror and prevented us from having to  take many 

steps th a t could have introduced considerable contamination. The end result is th a t 

the compounds in our residues were directly desorbed and ionized w ithout the aid of 

a m atrix compound.

The MALDI was operated in linear mode w ith polarity positive and an accelerating 

voltage of 20 kV. The laser was cycled at 20 Hz and each spectrum  is the result of
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Figure 9.28: MALDI spectrum  of hydrocarbon residue after irradiation of an 80 K 
propane+w ater ice w ith 10 keV electrons. Shown here is the low end (m /z <  500) 
of the MALDI spectrum, highlighting the peaks at ~44, 70, 84, and 110 m /z. The 
peak at 44 is propane (CgHg), the peak a t 70 is likely a pentane fraction (C 5 H 1 0 ), 
84 is likely a hexane fraction (C 6 H 1 2 ), and 110 is likely an octane fraction (CsH14). 
Beyond 110 the distinct peaks are harder to  resolve.

100 laser pulses. The default calibration, i.e. th a t for a-cyano-4-hydroxycinnamic 

acid, was used throughout. Given the non-uniform thickness and distribution of the 

residues, the intensity of the laser was adjusted as needed in order to  produce spectra 

with good signal to  noise.

MALDI results show polymerization of the starting hydrocarbon material, yield­

ing aliphatics with m /z  >  2500. The process of polymerization produces systematic 

peaks consistent w ith the addition of the hydrocarbon subunits and functional groups 

such as C = 0  and -OH. Beyond m /z of 1000, the periodicity in the peaks appears with 

a A m /z ~  24. This is could be cracking of a term inal C =C , bu t the lack of alkyne 

bonds in the infrared spectra would imply th a t the triple bond would be formed dur­

ing desorption by the laser. Another possibility is the loss of an -CH 2 HCO radical 

attached to  a carbonyl, followed by hydroxyl substitution and conversion of the car­

bonyl to  a hydroxyl. In either case, the high m /z  values observed for all residues 

indicates polymerization and production of compounds 1 - 2  orders of m agnitude more 

massive than  the original hydrocarbons. While the production of such m aterial is
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Figure 9.29: MALDI spectrum  of hydrocarbon residue after irradiation of an 80 K 
H2 O + 1-butene ice with 10 keV electrons. The peak at m /z  =  92.63 may be glycerol 
(C 3 H5 (OH)3 ), while the peak a t m /z  =  116.8 may be isopropyl propionate (C 6 H 1 2 O 2 ). 
Subsequent peaks a likely products of methyl or formyl radical polymerization (A m /z 
=  13, 14).

not necessarily unexpected given the long history of work on tholins and astrophys- 

ical ices (e.g. see Khare and Sagan (1973), Sagan and Khare (1979), Moore et al. 

(1983), Strazzulla et al. (1983), Khare et al. (1989), and Bernstein et al. (1995)), the 

results presented here are unique to  the tem perature, pressure and dominant form of 

radiation found on Europa.

At the lower m /z  end of the MALDI spectra, a A m /z~14  is observed, likely due 

to  cracking and loss of a methyl group (-CH3) or conversion of an aldehyde to  a 

term inal methyl group (i.e. -HCO is replaced by -CH3). The center of the broad 

m /z  distribution observed in most samples is at an m /z of approximately 241. This 

could be indicative of compounds such as the carboxylic acid n —pentadecanoic acid 

(C 1 5 H3 0 O 2 ) or the alcohol n —hexadecanol (C 1 6 H3 4 O).

Figure 9.28 shows the lower m /z  region from a propane residue. The peak at 44 

is likely a propane fraction (C3 H8 ), the peak a t 58 a butane fraction, the peak at 70 

a pentane fraction (C 5 H 1 2 ), a t 84 a hexane fraction (CgH^), and a t 1 1 0  an octane 

fraction (C 8 H14). These peaks are also in part due to  the corresponding aldehydes, 

e.g. butanal, pentanal, etc.

Beyond an m /z  of 200 clusters of peaks are lost in the distribution. A similar
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Figure 9.30: MALDI spectrum  of hydrocarbon residue after irradiation of an 80 
K H20  +  propene ice w ith 10 keV electrons. Unlike the H2 0 + propane  residue, the 
H20  +  propene residue shows a very select pa ttern  of hydrocarbon fractions at highly 
specific m /z  values. We have identified these as m /z  =  116 subunits of (iso)propyl 
propionate (C6Hi2 0 2). No significant species were detected beyond m /z  of 450.

spectrum  is shown in Figure 9.29. Here the peak at m /z  ~  92 may indicated glycerol 

(C 3 H5 (OH)3) and the peak a t m /z  ~  116 th a t of (iso)propyl propionate (C6Hi2 0 2), 

or possibly fumaric acid (C 4 H4 O 4 ), though significant amounts of the later would 

necessitate a stronger C =C  signature in the infrared than  what is observed in our 

results.

The (iso)propyl propionate unit (also referred to  as propionic acid, n-propyl ester, 

or sometimes as its very close relative ethyl butyrate) appears again in the MALDI 

results for the propene residue (Figure 9.30). Here, however, a very distinct poly­

merization pattern  emerges. The m /z  ~  116 subunit repeats a t 232 and 348. No 

strong signals were seen beyond the peak at m /z  ~  444. The peaks a t 363.6 and 

379.8 are 16 and 32 m /z  off of the propyl propionate trim er respectively, indicating 

the addition of hydroxyl groups to  the molecule. The peaks a t 423.9 and 443.9 do not 

fit the polymer sequence, instead these may be the n —octacosanoic acid (C 2 sH 5 6 0 2) 

a t 424 and 1,2,3-propanetricarboxylic acid, 2 -hydroxy-, trihexyl ester (CU4 H4 4 O 7 ) at 

444. Many combinations are of course possible.
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Approximate band center (cm 1)
3 0 0 7  2 9 6 0  2 9 3 6  2 9 0 7  2 8 6 8  2 8 3 4  2 3 4 0  1 710  1 6 4 0  1 4 6 4  1 4 3 3  1 4 1 4

P r e - ir r a d ia t io n
Pr o p a n e X X X X X X
Pr o p e n e X X X X X X X
Bu t a n e X X X X
I s obu t a ne X X X X X X X
1- But e ne X  X X X X X X X X X

P o s t - ir r a d ia t io n
P r o p a n e  X X  X X X  X X
P r o p e n e  X X  X X X  X X
Bu t a n e  X X  X X X X  X X
I s obut a ne  X X X X X  X X  X X
1- But e ne  X X  X X X  X X

R e s id u e
Pr o p a n e  X X  X X X X
Pr ope ne  X X X  X X
Bu t a n e  X X X  X X
I s obut a ne  X X  X X X X
1- But e ne  X X  X X X X

Table 9.2: Infrared bands observed in hydrocarbon ice film mixtures during various 
stages of the experiments. An X indicates the presence of the band.

9.3 C onclusion

A summary of the bonds, both  m ajor and minor, observed throughout the various 

stages of the hydrocarbon+w ater experiments is provided in Tables 9.2 and 9.3. Re­

gardless of the starting hydrocarbon, both  the final irradiated ice mixtures and the 

residue mixtures appear very similar in the infrared. The dominant products are 

found to  be aliphatic aldehydes, alcohols, ketones and esters. Results from MALDI 

analysis show distinct ester polymerization in the propene residue, but if this process 

was occurring in the other films, the signature was lost within the broad peak of 

hydrocarbons produced at m /z  <  500.

Moore and Hudson (1998) quantified the various compounds produced during their 

ion-irradiation experiments involving water and hydrocarbons. While we observe 

many of the same infrared bands, we do not attem pt such specific quantification 

because: 1 ) C 0 2  continues to  be produced even after ~  5 x  1 0 2 0  eV cm-2 , indicating 

th a t we are not at steady-state for carbon chemistry, and 2 ) the residue th a t remains 

after warming indicates th a t some of the observed bands are likely due to  long-chain 

aliphatics, not just the shorter compounds quantified by Moore and Hudson (1998).
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Approximate band center (cm"- 1)
1375 1345 1302 1175 1125 1090 1046 1015 912 820 790 656 600

P r e -  i r r a d i a t i o n
P ro p a n e X X X X X
P ro p e n e X X X X X X X X
B u ta n e X X X X X
Is o b u ta n e X X X X X X X
1 -B u te n e X X X X X X X X X X X

P o s t - i r r a d i a t i o n
P ro p a n e X X X X X X X X X
P ro p e n e X X X X X X X X X X
B u ta n e X X X X X X X X X X X
Is o b u ta n e X X X X  X X X X X X X
1 -B u ten e X X X X X X X X X

R e s id u e
P ro p a n e X X X X X
P ro p e n e X X X X X
B u ta n e X X X X X
Is o b u ta n e X X X X X
1 -B u te n e X X X X X

Table 9.3: (cont.) Infrared bands observed in hydrocarbon ice film mixtures during 
various stages of the experiments. An X indicates the presence of the band.

Methanol, ethanol, formaldehyde, and short aliphatics (e.g. Figure 9.2) are part of 

our final mixture, but it is unlikely th a t they account for all of the newly synthesized 

compounds.

Several compounds are of interest precisely because of their absence. Our results 

show little evidence for production of CO, aromatics, or polyoxymethylene (POMs). 

Carbon monoxide was observed in H2 O +C O 2  irradiation experiments (Chapter 8 ), 

but it was largely absent from the FTIR  spectra involving hydrocarbon irradiation. 

Loss of CO to  the vacuum chamber cannot account for the difference as the CO 2  

experiments were performed at 90 K and most of the work presented here was for 80 

K films, i.e. CO was less volatile in the hydrocarbon experiments. The production of 

CO 2  never reached saturation and tracking CO 2  was possible throughout all stages 

of all experiments. Production of CO must result from radiolysis of CO 2  as per the 

experiments in Chapter 8 , but CO never accumulates in the hydrocarbon-rich ices.

We propose th a t the availability of hydrogen within the ice causes all CO to  rapidly
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synthesize the formyl radical (HCO), followed by synthesis of formaldehyde (H2 CO),

This is consistent with the results of Moore and Hudson (1998), but they observed 

CO formation in their infrared spectra. Most of their experiments, however, were a t a 

much lower tem perature (<  20 K) and started  with a higher H2 0/hydrocarbon  ratio 

than  our experiments, i.e. the availability of hydrogen was likely greater in our work, 

consistent with CO scavenging of H.

The relationships between the growth and destruction of the bands represented in 

Figures 9.4, 9.8 and 9.19 reveal information about chemical pathways and synthesis. 

Methane production occurs w ith the onset of irradiation, but in all cases the C 0 2  

band does not increase significantly until a dose of ~  2 — 4 x 101 9  eV cm - 2  is reached. 

For the alkanes, m ethane production was more efficient but steady-state for methane 

in all cases was achieved at ~  4 x 102° eV cm"'2, w ith an integrated band area of 

approximately 0.2 cm-1 . Using the integrated band absorbance value from Moore 

and Hudson (1998), A  = 6.63 x 10~ 1 8  cm molec-1 , we find a methane column density 

of 3 x 101 6  molecules cm 2. Given the behavior of the bands, methane may serve as 

a precursor for C 0 2  production, which could then  lead to  CO and synthesis of HCO.

The simultaneous decrease in the 2836-2996 cm - 1  C-H region while the methane 

band increases (e.g. Figure 9.4) indicates th a t loss of the term inal methyl is a likely 

step toward methane production. As an example, irradiation of H20  yields H and the 

hydroxyl radical, which can then produce ethanol and methane if propane is available,

HCO +  H - t  H2 CO.

CO +  H -► HCO (9.1)

(9.2)

H20  H +  OH 

CH3 CH 2 CH 3  +  H +  OH — CH3 CH2OH +  CH4.

