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If atmospheric noblegasesarefractionatedremnants
of solar-likeprogenitors,whatweretheescapemechan-
isms,and what powered them?Lossesfrom the outer
reachesof planetaryatmospheresarean old andwell-
studiedsubject [43,44]. Mechanismsoperatingtodayon
theterrestrial planetscannotremove speciesasmassive
astheheavynoblegases,andyet thereis clearevidence
that mass-dependent loss signaturesare imprinted on
atmospheric Ar, Kr andXe isotopes.This hasfocused
attention on earlierepochsof planetary histories,when
now-vanishedenergysourcescouldhavedrivenintense
outflows of atmospheric gasesin a process called
hydrodynamic escapeor ÒblowoffÓ[14,41,44Ð49].

5.1. Hydrodynamicescape

Hydrodynamic escapeoccurs when hydrogen-rich
primordial atmospheresare strongly heated, either at
high altitudes by intense extreme-ultraviolet (EUV)
radiation from