(9.3)

(9.4)
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M ethane may then be oxidized directly by O2  or H2 O 2  formed during radiolysis,

CH4  +  0 2  -h. CO 2  +  2H2 (9.5)

CH4  +  H 2 0 2  —> C 0 2  +  3H2. (9-b)

Carbon dioxide may also be formed by subsequent attacks of the OH radical yielding 

formyl intermediaries which then yield C 0 2,

CH4  +  OH -> HCO +  2H2  (9.7)

HCO +  OH -► C 0 2  +  H2. (9.8)

The production of C 0 2  from a methane precursor is consistent with our results for 

integrated bands strength of all the hydrocabons used in our study. Carbon monoxide, 

however, likely forms from breaking the C = 0  of C 0 2  (Brucato et al., 1997). W ith 

hydrogen readily available, however, the C -0  is quickly converted to  HCO and then 

H 2 CO. The production of CO, and H2 C 0 3  for th a t m atter (as discussed in Chapter 8 ), 

requires a low ratio of H2 /C . In all of our hydrocarbon experiments, the H2/C  ratio 

was ~  2.3, whereas the experiments with C 0 2  were with H2/C  ~  2 . The relative 

ratio of H2  to  C 0 2  in the C 0 2  experiments was 2, but for the initial conditions 

in our hydrocarbon experiments [H2 ] /[C 0 2] ~  4.7 (here the available carbon was 

converted to  C 0 2, but the reaction is limited by the availability of oxygen). The 

significance of these ratios for the organic chemistry in the atmosphere of the early 

Earth  has been well studied (e.g. Chyba and Sagan (1992), Chyba (1991), and Chyba 

and Hand (2006) for a recent treatm ent). In the gas phase, [H2 ] /[C 0 2] ~  3 yields 

optimal, i.e. maximum, production of organic compounds of prebiological interest 

(e.g. formaldehyde). Lower ratios lead to  too much oxidation and higher ratios, 

specifically >  5, lead to  an overabundance of hydrogen. The excess hydrogen inhibits 

formation of C-C, C-O, and C = 0  bonds needed for prebiotic compounds. Our ice 

phase experiments straddle this range and interestingly we observe results similar to 

those of the gas phase experiments.
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The methyl radical and formyl radical are the key subunits of synthesis and poly­

merization in our irradiated hydrocarbon ice films. Following Hudson and Moore 

(1999), production of m ethanol can proceed from formaldehyde,

H2CO +  H -► CH30  or CH2OH (9.9)

CH 3 O or CH2OH +  H -»• CH 3 OH. (9.10)

Longer aliphatic alcohols can then be generated by addition of a methyl radical cleaved 

from a hydrocarbon or from CH4,

CH 3  +  CH 3 OH -► CH 3 CH2OH +  H. (9.11)

This reaction pathway competes w ith direct polymerization of the hydrocarbons 

(Moore and Hudson, 1998),

CH 3  +  CnH2 r i + 2  —> Cn+iH 2 n+4 +  H. (9-12)

Both our RGA and MALDI results show th a t polymerization occurred primarily

through the addition of methyl radicals or larger hydrocarbon radicals (e.g. propyl and 

butyl). We do not see clear evidence of aldehyde polymerization to  polyoxymethylenes 

(POMs). Had such polymeriation occured we should have seen the A m /z ~  30 

cracking patterns associated w ith such compounds. Bernstein et al. (1995) reported 

POM production via,

nH 2CO -  [—CH 2  — O —]n (9.13)

but they note, w ith reference to  Schutte et al. (1993a,b), th a t aldehyde polymeriza­

tion occurs during warming only if some ammonia is present. Lacking ammonia in 

our films, this pathway was likely inhibited. Instead, we saw the propyl propionate 

polymerization. The ratio of C, H, and O for POMs is [1:2:1] whereas for the propyl 

propionate polymer the ratio is [3:6:1]. In other words, we produce a polymer w ith 

three times less oxygen than  th a t of Schutte et al. (1993a) and Bernstein et al. (1995).
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Carbon dioxide is the most probable reservoir for the excess oxygen and the differ­

ences may be largely due to  the difference in tem perature (i.e. astrophysical vs. icy 

satellite) between these experiments.

Finally, also conspicuously absent in our results is evidence for arom atic hydro­

carbons, specifically the polyaromatic hydrocarbons (PAHs) th a t appear to  dominate 

interstellar organic chemistry (Allamandola et al., 1987, 1988; Bernstein et al., 1999). 

Were such compounds present in our irradiated films we should have seen strong 

lines characteristic of these species in the range of 700-800 cm - 1  (Allamandola et al., 

1989; Langhoff, 1996; Smith, 1999; Socrates, 2001). No such lines were seen in either 

the post-irradiated ices or the post-warming residues from our experiments. Some of 

the spectral features used for identification of PAHs by Bernstein et al. (1999) were 

present in our spectra bu t we cannot convincingly claim PAH production w ithout the 

longer wavelength bands, and those were absent from our spectra.

The closest we come to  convincingly producing aromatic compounds is our propyl 

propionate polymers. This is perhaps not surprising. Despite the widespread ev­

idence for interstellar PAHs (Allamandola et al., 1987, 1989), production of PAHs 

from short hydrocarbons in interstellar ices is still not well-understood. Many of 

the proposed chemical pathways utilize an acetylene precursor (Allamandola et al., 

1989; Bauschlicher J r  and Ricca, 2000). O ther pathways start w ith simple PAHs 

from which more complex PAHs are generated (Bernstein et al., 2001; Gudipati and 

Allamandola, 2003). Acetylene is not a compound not readily found in our results.

Perhaps colder, more energetic astrophysical environments are conducive to  the 

formation of acetylene, and consequently better environments for PAH production. 

For Europa, however, our results show th a t PAHs are not to  be expected in abundance 

in the radiolytic organic chemistry driven by energetic electrons in reaction w ith water 

and alkanes or alkenes. The possible detection of acetylene in the plume of Enceladus 

is intriguing (Waite et al., 2006), and if future da ta  corroborate th a t result, then 

PAH production at Enceladus may indeed proceed in some of the ways proposed 

(Allamandola et al., 1989; Bauschlicher J r and Ricca, 2000).
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Chapter 10 

Radiolysis of NH^-rich ices

Nitrogen has not been observed on Europa, but spectral evidence for a C =N  contain­

ing compound on the surface of Callisto and Ganymede has been reported (McCord 

et al., 1997). The tem peratures and pressures on Europa during formation would 

not have been sufficient for retaining N2  or NH 3  in great abundance (Fanale, 1986). 

Radiolysis of ammonia-rich ices is therefore not motivated by empirical constraints 

bu t rather by the need to  understand the predominant chemical form in which ni­

trogen could be retained on the surface of Europa. Synthesis of complex nitrogen 

compounds are also of particular interest in the context of prebiotic chemistry. Radi- 

olytically driven synthesis of prebiotic compounds on the surface of Europa and other 

icy satellites could be im portant for the origin of life in such worlds (Khare et al., 

1989; Levy et al., 2000; Dworkin et al., 2001).

10.1 In -situ  analysis o f radiolytic evolu tion

Experiments w ith H2 O +C O 2 +N H 3  a t 100 K yielded no interesting results. This was 

likely due to  the high tem perature; little condensation of C 0 2  on the gold substrate 

was observed during deposition of the film and therefore little interaction between 

the available carbon and nitrogen was possible. Figure 10.1 shows pre- and post­

irradiation spectra for the H2 O +C O 2 +N H 3  [5:1:1] film irradiated w ith 10 keV elec­

trons at 200 nA. Electron radiolysis resulted in escape of carbon and nitrogen, as can

224
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Figure 10.1: Pre- and post-irradiation spectra for a H2 O +C O 2 +N H 3  [5:1:1] film ir­
radiated at 100 K with 10 keV electrons a t 200 nA. The pre-irradiation spectrum  is 
shown in blue and the post-irradiation spectrum  is shown in red. The small peak at 
2340 cm - 1  indicates th a t little CO 2  was retained in the initial film. This was likely a 
limiting factor for radiolytic chemistry. The ammonia peaks a t 1630 cm - 1  and 1110 
cm - 1  decrease with dose, consistent with loss of nitrogen and hydrogen to  the vacuum 
chamber.

be seen by the decrease in the 2340 cm " " 1 CO 2  band and the decrease in the 1630 

cm - 1  and 1110 cm - 1  ammonia bands. No new products were seen to  form in the film.

Subsequent experiments replaced CO 2  w ith propane or propene in the initial film 

mixture. At 100 K problems involving retention of propane in the initial film were 

observed. Deposition tem peratures were decreased to  70 K and the resulting films 

showed strong hydrocarbon peaks (~2960 cm-1 , 1450 cm-1 , and 1370 cm""1) as well 

as the associated ammonia peaks ( 1630 cm x, ~1110 cm 1). The 1630 cm 1 band 

is a ttributed  to  the 1 /4  N-H deformation of NH 3  and the 1110 cm - 1  band is from the 

v2 NH 3  umbrella vibration (Brucato et al., 2006; Moore et al., 2007). The bottom , 

black spectrum  of Figure 10.2 shows the initial film and the peaks of the ammonia,
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Figure 10.2: Irradiation sequence of a H2 0 +N H 3 + C 3 H8  [5:1:1] ice m ixture w ith 10 
keV electrons at 70K. The lower-most spectrum  is prior to  irradiation and each sub­
sequent spectrum  up is from a point later in time during the irradiation sequence.

propane, and water mixture. Comparison w ith the initial spectra for H20  +  propane 

experiments shows many overlapping bands.

As w ith hydrocarbon irradiation (Chapter 9) loss of bands in the -CH 3  dominated 

C-H region a t ~2900 cm - 1  was observed as was production of C 0 2  (2340 cm-1) and 

methane (1302 cm-1). In the ~2900 cm - 1  region, the post-irradiation spectrum  of 

H2 0 + C 3 H8 +N H 3  (Figure 1 0 .2 ) is hard to distinguish from th a t of H2 0 + C 3 H8  (Figure 

9.3). The strongest bands in both  spectra emerge at 2964, 2934, and 2872 cm-1 . The 

3380 cm - 1  NH 3  band is weak and largely obscured by the broad water feature. The 

3181 cm - 1  i>2 symmetric stretch of NH2, and the N-H stretches of NH4  at 3206 and 

3074 cm-1 , would also be weak compared to  the water line (Brucato et ah, 2006).

The strong ammonia bands a t 1630 cm - 1  and 1110 cm - 1  decreased bu t did not 

vanish during irradiation. The only new product undoubtedly observed, other than  

C 0 2  and CH4 , was th a t of the OCN-  ion at 2165 cm - 1  (Hudson et al., 2001). A 

strong case for synthesis of formamide (HCONH2) can be made by the observation
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Figure 10.3: Irradiation sequence of a H2 O +N H 3 + C 3 H8  [2:1:1] ice m ixture with 10 
keV electrons at 70 K. The lower-most spectrum  is prior to  irradiation and each 
subsequent spectrum  up is from a point later in time during the irradiation sequence.

of the bands near 2881 cm - 1  (v3 CH stretch), 1708 cm - 1  (1 /4  CO stretch), 1631 cm - 1  

(1 /5  NH2  scissoring), 1388 cm - 1  (u6 CH scissoring), and 1328 cm ' 1 (u7 CN stretch). 

These are bands for formamide a t 20 K as reported by Brucato et al. (2006).

The N H 3  v 2 band at 1107 cm - 1  persists throughout the irradiation sequence, in­

dicating retention and stability of the ammonia. No signature of the ammonium ion 

( N H 4  ) was observed at 1506 cm - 1  (Moore et al., 2007). Had the formation of ammo­

nia hydrates occurred (e.g. the monohydrate NH 3 -H2 0  or hemihydrate 2 NH 3 -H2 0 ) 

a shift toward slightly longer wavelengths (1102 cm ' 1 and 1084 cm ' 1 respectively) 

should have been observed (Moore et al., 2007). Instead, we observed a decrease in 

to tal band area with only a slight shift of the band peak toward shorter wavelengths. 

The destruction of this band, and its relationship to  other bands in the spectrum, 

was examined in greater detail during irradiation of H20  +  C:sli6  +  N H 3  mixtures.
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Figure 10.4: Detail of Figure 10.3 highlighting changes in the C-H and N-H rich region 
on the shoulder of the broad water band at ~3300 cm-1 .

The transition to  hydrate phases likely occurred during warming as the film passed 

through the 130-150 K tem perature range.

Switching from an alkane (propane) to an alkene (propene) in the water and 

ammonia mixture was of interest for several reasons. Foremost, we were interested 

in any differences between the products of the alkane versus alkene films. Second, 

while destruction of the C =C  bond was rapid in the H20  +  hydrocarbon films, the 

carbonyl bond was seen as a new and stable product. Would the C =N  also result as a 

new and stable product during irradiation? Results from the alkane film indicate no, 

but by starting with an alkene we were able to  further investigate this question. Our 

spectra indicate th a t the C=N  is not a product of either alkane or alkene irradiation 

in combination with ammonia and water. Aside from single bonds, the only bonds 

observed to  be stable throughout irradiation were the C = 0  and the C =N  bonds.

The irradiation sequence for H20  +  CsH 6  +  NH 3  is shown in Figure 10.3. The 

initial spectrum  (in blue), shows many of the same bands observed in the initial H20  

+  C 3 H6  spectrum  of Figure 9.5. In this experiment the ratio of water to  ammonia 

and propene was reduced to  two (i.e. [2 :1 :1 ]) w ith the hope of enhancing reactions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 10. RADIOLYSIS OF NH3-RICH ICES 229

0610 1 4 : ^O +C gH g+N H g, 70K  10keV  250nA

8 0.4

1600 1000 6002000 1800 1400

W avenum ber (cm-1)
1200

-1>
600

Figure 10.5: Detail of Figure 10.3 showing modification of ammonia and hydrocarbon 
bands in the 600-2200 cm - 1  region. Production of methane (1302 cm-1 ) and the 
OCN“ ion (2164 cm-1) was readily observed. Destruction of C =C  and NH3  was 
also seen. New products include formamide and isonitriles. No C =N  containing 
compounds were seen in the ice.

between carbon and nitrogen.

During irradiation of the film (shown in red) production of CC^and the OCN-  

ion was observed. The double bonds of the alkene were destroyed, as evidenced by 

the loss of peaks at 1645, 1433, and 911 cm-1 . W ith the [2:1:1] composition, the v\ 

and v3 band of NH 3  at 3380 cm - 1  (Moore et al., 2007) was initially observed, but 

during irradiated this distinct peak was reduced to  a subtle shoulder on the edge of 

the broad ~3300 cm - 1  band.

After irradiation, a very weak band could be seen in the ammonia-rich spectrum  

at ~  3080 cm-1 , a band a ttribu ted  to  the N-H stretch of NH4  or to  HCN (Brucato 

et al., 2006). Figure 10.4 shows this region in detail. Aside from the two weak 

features at 3380 cm - 1  and 3080 cm-1 , it would be very hard to  infer the presence 

of any ammonia or nitrogen chemistry in the irradiated film if the spectrom eter was 

not capable of collecting da ta  a t longer wavelengths. For this reason, remote sensing 

techniques must utilize longer wavelengths if we are to  understand nitrogen chemistry
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Figure 10.6: Integrated band absorption versus dose for an irradiated H 2 O +  NH 3  

+  C.;H6  ice m ixture at 70 K. The production of the OCN-  ion requires carbon and 
nitrogen made available through the destruction of the hydrocarbons ad ammonia 
within the film. Only m ethane was seen to  reach steady-state.

on icy satellites.

In the region from 600-2200 cm - 1  (Figure 10.5) the production of OCN-  and CH 4 , 

along with the destruction of C =C  was observed. The carbonyl band was observed 

a t ~1710 on the edge of the 1650 cm - 1  water feature. No other new bands were 

observed. In particular, no band was observed at 2254 cm-1 . This band would have 

been a strong indicator of C=N  bonds, as seen in HNCO (Lowenthal et al., 2002). A 

weak peak a t 1325 cm-1 , seen between the m ethane band and the 1373 cm - 1  C(CHs) 

band, could have been a contribution from C=N , but without the 2254 cm - 1  band, 

the evidence is weak. We conclude th a t no C =N  bonds are present.
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The behavior of several key bands and regions of interest was monitored as a 

function of irradiation dose. Results for the integrated band absorption are shown in 

Figure 10.6. The strong N-H bands from 1609-1665 cm - 1  and 1034-1208 cm - 1  were 

seen to  decrease by a factor of ~ 8  over the course of the to ta l dose of ~  8  x 102 0  eV 

cm-2 . The former band decreased slightly less than  the latter and this was likely due 

to  the added C-H and C = 0  contribution to  th a t region. In neither case was steady- 

state  reached. Indeed, while the slope of the 1609-1665 cm - 1  band remained constant 

with dose, the 1034-1208 cm - 1  band showed a change to  a steeper destruction rate at 

a dose of roughly 102 0  eV cm-2 . The reason for this change in slope was not apparent 

from the integrated band data. The OCN-  ion appears at a dose of ~  3 x 101 9  eV 

cm - 2  and rises steeply w ith CO 2 . The reaction to  form OCN-  may be limited by the 

availability of carbon until this point, after which it becomes an efficient pathway for 

consuming nitrogen. This would explain the increased NH 3  destruction along with 

the appearance of OCN-  only after significant growth in the CO 2  and CH 4  bands 

was seen. Pathways for OCN-  production are discussed in greater detail later in this 

chapter.

The residual gas analyzer was used to  investigate volatile compounds released 

from the irradiated films during warming to  300 K. Figure 10.7 shows the mass spec­

trum  integrated over the warming period for a H2 0 +NH 3 -1-C 3 H6  ice film. Warming 

proceeded from 70 K to  300 K at 1 K per minute. A background spectrum, collected 

prior to  irradiation, was subtracted from the spectrum  taken during warming.

The cluster of peaks around m /z  of 18 is from water and associated ions. At m /z 

=  27 lies a strong peak from HCN. Part of this peak was likely due to  CO and N 2  

but the lack of a strong peak at m /z  =  28 supports the case for HCN.

Unlike the hydrocarbon RGA results, here we saw only a very weak peak at m /z  =  

44 and instead strong peaks a t m /z  =  41 and 39 dominated. These peaks were likely 

due to the OCN-  ion and to  synthesized nitriles such as isocyanomethane (C-N=C) 

and acetonitrile (C-C=N). The peak at 39 is a related ion, HCNC.

At larger m /z, a cluster of peaks around m /z  =  56 was seen. Much of this 

was likely due to  the nitrile of propane (isocyanopropane, C-C-C=N). Hydrocarbons 

without nitrogen, such as propenal may have also contributed to this peak. The
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Figure 10.7: RGA results integrated over the warming period from 70-300 K after 
irradiation of a H 2 O +N H 3 + C 3 H6  ice film.
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Figure 10.8: Same as spectrum  in Figure 10.7, but with detail on the m /z  region of 
50-100.
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infrared signature of this alkene could have been within the band at ~1645 cm-1 ; 

completely ruling out alkenes th a t survived irradiation was complicated by the C =C  

band overlap w ith the N-H vibrations.

For the heaviest ions, those at m /z  =  67, 69, and 84 (Figure 10.8), several complex 

nitriles serve as candidates. For the peak at 84, formamide w ith a cyanomethyl- 

group is consistent w ith both  the RGA and FT IR  data. Similarly, 2-cyanoacetamide 

contains similar bonds (though it hosts an NH 2  group, unlike cyanomethylformamide) 

and yields an m /z  of 84. Loss of an NH, NH2, or NH 3  would then yield the peaks at 

67 and 69.

Bernstein et al. (1995) reported synthesis of hexamethylenetetram ine (HMT, or 

C’eH^N.i) resulting from their GCMS analysis of residues resulting from UV-photolysis 

of H20  +  CH3 OH +  CO +  NH 3  ice. Our infrared results and our RGA da ta  could 

support the conclusion th a t HMT is synthesized in our electron irradiated films, but 

the data  is not conclusive. The HMT standard presented by Bernstein et al. (1995) 

shows peaks at m /z  =  42, 69, 71, 85, 112, and 140. Our da ta  only go up to  m /z  of 

100, but the peaks we observe a t 42, 69, and 84 are consistent w ith HMT. The re­

sults of Bernstein et al. (1995) are from the entire residue eluted through the GCMS, 

whereas our RGA results only detect the volatile fragments escaping the gold sub­

strate during warming. It is possible th a t HMT was synthesized in the residue and 

th a t we detected HMT fragments cracking from the warming film. To date, however, 

the only mass spectral d a ta  we have for the NH 3  films is the volatile fraction from 

the RGA. Future GCMS work with our residues will hopefully clarify the nature of 

these larger products.

10.2 R esidue analysis

The residues remaining on the gold substrate were analyzed with the FT IR  at 300 K 

while still inside the vacuum chamber. The pressure inside the chamber was ~ 1 0 ~ 7  

to rr in all cases. Figure 10.9 shows three spectra of three different residues. The 

uppermost spectrum  is from the irradiated H2 0 + C 3 H6-|-NH3  film and the lower two 

spectra are from irradiated H2 0 + C 3 H8 -|-NH3  films. For the film with propene, an
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Figure 10.9: Infrared spectrum  of the H2 0 +N H 3 + C 3 H8  ice residue after much of the 
water has been lost during warming. This spectrum  is at T «250K  and while much of 
the water is gone, some hydrated features still complicate the spectrum  in the 3300 
cm - 1  and 1500 cm - 1  regions. Nevertheless, strong C-H, C=N , and NH 2  features are 
seen at 2900, 2155, and the 1400-1700 cm - 1  regions.
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averaged spectrum  taken a t 300 K prior to  the beginning of the experiment was used 

for calculating absorbance. This was also true for the lowermost spectrum  involving a 

propane-rich ice. For the center spectrum  an average spectrum taken a t 80 K prior to 

deposition was used for calculating absorbance. This was necessary because spectra 

at 300 K were not captured before cooling of the cryostat. Nevertheless, all three 

spectra show strong bands in many of the same positions.

The broad band centered at 3240 cm - 1  is primarily the O-H stretch but given the 

long-ward shift in wavelength relative to  the hydrocarbon residues, significant N-H 

stretch may be hidden within this region. The three bands at 2959, 2930, and 2874 

cm - 1  are the -CH 3 , -CH2, and -CH 3  vibrational modes as observed in the hydrocar­

bon residues of Chapter 9. The strong and narrow band a t 2155 is due to  the C=N  

stretch (Khare et al., 1994), a likely byproduct of the OCN-  ion reacting w ith hy­

drocarbons and possibly forming an HCN polymer during warming. Bernstein et al. 

(1997) examined nitriles in order to  better understand this band in astrochemical envi­

ronments. Given the position of the band we observed, and the assignments provided 

by those workers, we conclude th a t the  C =N  stretch in our residues is likely due to  n- 

butylisocyanide (CH 2 (CH 2 )3 NC) or a related isonitrile. Though n-butylisocyanide is 

not volatile at standard tem perature and pressure, synthesis of this compound is con­

sistent w ith the m /z  fragments detected during warming with the RGA. Specifically 

the peak a t m /z  =  69 corresponds to  loss of a methyl group from n-butylisocyanide, 

and the peaks at m /z  =  55 and 41 correspond to  the loss of a second and th ird  methyl 

group.

At 1669 cm - 1  is a band th a t Khare et al. (1994) attribu ted  to  C =N  stretching or 

NH 2  bending, but which Bernstein et al. (1995) attribu ted  to  a C = 0  related amide. 

We do not see the 1710 cm - 1  band typical of the carbonyl bond observed in our 

hydrocarbon residues. Given the relatively broad nature of the peak, we a ttribu te  

the 1669 cm - 1  band to  contributions from the C = 0 , C=N, and NH2. This C =N  

bond must have formed during warming as FT IR  evidence for this band was absent. 

The 1595 cm - 1  band is consistent w ith NH 2  scissoring (Khare et al., 1994; Bernstein 

et al., 1995).

Interestingly, Khare et al. (1994) attribu tes the 1493 cm - 1  band, seen w ith a
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F igure  10.10: H P L C  analysis of th e  H 20 + N H 3+ C 3H 8 residue. T h e  double  peaks of 
D- an d  L -alan ine can  be  seen a t  21 a n d  22 m inu tes, respectively. Such a  racem ic 
m ix tu re  is a  good  in d ica tio n  th a t  c o n ta m in a tio n  w as n o t th e  source of th e  a lan ine.

w eak b u t  defin ite  s ig n a tu re  in  ou r sp e c tra , to  th e  benzene ring. W e are  re lu c ta n t to  

conclude th e  presence of a ro m a tic s  given th e  lack of th e  a sso c ia ted  longer w aveleng th  

bands. T h e  reg ion  < 1000  cm - 1  is n o t show n in th ese  sp e c tra  because  no  s tro n g  b a n d s  

w ere seen a n d  th e  signal to  noise of th e  sp e c tra  w as bad .

M ost of th e  rem ain ing  s tro n g  b a n d s  can  be  a t t r ib u te d  to  C-H , C-C , an d  C -0  

re la te d  b a n d s  (e.g. 1453, 1377, 1343, 1177, 1065, cm -1 ). O verlap  w ith  N-H b en d  

a n d  N H 2 rock ing  m ay  occur in  th e  b a n d s  a t  1343 cm " 1 a n d  1177 cm - 1 , respectively. 

Sim ilarly, th e  b ro ad  reg ion  from  900-1150 cm - 1 , an d  con ta in ing  th e  p eak  m ark ed  here 

a t  1117 cm - 1 , m ay  be  due  in  p a r t  to  C-N  s tre tc h  as well as th e  C -0  v ib ra tio n s  seen 

in  th e  h y d ro ca rb o n  residues. B ern ste in  e t al. (1995) n o te  t h a t  th e  ~ 1 2 3 0  cm -1  b a n d  

is e ith e r C-N  s tre tc h  or C - 0  s tre tc h . T aken  to g e th e r, th e  above co m b in a tio n  of b an d s  

leads to  a  n itrile -rich  residue  w ith  possib le H C N -polym ers.

A fter rem oval of th e  H 2O + N H 3+ C 3H 8 residue  from  th e  vacuum  cham ber th e  

sam ple w as ana lyzed  for am ino  acids v ia  h igh -perfo rm ance  liqu id  ch ro m ato g rap h y  

(H P L C ). T h is  w ork w as done in  th e  lab o ra to ry  of D r. A lexandre  T sa p in  a t  th e  J e t  

P ro p u ls io n  L abo ra to ry . T h e  p ro ced u re  for hydro lysis, labeling , a n d  e lu tio n  th ro u g h  

th e  co lum n w as sim ilar to  th a t  of B ern ste in  e t al. (2002). R esu lts  a re  show n in  F igu re

10.10 a n d  allow  for a  te n ta tiv e  iden tifica tion  of racem ic a lan ine  p ro d u c tio n . T h e  peaks
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a t  5 m inu tes  a re  due  to  d e x tro -ro ta ry  (D-) a n d  laevo -ro ta ry  (L-) a sp a r tic  acid . T h e  

peaks a t  15 a n d  18 m in u tes  m ay  b e  serine a n d  glycine respectively.

A t 21 a n d  22 m in u tes  we saw  th e  double  peaks of D- a n d  L -a lan ine  respectively . 

T h e  m atch in g  h e igh ts  m akes a  s tro n g  case for racem ic, non-b io logical p ro d u c tio n . 

If han d lin g  of th e  gold m irro r p o s t- irra d ia tio n  re su lte d  in  c o n tam in a tio n , we w ould 

have seen only  th e  L -a lan ine  since th is  is th e  ch ira l form  em ployed  in  biology. It 

is possib le th a t  c o n ta m in a tio n  of th e  m irro r occu rred  p rio r to  a tta c h in g  it to  th e  

c ry o s ta t a n d  in tro d u c in g  th e  m irro r in to  th e  cham ber. R ad io lysis m ay  have th e n  

c rea ted  a  racem ic m ix tu re  from  biologically  derived  a lan ine. B u t we to o k  c a u tio n  to  

be  su re  th a t  a ll m irro rs  w ere in tro d u ced  in to  th e  cham ber in  a  p ris tin e  s ta te . W ere 

we n o t carefu l a n d  clean  d u rin g  th is  process, re su lts  for all ex p erim en ts  w ould  have 

been  affected. In  th is  p a rtic u la r  case, (i.e. th e  m irro r on w hich th e  residue  in  F igure

10.10 form ed), th e  m irro r h a d  been  in  th e  cham ber for several p rev ious films a n d  

h a d  th u s  experienced  considerab le  exposure  to  irrad ia tio n , vacuum , a n d  cryogenic 

tem p e ra tu re s . In  o th e r  w ords, h a d  c o n ta m in a tio n  occurred  p rio r to  in tro d u c in g  th e  

m irro r, th e  m a te ria l w ould  have likely ‘b u rn e d ’ aw ay d u rin g  irra d ia tio n  a n d  w arm ing, 

or we w ould  have seen th e  p ro d u c ts  in  ou r F T IR  or R G A  d a ta .

D esp ite  confidence in  th e  cleanliness of ou r techn iques, th e  s ingu lar p eak  a t  15 

m inu tes poses som e questions. If th is  peak  w as indeed  serine resu ltin g  from  radio lysis, 

th e n  we shou ld  also have seen a  double  p eak  here, since th is  to o  is a  ch ira l am ino  

acid. W hile  th e  racem ic a lan ine  a n d  a sp a rtic  ac id  m ake a  case for in-situ  rad io ly tic  

p ro d u ctio n , th e  possib le serine peak  calls in to  q u estio n  th a t  conclusion.

Subsequen t experim en ts  have a tte m p te d  to  rep lica te  th ese  resu lts , b u t  to  d a te  we 

have n o t been  convincingly  successful. A t p resen t we are w orking  to  rep ro d u ce  these  

resu lts  a n d  fu rth e r  refine ou r H P L C  p ro toco l so as to  b e tte r  c o n s tra in t th e  possib le 

am ino  ac id  com ponen t of o u r rad io lysis experim en ts. A confirm ation  of am ino  acid  

p ro d u c tio n  u n d e r E uropa-like  cond itions w ould be  im p o r ta n t for advancing  b o th  ou r 

u n d e rs ta n d in g  of p reb io tic  chem istry  in  general, a n d  for u n d e rs ta n d in g  th e  chem ical 

env ironm en t a n d  possib le  orig in  of life on  E u ropa . W hile B e rn s te in  e t al. (2002) 

a n d  o th ers  have show n am ino  acid  p ro d u c tio n  u n d e r sim ilar cond itions, th e  in itia l 

com position  of o u r film s (w ater +  p ro p an e  or p ropene  +  am m on ia) is less com plex;

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 10. RADIOLYSIS OF NH:rRICH ICES 239

th e y  s ta r te d  w ith  m eth an o l a n d  H C N  as well as H 20  a n d  N H 3. O th e r  w orkers, 

specifically P o n n a m p eru m a  e t al. (1963), p ro d u ced  th e  nucleic ac id  base  aden ine  

w ith  pulsed , 4.5 M eV  e lec trons in  a  sim ple m ix tu re  of H 20  +  C H 4 +  N H 3. T h a t  

work, how ever w as in  gas p hase  an d  a t  te m p e ra tu re s  an d  p ressu res specific to  early  

E a r th . T h e  w ork p resen ted  here  is p o ten tia lly  th e  first p ro d u c tio n  of am ino  acids 

using  energetic  e lec trons in  sim ple ice m ix tu res  a t  70-100 K; cond itions  specifically  

re levan t to  th e  surface of E u ropa .

10.3 C onclusion

T h e  m ost in te res tin g  in-situ  fea tu re  of th e  irra d ia te d  H 20 +  h y d ro ca rb o n  +  am m o n ia  

ice films is th e  c y an a te  ion, O C N -  a t  2165 cm - 1 . C onsiderab le  d e b a te  p e rs is te d  in  

th e  lite ra tu re  reg ard in g  th e  n a tu re  of th is  fea tu re , o rig inally  d e n o ted  as th e  ‘X C N ’ 

b a n d  (B ern ste in  e t a l., 1997; S trazzu lla  a n d  P a lum bo , 1998), b u t  th e  w ork of H udson  

e t al. (2001) m ade  a  convincing advance  to w ard  th e  O C N -  assignm ent.

H udson  e t al. (2001) p roposed  an  O C N -  fo rm atio n  pa thw ay  th a t  u tilizes C O  as 

a  p recursor,

N H 3 -»• N H 2 a n d /o r  N H  (10.1)

N H 2 +  C O  -»• H +  H N C O , or (10.2)

N H  +  C O  ->  H N C O  (10.3)

H N C O  +  N H 3 ->  N H /  +  O C N - . (10.4)

W e do n o t observe C O  accu m u la tio n  in  ou r films, no r do we see th e  s tro n g  peak  a t  

2254 cm - 1  th a t  w ould  be  c h a ra c te ris tic  of th e  z/ 2 (C = N  asym . s tre tc h )  of isocyanic 

acid , H N C O  (L ow enthal e t ah , 2002). T h is  is consisten t w ith  th e  above p a th w ay  

in  th a t  C O  a n d  H N C O  are  consum ed. T h e  p ro d u c tio n  of th e  am m on ium  ion  N H / 

shou ld  have been  observed, b u t  it  is difficult to  confirm  w ith  th e  F T IR  sp ec tra . T h e  

N -H  s tre tch es  of N H / a t  3206 a n d  3074 cm - 1  a re  c louded  by th e  w a te r b a n d  a n d  th e  

N -H  sym m etric  b en d in g  a t  1478 cm - 1  is obscu red  by  th e  -C H 2- scissoring a t  1453 

cm - 1 .
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A lternative ly , as d iscussed  by  H udson  e t al. (2001), O C N  is easily  p ro d u ced  u p o n  

irra d ia tio n  of e th y l isocyana te  via,

e~ +  C 2H5N C O  ->  C 2H 5 +  O C N -. (10.5)

T hose  w orkers found  sim ila r re su lts  d u rin g  pho to lysis of fo rm am ide a n d  re la te d  com ­

pounds. In  ou r film, we observed  th e  in itia l w a te r, h y d ro ca rb o n  a n d  am m o n ia  evolving 

to  p ro d u c ts  like fo rm am ide, th u s  m ak in g  th e  above p a th w ay  p lausib le  for th e  observed  

O C N -  fea tu re .

T h e  b ehav io r of th e  b a n d  s tre n g th s  w ith  dose, as show n in  F ig u re  10.6, in d ica tes  

O C N -  em erg ing  only  a fte r  sign ificant p ro d u c tio n  of C 0 2 an d  C H 4. A gain , th is  is 

consisten t w ith  th e  above p a th w ay s because  C 0 2 serves as a  p recu rso r for CO . T he  

form yl rad ical, H C O , as d iscussed  in  C h a p te r  9 m ay  also serve as a  p recu rso r for 

H N C O  in  th e  above pathw ay.

T h e  p ro d u c tio n  of fo rm am ide a n d  n itrile s  is well su p p o rte d  by  th e  com bina tion  

of observed  F T IR  b a n d s  a n d  m ass sp e c tra l d a ta . T hese  com pounds are  of p a rtic u la r  

in te res t for p reb io tic  chem istry . T h e  cap ac ity  for hydro lysis of H C N -olig im ers to  form  

am ino  acids an d  nucleic acid  bases h as  b een  an  a re a  of m uch ex p e rim e n ta tio n  since 

th e  w ork of O ro  (1960). C o n c en tra tio n  an d  s ta b ility  of H C N , however, p roved  to  be  

a  c ritica l lim iting  fac to r w hen  m oving from  th e  con tro lled  la b o ra to ry  se ttin g s  to  th e  

n a tu ra l  env ironm en t. In  d ilu te  aqueous so lu tions hydro lysis of H C N  leads first to  

form am ide a n d  th e n  to  form ic acid. O nly  a t  h igh  co n cen tra tio n s  will H C N  lead  to  

th e  syn thesis of nucleobases a n d  am ino  acids. F orm am ide is also d irec tly  useful for 

syn thesis of p reb io tic  com pounds (O chiai e t a l., 1968; P h ilip p  a n d  Seliger, 1977), an d  

it has th e  ad d ed  benefit of be ing  a  good  solvent in  w hich to  syn thesize  nucleosides, 

p ep tides , an d  even ad en o sin e -trip h o sp h a te  (A T P ) (B enner e t al., 2004). In  w a te r 

th ese  com pounds w ould  hydro lyze to  am m o n ia  a n d  acids, b u t  in  fo rm am ide th e y  are 

stab le .

M iyakaw a e t al. (2002) exp lored  th e  possib ility  of ice a n d  e u tec tic  freezing as a  

m eans for c o n cen tra tin g  H C N  a n d  fo rm am ide to  p rom o te  syn thesis of p reb io tic  com ­

pounds. T h ey  found  th a t  such  processes could  have p rov ided  im p o r ta n t n iches for
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po lym eriza tion . M iller h a d  th e  g rea t foresight to  p repare , a n d  th e n  freeze (a t -20 °C 

a n d  -78 °C ), so lu tions of am m on ium  cyan ide in  1972. T h e  analysis, perfo rm ed  25 

years la te r  (Levy e t al., 2000), revealed  p ro d u c tio n  of aden ine, guan ine, a n d  several 

am ino  acids, includ ing  glycine a n d  alan ine. T hese  resu lts , w hen  com bined  w ith  ou r 

rad io ly tic  syn thesis of fo rm am ide a n d  n itriles  from  w ater, am m onia , a n d  sh o rt-ch a in  

h yd rocarbons, su p p o rt th e  conclusion  th a t  th e  surface an d  ice shell of E u ro p a  m ay  

have p layed  a  significant role in  p rov id ing  th e  sub-surface ocean  w ith  th e  b u ild ing  

blocks for life. R ad io ly tic  p ro d u c ts , p ro d u ced  on th e  surface b u t  th e n  b u rie d  in  th e  

ice shell, m ay  have been  co n c en tra te d  in  seism ic cracks or frac tu re s  w here syn thesis 

of p ep tid es  a n d  o th e r  large m olecules cou ld  have ta k e n  p lace before m ixing  in to  th e  

vast b o d y  of liqu id  w a te r below . I t is in te res tin g  to  n o te  th a t  fo rm am ide as a  solu­

t io n  has a  d en s ity  of 1.13 g cm - 3  a n d  therefo re  m ay  be bu o y an t re la tiv e  to  a  sa lty  

ocean. D epend ing  on  m echan ism s for th e  delivery  of com pounds from  th e  surface, th e  

ice-w ater in terface  on E u ro p a  could  have been , a n d  m ay still be, a  very  in te res tin g  

env ironm en t for p reb io tic  chem istry .
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Chapter 11

Biomarkers o f the europan  
near-surface environm ent

If life ex ists w ith in  th e  E u ro p a ’s sub-surface ocean  an d  is b ro u g h t to  th e  surface 

th ro u g h  cryovolcanism  or o th e r  geological m echanism s, th e n  a  s tru c tu ra l, m olecular, 

a n d /o r  chem ical b iom arker could  p o ten tia lly  be  d e tec tab le  from  a n  o rb itin g  or lan d ed  

spacecraft on E uropa.

H ere we describe  la b o ra to ry  investiga tion  of a  re la tive ly  sim ple ana log  for b iom arker 

investiga tion  on E u ropa . V iable  spores of Bacillus pumilus were in tro d u c ed  in to  th e  

vacuum  cham ber a n d  irra d ia te d  w ith  h igh-energy  e lec trons u n d e r cond itions co m p ara ­

ble to  th e  surface of E u ropa . T h e  resu ltin g  p ro d u c ts  in d ica te  w h a t know n, te r re s tr ia l  

m icrobes m igh t look like were th e y  to  be  exposed  to  th e  e u ro p an  surface. As is 

show n, b o th  in fra red  spectroscop ic  a n d  m ass spectroscop ic  techn iques  p rov ide  useful, 

b u t  ce rta in ly  n o t conclusive d a ta  for life d e tec tio n , especially  w hen  co m p ared  to  th e  

com plex  ab io tic  o rgan ic  chem sitry  observed  in  th e  prev ious experim en ts.

T hese  resu lts  a re  also in te res tin g  in  th e  co n tex t of co n tam in a tio n . W hile  m uch  of 

o u r w ork is m o tiv a ted  by th e  p ro sp ec t of d iscovering signs of ind igenous life on  E u ropa , 

any  fu tu re  spacecraft w ill b e  p lagued  w ith  th e  p o te n tia l for send ing  back  a  false- 

positive. In  o th e r  w ords, th e  spacecraft m ay  d e te c t life from  E a r th  th a t  in ad v e rte n tly  

h itch ed  a  ride  on th e  spacecraft. O u r resu lts  prov ide a  m etric  ag a in s t w hich  to  te s t  

te r re s tr ia l  c o n ta m in a tio n  a t  E u ropa .

242
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Irradiation o f Bacillus pumilus
Absorbance ratioed with predep trom 060124
From bottom up: pre-H20  ice; pre-irrad; 45 mln irrad; 24 h irrad
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F igure  11.1: I rra d ia tio n  sequence of Bacillus pumilus spores in  ice a t  100 K. E lec tro n s 
of 20 keV  a t  500 nA  were used  to  p e n e tra te  th e  sam ple com pletely.

B uild ing  on  th e  resu lts  from  th ese  in itia l experim en ts  we suggest som e a d d itio n a l 

la b o ra to ry  w ork a n d  in s tru m e n ta tio n  possib ilities for b io sig n a tu re  d e te c tio n  b o th  from  

a n  o rb itin g  spacecraft a n d  from  a  lander. W e have c o n s tru c te d  a  new  vacuum  cham ber 

specifically designed  to  b e tte r  add ress  th ese  b io sig n a tu re  questions. T h is  cham ber 

allows us to  irra d ia te  m any  in d ep en d en t ta rg e ts  w ith o u t open ing  a n d  closing th e  

cham ber. T h is  prov ides for m uch b e tte r  ex p erim en ta l contro ls. R esu lts  from  th is  

new  cham ber are  fo rthcom ing .

11.1 Irradiation  o f B a c i l l u s  p u m i l u s  spores

Spores of Bacillus pumilus, a  b a c te ria l species com m only found  in  soils an d  p lan ts , 

w ere selected  for use in  th ese  in itia l ex p erim en ts  because  of th e ir  relevance to  space­

cra ft s te rility  a n d  p la n e ta ry  p ro tec tio n . L a  D ue e t al. (2003) s tu d ied  th e  M ars  Odyssey 

spacecraft a n d  found  Bacillus pumilus to  b e  one of th e  m ost a b u n d a n t v iab le  o rg an ­

ism s on  th e  spacecraft a fte r  c lean ing  th e  spacecraft w ith  H 20 2, exposure  to  in tense  

UV , a n d  b ak in g  of th e  c ra ft to  h igh  te m p e ra tu re s . F rom  th e  s ta n d p o in t of selecting

\
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Figure  11.2: D e ta il of th e  sp e c tra  p resen ted  in  F igu re  11.1, h igh ligh ting  th e  reg ion  of 
s tro n g  C-H  v ib ra tio n a l inodes. I rra d ia tio n  of th e  b a c te ria l spores resu lts  in  d im in ished  
C -H  b a n d  s tre n g th . No sp e c tra l lines in  th is  reg ion  of th e  sp e c tra l sequence could  
be  d istingu ished  as be ing  of bio logical orig in  w hen  com pared  w ith  th e  ab io tic  re su lts  
from  C h a p te rs  9 a n d  1 0 .

an  o rgan ism  th a t  m ay  share  qua litie s  w ith  ind igenous eu ro p an  organ ism s, th e  sa lt- 

loving Halophiles w ould  p e rh a p s  have been  a  m ore su itab le  choice an d  we in te n d  to  

irra d ia te  th o se  m icrobes in  subsequen t stud ies. T h e  fact th a t  Bacillus pumilus can  

to le ra te  H 2O 2 c lean ing  a n d  U V -irrad ia tio n  lead  us to  believe th a t  th is  o rgan ism  m ay  

be  one of th e  b e tte r  c a n d id a te s  for re ta in in g  a  chem ical of m olecu lar b io sig n a tu re  

d e tec tab le  pos t-e lec tro n  irra d ia tio n  w ith  ou r F T IR , R G A , o r M A LD I. O ngoing  w ork 

by  La D ue e t al. (2003) a n d  D ickinson e t al. (2004) also helps prov ide a  s ta n d a rd  

aga in st w hich we can  com pare  ou r resu lts .

F igu re  11.1 show s a  sequence of F T IR  sp e c tra  following th e  m od ifica tion  of Bacil­

lus pumilus spores irra d ia te d  w ith  20 keV  elec trons a t  500 nA . T h e  spores cou ld  n o t 

be  vapor d ep o sited  as w ith  p rev ious experim en ts. In stead , we h a d  to  sw ab a  un ifo rm  

residue  on to  th e  gold m irro r su b s tra te  p rio r to  closing a n d  p u m ping  o u t th e  vacuum
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Irradiation o f  Bacillus pumilus
Absorbance ratioed with Bacillus pum ilus predep 
From bottom up: pre-irrad; 45 min Irrad; 24 h irrad

a
c3
I
8
8c
2
1
<

W avenum ber (cm '1)

F igure  11.3: D estru c tio n  of am ide bon d s d u rin g  irra d ia tio n  is show n by  th e  decrease in  
ab so rp tio n  of b a n d s  in  th e  1200-1700 cm - 1  region. T h e  th re e  sp e c tra  show n here  are  
th e  sam e as th e  u p p e r th re e  sp e c tra  in  F igu re  1 1 .1 , b u t  a  p re -d ep o sitio n a l sp e c tru m  
w ith  th e  b a c te ria l residue  in  p lace w as used  for ca lcu la ting  abso rbance . For th is  
reason , th e  irra d ia te d  sp e c tra  show  loss a n d  d e s tru c tio n  of b an d s , e.g. th e  am ide  I 
an d  II b an d s  a t  1650, 1540, an d  1514 cm - 1 . T h e  u p p e rm o st sp ec tru m , tak e n  a fte r 
24 hours of irra d ia tio n , shows a  large decrease in  all of these  bands.

cham ber. H aving done th is , we th e n  cooled th e  cham ber to  100 K  an d  d ep o sited  a 

th in  film ( ~  2  g/rn) of w a te r ice on  to p  of th e  spore  residue.

T h e  p ro ced u re  of hav ing  to  sw ab th e  spores d irec tly  o n to  th e  m irro r m ade  it im ­

possible for us to  collect reference sp e c tra  p rio r to  deposition . W henever th e  cham ber 

is opened  a n d  th e  gold m irro r rep laced , rea lignm en t m ust be  done w ith  th e  F T IR . 

Slight differences in  a lignm en t lead  to  canceling  e rro rs  w hen using  sp e c tra  from  dif­

feren t ru n s  as backg ro u n d  sp e c tra  for o th e r  runs. W ith  no o th e r  o p tio n  for th is  

experim en t, we used  an  averaged  p re-d ep o sitio n a l sp e c tra  from  an  earlie r experim en t 

to  serve as ou r d e n o m in a to r file w hen  ca lcu la tin g  abso rbance . For th is  reason , th e  

sp e c tra  in  F igures 11.1, 11.2, a n d  11.3 show signs of im perfec t cance lation , e.g. in  th e  

reg ion  < 1 2 0 0  cm - 1  w here spu rious oscilla tions can  be  seen.

N evertheless, four large changes a re  easily  observed. F irs t, th e  s tre n g th  of th e
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F igure  11.4: R G A  m ass sp e c tru m  tak e n  d u rin g  th e  irra d ia tio n  process. N o th in g  of 
un ique  biological signifcance was re leased  from  th e  film. T h e  m a jo r  p eaks co rrespond  
to  hydrogen , w a te r, C O  an d  N 2, 0 2, a n d  C 0 2. A lkanes an d  alcohols m ay  be  p resen t 
a t  m /z  =  32 a n d  44, e.g. C H 3OH  a n d  C 3H 8 .
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C-H  b a n d s  in  th e  reg ion  of 2900 cm - 1  decrease as th e  sam ple is irra d ia te d . F igu re  

11.2 h igh ligh ts  th is  region. T h e  b o tto m , b lack  sp ec tru m  shows th e  in itia l Bacillus 

pumilus film  a n d  th e  b lue  sp e c tru m  show s th e  Bacillus pumilus film  covered w ith  

a  th in  w a te r ice film  (m ade obvious by  th e  b ro ad  peaks a t  ~ 3 3 0 0  cm - 1  a n d  ~ 8 0 0  

cm -1 ). T h e  lower red  sp e c tru m  shows th e  film  a fte r  45 m inu tes  of irra d ia tio n  an d  th e  

u p p e r sp e c tru m  shows a  full d ay  of irra d ia tio n . A fter 24 hours, or a  dose of ~  5 x  1021 

eV  cm 2, th e  C-H  b a n d s  a re  b a re ly  resolvable from  th e  large back g ro u n d  w a te r ban d .

T h e  2340 cm - 1  an d  2140 cm - 1  b a n d s  for C O 2 an d  C O , respectively , increased  

as a  fu n c tio n  of dose. T h is  is n o t su rp rising  given th e  loss of C-H  bonds, b u t  th e  

d is tin c t s ig n a tu re  of C O  is in te res tin g  in  ligh t of th e  absence of th is  b a n d  d u rin g  th e  

H 20  +  h y d ro ca rb o n  a n d  H 20  +  h y d ro ca rb o n  +  N H 3 irra d ia tio n  ex perim en ts. T h e  

im p lica tion  here, b ased  on  th e  chem ical p a thw ays d iscussed  in  C h a p te rs  9 a n d  10, 

is th a t  C O  is n o t be ing  rap id ly  consum ed  d u rin g  syn thesis of a lip h a tic s  a n d  n itriles. 

Indeed , in  th is  experim en t, th e  chem ical s tru c tu re s  of biom olecules likely s a tu ra te  th e  

p ro d u c tio n  of new  a lip h a tic s  a n d  n itriles, lead ing  to  d e s tru c tio n  a n d  n e t accu m u la tio n  

of CO  in  th e  film.

In  th e  1000-1750 cm - 1  reg ion  (F igu re  11.3) d e ta ils  a re  difficult to  resolve, b u t 

a  decrease in  th e  s tre n g th  of th e  b a n d s  a t  ~ 16 5 0  a n d  ~ 1 5 1 4  cm - 1  w as observed. 

T h o u g h  th e  1650 cm - 1  b a n d  overlaps som e of th e  sam e reg ion  a t t r ib u te d  to  th e  iq. 

1645 cm - 1  b a n d  of N H 3 (M oore e t al., 2007) in  ou r am m on ia  experim en ts, th e  sligh tly  

sh o rte r  w aveleng th  observed  here  is consisten t w ith  th e  N-H a n d  ca rbony l v ib ra tio n a l 

m odes in  th e  am ide  I of p ro te in  a -h e lica l s tru c tu re s  (M aquelin  e t al., 2002). T he  

am ide bond , a n d  th e  a sso c ia ted  v ib ra tio n a l ex c ita tio n s, specifically refers to  th e  C-N  

linkage betw een  am ino  acids an d  th e  in te rac tio n  w ith  th e  C = 0  a n d  N-H  on  e ith e r 

side of th a t  bond .

In  th e  F T IR  lite ra tu re  on  m icrobes, th e  1514 cm - 1  b a n d  is som etim es d e n o ted  

th e  ‘ty ro s in e ’ b an d , as it  is a  h a llm ark  of th e  presence of th a t  am ino  ac id  in  p ro te in s  

(N au m an n  e t al., 1996; M aquelin  e t al., 2002). T h e  b a n d  sits  n ex t to , a n d  in  con­

ju n c tio n  w ith , th e  am ide  II b a n d  a t  1520-1550 cm - 1  ch a rac te ris tic  of th e  C -N  s tre tc h  

a n d  C-N -H  b e n d  in  th e  p e p tid e  s tru c tu re s  of p ro te ins. T h e  observed  decrease  in  b a n d  

s tre n g th  in  ou r exp erim en ts  in d ica tes  d e s tru c tio n  a n d  loss of p ro te in s. T h e  resu ltin g
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F igure  11.5: A fter irra d ia tio n , th e  B. pumilus sam ple was w arm ed  a t  a  ra te  of 1 K  p er 
m inu te . T h is  R G A  sp e c tru m  is from  an  ~ 8  m in u te  in te g ra te d  p e rio d  d u rin g  w arm ing  
from  ^ 1 2 0  K to  ~ 1 3 0  K. W hile  peaks a t  m /z  =  55 an d  69 now  becom e d e tec tab le , 
th e  do m in an t peaks are  still th o se  asso c ia ted  w ith  th e  gases lis ted  in  F igu re  11.4. 
T h is  p a tte rn  of peaks can n o t be  easily  d istin g u ish ed  from  th e  ab io tic  R G A  resu lts  of 
C h a p te rs  9 an d  10.
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F igure  11.6: R G A  m ass sp e c tru m  of an  irra d ia te d  ice film con ta in in g  Bacillus pumilus 
spores. H ere we have in te g ra te d  th e  sp e c tru m  over th e  course of th e  en tire  w arm ing  
period  as th e  film  is ra ised  from  100 K to  300 K  a t  1 K  per m inu te . H aving in te g ra te d  
th e  d e tec tio n  for such  a  long p e rio d  a n d  by  in co rp o ra tin g  w arm er tem p e ra tu re s , new  
peaks can  b e  seen. P eaks a t  55 a .m .u . a n d  69 a .m .u . a re  likely h y d ro ca rb o n s  a n d  
n itriles, n o t unlike th o se  seen  in  C h a p te r  10.

n itro g en  m ay  be  sequeste red  as am m o n ia  in  th e  ice film, b u t  g row th  of th e  re levan t 

b an d s  a t  1630 a n d  1110 cm - 1  w as n o t confirm ed.

T h e  R G A  resu lts  co llected  d u rin g  th e  irra d ia tio n  process, as show n in  F ig rue  11.4, 

ind ica te  th a t  m uch of th e  n itro g en  was likely lost as N 2 . T h e  p eaks a t  m /z  =  28 an d  

m /z  =  14 are  s tro n g  in d ica to rs  of th is  conclusion, th o u g h  C O  likely c o n tr ib u te s  in  

p a r t  to  th e  s tre n g th  of th e  m /z  =  28 peak . A lso seen in  th is  sp e c tru m  is loss of C O 2 

O 2 , H 20 ,  a n d  H. N o m ass frac tions larger th a n  m /z  =  44 w ere seen. N o th in g  in  th is  

sp ec tru m  reveals a  s ig n a tu re  un ique  to  th e  presence of biological m a te ria l in  th e  film.

As p e rh a p s  a  m ore in te res tin g  analogy  to  th e  scenario  of d e te c tin g  a  b io sig n a tu re  

w ith  a  m ass sp e c tro m e te r on  b o a rd  an  o rb itin g  spacecraft (e.g. th e  Cassini IN M S), 

in  F igu re  11.5 we show  an  R G A  sp ec tru m  collected  over an  eigh t m in u te  p e rio d  

d u rin g  w arm ing  of th e  irra d ia te d  Bacillus pumilus film  from  ~ 120-130  K. U sing ou r
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Residues from irradiation of Bacillus pumilus spores 
Blue: Pum ilus-rad-b.txt 
Black: Pumilus-thick1.txt
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F igure  11.7: F T IR  sp e c tru m  of B. pumilus residue  a fte r  irra d ia tio n  an d  rem oval from  
th e  vacuum  cham ber. T h e  C-H  b a n d s  show  a  sim ilar m a tc h  to  th e  ab io tic  residues 
b u t  th e  am ide  I, II, a n d  A b a n d s  of p ro te in s  a re  sh ifted  re la tive  to  com p arab le  b an d s  
in  ab io tic  residues. Such b a n d s  m ay  serve as spectroscop ic  b io sig n a tu res  on  th e  
irra d ia te d  surface of E u ropa . A lso seen w as a  n itr ile  s ig n a tu re  a t  2181 cm - 1 . T h is  
b a n d  h as  no well ch a rac te rized  sp e c tra l m a tc h  in  th e  m icrob ia l F T IR  lite ra tu re , a n d  
th u s  needs fu rth e r  study.
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vacuum  cham ber env ironm en t, th is  is a b o u t as close as we can  get to  a p p ro x im atin g  

th e  scenario  of a n  in s tru m e n t like th e  IN M S flying th ro u g h  a  p lum e, such  as th a t  

observed  on  E nce ladus (S pencer e t al., 2006b; W aite  e t al., 2006).

In  a d d itio n  to  th e  peaks of F igu re  11.4, peaks a t  m /z  =  55 a n d  69 were observed. 

C om pared  w ith  th e  R G A  resu lts  for th e  p ro d u c ts  o f H 2O +  C sH 6 +  N H 3 ir ra d ia tio n  

(F igure  10.7), it  is c lear th a t  th ese  peaks a re  n o t un ique  to  biological m a te ria l. In  th a t  

analysis th e  sam e peaks w ere a t t r ib u te d  to  h y d ro ca rb o n s  a n d  n itriles. T h ese  com ­

p o u n d s w ere also  likely p roduced , a n d  subsequen tly  released, in  th e  case of irra d ia te d  

Bacillus pumilus.

P o te n tia lly  significant, however, is th e  iso la ted  s tre n g th  of b o th  th e  m /z  =  55 an d  

69 peaks. U nlike th e  ab io tic  exp erim en ts  w ith  w a te r, hyd ro carb o n s, a n d  am m onia , 

here  we see tw o very  d is tin c t peaks w ith  neighboring  peaks th a t  a re  re la tive ly  w eak 

by  com parison . R esu lts  for th e  ab io tic  ex p erim en ts  show ed sm all, b u t  sign ificant 

c lu ste rs  a ro u n d  th ese  peaks. T h e  observed  m /z  p a t te rn  is n o t un iquely  c h a rac te ris tic  

of biom olecules, b u t  th e  d is tin c t p eaks are  in te restin g . Som e w orkers have a rg u ed  th a t  

th e  p a tte rn  of d is tin c t p eaks versus b ro ad  d is tr ib u tio n s  will serve as a  m ass sp e c tra l 

b io signa tu re , d istingu ish ing  biological processes (d is tin c t peaks) from  ab io tic  process 

(b road  d istr ib u tio n s)  (M cK ay, 2004). C e rta in ly  th is  m ay be  a  useful piece of th e  life- 

d e tec tio n  puzzle, b u t  o u r resu lts  in d ica te  th a t  w hen rad io ly tic  processes are  involved, 

a  g rea t deal of ca u tio n  is w arran ted . T h is  issue is add ressed  in  g rea te r  d e ta il la te r  in  

th is  ch ap te r.

W ith  th e  w arm ing  process com plete , a n d  th e  ice layer a n d  w a te r rem oved th ro u g h  

sub lim ation , th e  cham ber was th e n  opened  a n d  th e  m irro r con ta in in g  th e  Bacillus 

pumilus spores rem oved. L a b o ra to ry  F T IR  a n d  M A LD I, a t  s ta n d a rd  te m p e ra tu re  

a n d  p ressu re , w ere th e n  used  to  fu rth e r  analyze  th e  residue rem ain ing  on  th e  gold 

m irror.

T h e  m o st s tr ik in g  re su lt of th e  F T IR  analysis w as th e  s im ila rity  of th e  Bacillus 

pumilus residue sp e c tra  to  th o se  of th e  residues form ed by  irra d ia tin g  w ater, h yd ro ­

carbons, a n d  am m o n ia  . T h e  form  a n d  p a t te rn  of re la tive  peak  heigh ts  was largely  

th e  sam e. F igu re  11.7 shows tw o sp e c tra  from  tw o different reg ions of th e  irra d ia te d  

p o rtio n  of th e  Bacillus pumilus m irro r. M any of th e  sp ec tra l fea tu re s  can  b e  m a tc h ed
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Residues from irradiation of Bacillus pumilus spores
Blue: Pum ilus-rad-b.txt 
Black: Pumilus-thickl .txt
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F igure  11.8: F T IR  sp e c tru m  (800-1800 cnT"1) of B. pumilus residue  a fte r  ir ra d ia tio n  
a n d  rem oval from  th e  vacuum  cham ber. T h e  am ide  an d  p h o sp h o d ieste r b o n d s  in  th is  
sp ec tru m  m ay  serve as a  useful, p o s t- irra d ia tio n , sp ec tra l b io sig n a tu re  (see te x t) .
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to  sim ilar lines seen in  th e  residues from  th e  ab io tic  irra d ia tio n  ex p e rim en ts  (e.g. 

F igure  10.9).

T h e  C-H  b a n d s  a t  2963, 2932, a n d  2876 cm - 1  m a tc h  a lm ost perfectly , b o th  in  

p o sitio n  a n d  re la tiv e  p eak  he igh ts , to  th o se  in  th e  N H 3 ice residue. T h e  b ro a d  p eak  

a t  3294 cm - 1  in  th e  b a c te ria l residue, however, was sh ifted  to  a  sh o rte r  w aveleng th  

th a n  th e  N H 3 residue. In  b o th  cases, th e  p eak  is largely  due  to  O-H, as was seen in  

th e  h y d ro ca rb o n  residues. T h e  h y d ro ca rb o n  residues, however, a ll show ed th is  peak  

a t  ~ 3400  cm - 1 . T h e  3240 cm - 1  p eak  in  th e  N H 3 residue is sh ifted  as a  re su lt of N-H  

s tre tc h  in  th e  n itrile s  of th e  residue. For th e  Bacillus pumilus residue, th is  p eak  was 

a t  3294 cm - 1  an d  w as largely  due  to  th e  am ide  A  s tre tch in g  m ode of N -H  in  p ro te in s  

(N au m an n  e t al., 1996; M aquelin  e t al., 2002).

T h e  am ide  b a n d s  seen  to  decrease  d u rin g  irra d ia tio n  were easily seen  w ith  th e  p o s t­

irra d ia tio n  F T IR  (F igu re  11.8). T h e  am ide  I b a n d  of o -lie lical s tru c tu re s  in  p ro te in s, 

resu ltin g  from  th e  ca rbony l b o n d  in  th e  r ig h t-h a n d e d  sp ira l of th e  helical s tru c tu re , 

was seen a t  1655 cm - 1 . T h e  com parab le  b a n d  in  th e  ab io tic  residue  was seen a t  1669 

cm - 1 . T h e  sh ift seen in  th e  ab io tic  residue  w as likely th e  resu lt of th e  v a rie ty  of b o n d s  

to  w hich th e  carbony ls  in  th a t  residue  w ere a tta ch e d . As an  exam ple, th e  carb o n y l 

b a n d  of fo rm aldehyde, a n d  as seen in  th e  h y d ro carb o n  residues, w as p o s itio n ed  a t  

1710 cm - 1 . T h e  N H 3 residue  likely consists of carbonyls w ith  a  g rea te r  d iversity  of 

secondary  bon d s, th e re b y  sh ifting  th e  p eak  to w a rd  th e  C - C = 0  carb o n y l a t  1710 c m '1, 

as  opposed  to  th a t  of th e  am ide  b o n d  (N -C = 0 )  a t  1655 cm - 1 . A lso c o n tr ib u tin g  to  

th is  difference w as th e  am ide  I b a n d  of th e  /3-pleated sheet s tru c tu re s  in  p ro te ins. 

T h is  b an d , a t  1637 cm - 1  (N au m an n  e t al., 1996), is also due  to  th e  ca rb o n y l s tre tc h  

in te rac tin g  w ith  th e  am ide  N-H, b u t  in  th is  case th e  s tra n d s  of linked  am ino  acids 

form  a  sheet by  hydrogen  bo n d in g  w ith  ne ighboring  s tran d s . T h e  change in  m olecu lar 

geom etry  sh ifts  th e  am ide  I in  /1-sheets to  th e  longer w avelength. T h is  b a n d  w as seen 

on  th e  shou lder of th e  a -h e lix  am ide  I ban d .

T h e  am ide  II b a n d , a t t r ib u te d  to  N -H  b en d in g  coupled  to  th e  C-N  s tre tc h  (H ayashi 

an d  M ukam el, 2007), was seen 1537 cm - 1  in  th e  Bacillus pumilus residue. I ts  dop- 

pelganger in  th e  ab io tic  residue  was seen a t  1595 cm - 1  an d  was largely  due  to  N H 2 

scissoring, th o u g h  a  co n tr ib u tio n  from  u n c o o rd in a te d  am ide b o n d s  (e.g. from  a lan ine
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if  it  was indeed  syn thesized) is possible.

As w ith  th e  C-H  b a n d s  a t  ~ 2900 , th e  tw o peaks a t  1447 cm - 1  an d  1387 cm - 1  in  

th e  b a c te ria l residue  m a tc h  q u ite  closely to  th o se  seen a t  1453 cm - 1  a n d  1377 cm -1  

in  b o th  th e  N H 3 residue  an d  th e  h y d ro ca rb o n  residues. N o sh ift in  b a n d  positions 

w as seen across th ese  sp ec tra .

M oving to  even longer w avelengths, a  p a ir  of s tro n g  b ro a d  b a n d s  were seen th a t  

have no  d irec t p a irin g  w ith  th e  b an d s  in  th e  N H 3 residue. C en tered  a t  1240 cm - 1  in  

th e  b a c te ria l residue is a  b a n d  co rrespond ing  to  th e  asy m m etric  s tre tc h  of th e  P = 0  

b o n d  in  a  phosp h o d ieste r, > P C >2 , linkage (M aquelin  e t al., 2002). T h e  p h o sp h o d ie s te r  

b o n d  is responsib le  for connecting  th e  nucleo tides o f R N A  a n d  D N A . T h e  d ieste rs  

of A T P  occur a t  sligh tly  sh o rte r  w avelengths, ~ 1 2 6 0  cm - 1 , com p ared  to  w h a t we 

observed  (L iu e t al., 2005).

T he  second b ro ad  b an d , cen te red  a t  1078 cm ” 1, also  co rresponds to  th e  p h o sp h o ­

d ieste r bo n d , b u t  in  th is  case th e  b a n d  resu lts  from  th e  sy m m etric  s tre tc h  of P = 0  

(C hoo-S m ith  e t al., 2001; M aquelin  e t al., 2002).

N ot surprising ly , sp e c tra  from  o u r ab io tic  residues failed to  show  th ese  bands. 

P e rh ap s  if ou r in itia l m ix tu re s  h a d  inc luded  p h o sp h a te  we w ould have syn thesized  

th e  phosphod iester. T h is  is an  experim en t for fu tu re  work. T h e  b a n d s  observed  in  

th e  am m o n ia  residue  show  som e overlap  w ith  th e  p h o sp h o d ie s te r  bands, b u t th ey  

c o n s titu te  an  a rray  of w eaker, se p a ra te  b a n d s  resu ltin g  from  C -O , C-C , a n d  N H 2. 

I t  is easy  to  d istin g u ish  th e  strong , b ro ad  p h o sp h o d ieste r b a n d s  from  th ese  sm aller 

peaks.

Lastly, we m ove to  th e  2100-2200 cm ” 1 reg ion  to  address a  C = N  b an d . In  one of 

th e  irra d ia te d  Bacillus pumilus residue  sp e c tra  a  s tro n g  p eak  w as observed  a t  2181 

cm ” 1 (F igu re  11.7). T h is  peak  was sh ifted  sign ifican tly  from  th e  2155 cm ” 1 ison itrile  

peak  observed  in  th e  N H 3 residue. A dditionally , th is  b a n d  is n o t addressed , n o r is 

it  seen, in  th e  l ite ra tu re  we have exam ined  for F T IR  analysis of m icrobes (see, for 

in stance , N au m an n  e t al. (1996) a n d  o th e r  ch a p te rs  w ith in  th e  sam e volum e). T h e  

2181 cm ” 1 b a n d  w as n o t seen in  ou r in-situ  sp ec tra , F igu re  11.1, b u t  aga in  it  is 

im p o r ta n t to  m en tio n  th e  lim ita tio n  of o u r la b o ra to ry  se t-u p  for co llecting  good  in- 

situ  b ackg round  sp ec tra . I t  is also possib le th a t  th e  C O  observed  in  th o se  sp e c tra
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reac ted  w ith  n itro g en -co n ta in in g  com pounds in  th e  film  to  form  n itrile s  w ith  th e  2181 

cm -1  b an d .

T h e  w ork of B e rn s te in  e t al. (1997) lis ts  3 -am in o cro to n o n itrile  [(C H 3)(N H 2)C C H C N ] 

as hav ing  a  C = N  s tre tc h in g  fea tu re  a t  2192 cm - 1  w ith  a  fu ll-w id th , ha lf-m ax im um  of 

28 cm - 1 . A lso iden tified  was a  b a n d  a t  2172 cm - 1  (F W H M  of 19 cm -1 ) co rrespond ­

ing to  th e  C = N  of m eth y liso cy an o ace ta te  [CH3 0 C ( = 0 )C H 2NC]. T h e  p o s itio n  a n d  

shape of th e  b a n d  we observed  in  th e  Bacillus pumilus residue  fits th e  w ider, 2192 

cm - 1  b a n d  b e tte r , b u t  given th e  offset it is likely th a t  th e  n itr ile  we syn thesized  is 

a  sim ilar b u t  d is tin c t com p o u n d  from  th e  ones exam ined  by  B ern s te in  e t al. (1997). 

M oore e t al. (1983) observed  a  fea tu re  a t  2180 cm - 1  a fte r ir ra d ia tin g  various m ix tu res  

of H 20  +  N 2 +  C O  or C 0 2 w ith  p ro tons. T h e  fea tu re  w as left un iden tified  in  th a t  

work. P a lu m b o  e t al. (2000) also re p o rt th is  fea tu re  resu ltin g  from  ion irra d ia tio n  

of N 2 +  C O  m ix tu res . T hese  w orkers a t t r ib u te  th e  b a n d  to  a  -C = N  b u t  p rov ide  no 

a d d itio n a l de ta il.

I t  is im p o r ta n t to  n o te  th a t  C ru ik sh an k  e t al. (1991) re p o rte d  on  a  2.2 p,m (~ 4500  

cm -1 ) C = N  b a n d  seen in  o u te r  so lar sy stem  o b jec ts , b u t  we have n o t ye t observed  

th a t  fea tu re  in  o u r la b o ra to ry  sp e c tra  a n d  th u s  we can n o t y e t connect it  to  th e  C = N  

we see a t  2155 cm - 1  a n d  2181 cm - 1 . T h e  C = N  fea tu re  on  G anym ede a n d  C allisto , 

as re p o r te d  by  M cC ord  e t al. (1997), occu red  a t  4.57 fim  (~ 2 1 8 8  cm""1). T h is  is 

in trigu ing ly  close to  th e  fea tu re  we observe in  th e  Bacillus pumilus residue.

In  sum m ary , it  seem s th a t  th e  b a n d  positions asso c ia ted  w ith  C-H  in Bacillus 

pumilus spores can n o t, a fte r  irra d ia tio n  w ith  energetic  e lectrons, be  easily  d ifferen ti­

a te d  from  com p arab le  b a n d s  seen in  ab io tic  residues. T h e  prevalence of p ro te in s  in  

te rre s tr ia l  o rgan ism s, however, m ay  prov ide a n  in te res tin g  clue to w ard  th e  biogenic 

n a tu re  of th e  in itia l m ate ria l. T h e  h igh ly -o rdered  a rran g em en t of am ide  b o n d s  in  

a -h e lica l s tru c tu re s  an d  /3-pleated  sheets  w as found  to  provide a  sy stem atic , a n d  p o ­

te n tia lly  d e tec tab le , sh ift in  N-H  a n d  C = 0  fea tu res  w hen com pared  to  sim ilar b an d s  

in  residues of an  ab io tic  origin. To es tab lish  th ese  lines as v iab le  sp e c tra l b iom arkers 

we will need  to  ru n  th ese  experim en ts  to  s te a d y -s ta te  to  see if th e  am ide  b o n d s  survive 

larger doses. M ore com plex in itia l com positions for th e  ab io tic  film s a re  also requ ired .
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F igure  11.9: M A L D I sp e c tru m  of B. pumilus residue  tak en  from  th e  n o n -irra d ia te d  
a n n u la r reg ion  su rro u n d in g  th e  sp o t irra d ia te d  w ith  20 keV  electrons. T h is  p o r tio n  
of th e  film  likely still experienced  som e rad io ly tic  processing, e ith e r d irec tly  o r w ith  
secondary  p ro d u c ts  in  th e  film (e.g. O H  a n d  H 2O 2). I t  is n o t a  perfec t con tro l. No 
obvious p ro d u c ts  w ere seen a t  m /z  >  1000, b u t a  series of peaks a t  m /z  <  500 allows 
for useful com parison  to  th e  irra d ia te d  sam ple.

In  p a rticu la r, p hospho rous shou ld  be  ad d e d  to  th e  m ix tu re  in  o rd er to  te s t  th e  u n ique­

ness of th e  p h o sp h o d ieste rs  bon d s to  biology. F inally , th e  rad io ly tic  p ro d u c tio n  of a  

n itrile  was observed  a n d  w as n o t found  to  m a tc h  in fra red  b a n d s  com m only  iden tified  

in  th e  F T IR  lite ra tu re  on  m icrobes. Such a  b a n d  could  serve as a  useful sp e c tra l 

signpost for rad io ly tica lly  p rocessed  biological m ate ria l. M ore w ork m u st b e  done in  

o rder to  b e t te r  u n d e rs ta n d  th is  syn thesis pa thw ay  a n d  to  u n d e rs ta n d  th e  rad io ly tic  

s ta b ility  of various n itriles.

M atrix -a ssis ted  laser d e so rp tio n /io n iz a tio n  (M A LD I) w as used  to  in v estig a te  th e  

large, re frac to ry  com pounds w ith in  th e  residue. T h e  techn ique  used  w as th e  sam e as 

described  in  C h a p te r  9. T h e  gold m irro rs  from  th e  vacuum  cham ber w ere d irec tly  

in tro d u ced  in to  th e  M A LD I in s tru m e n t a n d  analysis of th e  residue  w as done w ith o u t 

a  m a trix .

W hile  th e  irra d ia tio n  cham ber se t-u p  d id  n o t allow  for th e  p rocessing  of m ultip le  

sam ples a t  one tim e, th e re b y  lim iting  th e  ex p e rim en ta l con tro ls we could  perfo rm , we 

w ere ab le  to  perfo rm  con tro ls  by  ana lyz ing  different p o rtio n s  of th e  sam e residue  w ith  

th e  M A LD I in s tru m e n t. T h e  in itia l, p re - irra d ia tio n  Bacillus pumilus film  covered
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F igure  11.10: M A L D I sp e c tru m  of B. pumilus residue a fte r ir ra d ia tio n  a n d  rem oval 
from  th e  vacuum  cham ber. No p ro d u c ts  w ere seen beyond  m /z  >  1000. W h en  com ­
p ared  to  th e  sp ec tru m  in  F igu re  11.9, however, we observe a  d is tr ib u tio n  of peaks 
below  m /z  <  500 th a t  a p p e a rs  ‘sm eared ’ by  rad io ly tic  processing. T h e  p eak  d is tr i­
b u tio n  becam e m ore G au ssian  in  form  a n d  several of th e  strong , d is tin c t p eaks in  
F igure  11.9 were destroyed  o r g rea tly  reduced  in  size.

th e  en tire  a re a  of th e  gold m irro r exposed  by th e  c ry o s ta t fix tu re . T h e  e lec tron  

beam , however, was a d ju s te d  to  only  ta rg e t  th e  cen tra l ~ 1  cm  circle of th is  region. 

U pon  rem oval of th e  m irro r from  th e  cham ber, an  u n - ir ra d ia te d  ring  could  be  seen 

a ro u n d  th e  ce n tra l e lec tron  b eam  sp o t. T h e  M A LD I in stru m e n t allows h igh  sp a tia l 

reso lu tion  sam pling  of th e  ta rg e t  w ith  th e  laser. U sing th is  to  o u r advan tage , we 

w ere ab le  to  analyze  b o th  irra d ia te d  a n d  n o n -irra d ia te d  p o rtio n s  of th e  sam e Bacillus 

pumilus residue. T h is  p rocedu re  w as by  no  m eans perfect, ce rta in ly  th e  n o n -irra d ia te d  

region likely experienced  som e irra d ia tio n  a n d  was also su b jec t to  o x idan ts  a n d  o th e r  

com pounds syn thesized  in  th e  film  d u rin g  irra d ia tio n  of th e  cen tra l p o r tio n  of th e  

film. N evertheless, th e  tw o reg ions allow ed for useful com parison .

F igures 11.9 a n d  11.10 show  M A LD I sp e c tra  from  m /z  of 0 to  2500 for th e  non- 

irra d ia te d  region a n d  th e  irra d ia te d  reg ion  respectively. In  b o th  sp e c tra  no  peaks 

w ere seen beyond  m /z  of 1000. T h is  w as likely a  lim ita tio n  of o u r techn ique, a n d  

specifically  a  lim ita tio n  of w orking w ith o u t a  m a tr ix . P rev ious w ork w ith  Bacillus 

pumilus (D ickinson e t al., 2004), a n d  w ith  b a c te r ia  in  general (Lay, 2001), h as  show n 

ch a rac te ris tic  peaks well o u t to  m /z  ~  35,000. N evertheless, th o se  w orkers also  c ite
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F igure  11.11: M A LD I sp e c tru m  of B. pumilus residue  a fte r  rem oval from  th e  vacuum  
cham ber. T h is  sp e c tru m  is from  a n  a re a  of no  irrad ia tio n . Show n here  is a  d e ta il of 
th e  m /z  =  40-140 reg ion  from  th e  sp e c tru m  show n in F igure  11.9.

im p o rta n t p eaks in  th e  m /z  ran g e  of 700-2500, a n d  ye t we observed  n o th in g  in  th is  

region. R ectify ing  th e  differences in  techn ique  betw een  ou r w ork a n d  th a t  of D ickinson 

e t al. (2004) is an  im p o r ta n t com ponen t of th e  n ex t s tage  of ou r w ork on  th is  top ic .

D esp ite  th e  lack of h igh  m /z  peaks in  o u r sp ec tra , several in te res tin g  observations 

w ere m ade  a t  m /z  <  300. Show n in  F igu re  11.11 is a  sp ec tru m  of th e  n o n -irra d ia te d  

sam ple w ith  a  d e ta il of th e  large  peaks observed  in  th e  sp e c tru m  from  F igu re  11.9. 

T w o c lu ste rs  of p eaks w ere observed  in  th e  range  of 90 <  m /z  <  100 a n d  107 <  

m /z  <  115. T hese  m ay  well b e  fragm en ts of larger p ro te in s  o r c a rb o h y d ra te s  b u t  it 

w as n o t possib le to  iden tify  th e  orig in  of these  peaks w ith o u t larger m /z  resu lts . A 

com parison  w ith  a  sim ilar range  in  th e  sp ec tru m  of th e  irra d ia te d  Bacillus pumilus 

revealed  several in te res tin g  fea tu res. T h e  peaks observed  in  th e  n o n -irra d ia te d  sam ple 

w ere n o t observed  in  th e  irra d ia te d  sam ple. In stead , as show n in  F igu re  11.12, we 

observed  a  few sm aller p eaks a t  m /z  of 104.4, 105.4, 123.5, a n d  131.6. B eyond these  

peaks th e  d a ta  show ed sy s tem atic  c lu ste rs  a t  in tervals  of A m /z  ~  12-14, consis ten t 

w ith  loss of a  m e th y l g roup , as observed  in  th e  M A LD I analysis of th e  h y d ro ca rb o n  

residues. In  o th e r  w ords, th e  M A LD I re su lts  for th e  irra d ia te d  Bacillus pumilus 

looked q u ite  sim ilar to  th e  m any  of th e  resu lts  from  th e  h y d ro ca rb o n  residues.

T h e  M A LD I d a ta  p resen ted  here  w ere largely  a  techno log ical a n d  in s tru m e n ta tio n  

te s t, i.e. th a t  we could  perfo rm  th is  k ind  of analysis on ou r sam ples. M uch w ork
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F igure  11.12: M A LD I sp ec tru m  of B. pumilus residue  a fte r  ir ra d ia tio n  a n d  rem oval 
from  th e  vacuum  cham ber. T h is  is a  d e ta il of th e  m /z  =  60-200 reg ion  from  th e  
sp ec tru m  show  in  F igu re  11.10.

rem ains to  b e  done in  o rder to  im prove th e  efficacy ou r d a ta  a n d  th e  degree to  w hich 

we can  com pare  th a t  d a ta  w ith  resu lts  from  o th e r  experim en ts. W ith  th o se  caveats, 

however, we were in trig u ed  w ith  th e  resu lts  from  th e  d a ta  we w ere ab le  to  collect. 

R adio lysis of th e  b a c te ria l spores resu lts  in  th e  p ro d u c tio n  of m any  new  fragm en ts 

a n d  sm aller com pounds th a t  a p p e a r  to  a t  least p a rtia lly  h ide  a  M A L D I b io signa tu re . 

T h e  irra d ia te d  spores y ield  a  sp e c tru m  th a t  is h a rd  to  d istin g u ish  from  th e  ab io tica lly  

p ro d u ced  residues of C h a p te r  9. As a  techn ique  for life d e tec tio n , such  m ass sp e c tra l 

analysis w ould  be  am biguous. O u r hope is th a t  by  ex tend ing  th is  analysis to  m uch 

larger m /z  we m ay  observe sp e c tra l fea tu res  th a t  could  a id  in  d istin g u ish in g  a  biogenic 

s ig n a tu re  from  an  ab io tic  s igna tu re .

11.2 Im plications for th e  search for life on  Europa

D oes th e  surface of E u ro p a  h a rb o r  a  b io sig n a tu re  of sub-surface life? T h is  is a  c ritica l 

question  for o u r n e a r-fu tu re  ex p lo ra tio n  of E u ro p a , w hich will largely  be  lim ited  to  

observations of th e  surface or near-su rface  ice. W hile  answ ering  th is  q u estio n  cou ld  be 

g rea tly  fac ilita ted  by  presence of a  spacecraft lander, rem ote  sensing  w ith  an  o rb ite r  

could  reveal im p o r ta n t lines of evidence, allow ing us to  b u ild  a  very  com pelling  case
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for life. A t one ex trem e  is d irec t o bserva tion  of m orphological fossils w ith  h igh- 

reso lu tion  im agery. A t th e  o th e r  ex trem e  is d e te c tio n  of com plex  o rgan ic  chem istry , 

a  tan ta liz in g  find b u t  fa r from  a  convincing d e te c tio n  of life.

T h e  p ro sp ec t of a  h a b itab le , o r in h ab ited , E u ro p a  undersco res th e  need  to  u n ­

d e rs ta n d  ab iological organ ic  chem istry  d riven  by  rad io ly tic  processes. T h e  w ork p re ­

sen ted  in  th is  th es is  h as  exp lored  th is  re la tio n sh ip  in  considerab le  d e p th . A b io tic  

organic  ch em istry  d riven  by  rad io lysis can  p roduce  p a tte rn s  in  m ass spectroscopy  

d a ta  th a t  cou ld  p o ten tia lly  be m is in te rp re te d  as b iosigna tu res. In fra red  spectroscopy  

p rov ided  som e im p o r ta n t clues a b o u t w h a t m igh t c o n s titu te  a  sp e c tra l b io signa tu re . 

T h e  h igh ly  o rder n a tu re  of p ro te in s  a n d  nucleic acids y ields s tro n g  in fra red  b an d s  

significantly  offset from  com parab le  v ib ra tio n s  in  ab io tic  m ix tu res . T h e  am ide  b an d s  

in  p ro te in s  a n d  p h o sp h o d ie s te r  b a n d s  in  nucleic acids cou ld  be im p o r ta n t clues on 

E u ropa , if life on  E u ro p a  were to  u tilize  a  b iochem istry  sim ilar to  th a t  of te r re s tr ia l  

o rgan ism s

T rack ing  th e  sp a tia l d is tr ib u tio n  of h y d ro carb o n , am ide, a n d  p h o sp h o d ie s te r  b a n d s  

across frac tu re s  a n d  lineam en ts  on  E u ro p a  could  allow  for d iffe ren tia ting  betw een  en­

dogenous o rgan ic  chem istry  in  th e  subsu rface  a n d  organic  chem istry  d riven  by surface 

rad io lysis. T h e  asym m etries  of th e  various processes on E u ro p a  (F igu re  8.1) m ay  be  

a  useful a id  for deconvolving b io signa tu res  on E u ro p a  from  ab io tic  chem istry .

I t is im p o r ta n t  t h a t  th e  youngest te rra in s  b e  ta rg e te d  as th ese  a reas  will co n ta in  

th e  g rea te s t a m o u n t of sp e c tra l in fo rm atio n  a b o u t th e  sub-surface m ate ria l. R ad io l­

ysis ac ts  on geologically sh o rt tim escales a n d  erases m any  of th e  m ore su b tle  sp e c tra l 

fea tu res. Y oung te rra in s  on  th e  lead ing  hem isphere  of E u ro p a  a re  likely th e  b e s t a reas 

to  m inim ize th e  ra d ia tio n  exposure , how ever th e  lead ing  hem isphere  will also be  th e  

reg ion  of m ax im um  exogenous o rgan ic  delivery. T h e  presence o r absence of a ro m a tic  

m a te ria l on  th e  surface of icy sa te llite s  m ay  help  d istingu ish  betw een  exogenous ca r­

b o n  (e.g. m icrom eteo rites) a n d  rad io ly tica lly  p rocessed  m ate ria l. Biology, of course, 

com plica tes m a tte rs . F u tu re  la b o ra to ry  w ork by  th e  a u th o r  will a im  a t  exp loring  th e  

sp e c tra l s ig n a tu re s  of bio logical a ro m a tic s  a n d  p o lyarom atic  h y d ro ca rb o n s  (PA H s).

T h e  com bined  com positiona l a n d  surface age m app ing  as d escribed  above could
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yield  a  strong , com pelling  - th o u g h  unlikely  conclusive - case for a n  in h a b ite d  su b ­

surface ocean. To be  convinced  of life, we will a lm ost ce rta in ly  have to  see i t  in  its  

full form . Im agery  in  th e  visible, b e  it of m acroscopic  fossils or m icroscopic m icrobes 

will be  c ritica l. T h e  m any  b iom arkers used  to  tra c e  th e  h is to ry  of life here  on  E a r th  

can  ce rta in ly  help  guide us, b u t  th o se  b iom arkers w ork for E a r th  because  we know  

life ex ists here  on  E a r th . F ound  elsew here in  th e  so lar system , such  b iom arkers w ould  

be  rem arkab le  indeed , b u t  th e ir  b iogen icity  w ould be  heavily  d e b a te d  u n til we found  

th e  syn thesiz ing  cu lp rit.

C ritica l to  o u r cap ab ility  to  search  for life beyond  E a r th  is th e  developm en t of a  

b e tte r  u n d e rs ta n d in g  of how  to  d e te c t th e  life we know  exists here  on E a r th . R em ote  

sensing techn iques  are  largely  lim ited  to  th e  sp e c tra l s ig n a tu res  o f pho to sy n th esis , i.e. 

th e  sp ec tra l lines of ch lorophyll A  an d  B. Such lines could  be  useful for M ars, b u t  on 

E u ro p a  ph o to sy n th esis  is likely lim ited  by  th e  th ickness of th e  ice shell.

O th e r  p igm en ts a n d  com pounds of life here  on E a r th  shou ld  b e  exp lored  in  th e  

c on tex t of th e ir  cap ac ity  to  b e  d e te c te d  by o rb itin g  spacecraft. In  p a rticu la r, do 

th e  su lfu r-based  system s of h y d ro th e rm a l ven t ecosystem  have un ique  p igm en ts  or 

b iom olecules th a t  cou ld  b e  d e te c te d  from  space? P e rh ap s  hem oglob in  w ould  be  an  

in te res tin g  m olecule to  s tudy , given its  im p o rtan ce  for redox chem istry  in  com plex 

te r re s tr ia l  o rgan ism ? Such sp e c tra l s igna tu res , an d  n o n -p h o to sy n th e tica lly  b iased  

ecosystem s, cou ld  serve as th e  b e s t analog  for w h a t we m igh t u tilize  as a  b io sig n a tu re  

w hen  we search  for life from  o rb it a ro u n d  E uropa.

Finally , it is im p o r ta n t to  n o te  th a t  th e  d e tec tio n  of life from  o rb it, by  a  ro b o tic  

spacecraft designed  for th e  Jo v ian  system , is n o t u np receden ted . S agan  et al. (1993) 

tu rn e d  th e  in s tru m e n ts  of th e  Galileo spacecraft back  on  E a r th  d u rin g  th e  1990 g rav ity  

assis t fly-by a n d  d e te c te d  several signs of life, includ ing  a n  a tm o sp h e re  o u t of chem ­

ical th e rm o d y n am ic  equ ilib rium  a n d  co n tin en ts  rich  w ith  p h o to sy n th e tic  p igm en ts. 

W hile  tra d itio n a l, m assive, a n d  very  capab le  sa te llite s  in  o rb it a ro u n d  th e  E a r th  h a d  

obviously  been  send ing  back  d a ta  a b o u t life on  E a r th  for decades, th e  resu lts  from  

th e  Galileo fly-by w ere un ique  in  th a t  th e  design  spacecraft w as such th a t  a ll o f th e  

engineering  co n s tra in ts  {e.g. p ay load  m ass, d a ta  ra te , e tc .) w ere satisfied  for J u p ite r  

a n d  th e  in s tru m e n ts  o n b o a rd  w ere n o t designed  w ith  life d e tec tio n  in  m ind .
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T h e  resu lts  of th e  Galileo experim en t w ere a  good  proof-of-concept: we a re  tec h ­

nologically  capab le  of d e tec tin g  an  in h a b ite d  p lan e t. G ran ted , it was o u r ow n p lan e t 

a n d  th e  surface is teem in g  w ith  life. N evertheless, Sagan  e t al. (1993) w ere w ise to  

advise  th a t  in  th e  analysis of th e ir  d a ta , ‘life is th e  hypo thesis  of la s t re s o r t’. W e 

w ould do  well to  ab ide  th ese  w ords as we m ove forw ard  w ith  ou r ex p lo ra tio n  of th e  

so lar system . T h e  scientific a n d  tech n ica l challenges posed  by  th e  p ro sp ec t of d e te c t­

ing life on E u ropa , or any  w orld  beyond  E a r th  for th a t  m a tte r , is g rea t. B u t th e  

question , of w h e th e r or n o t we are  alone in  th e  universe, is a  q u estio n  w orthy  of such 

a  g rea t challenge.
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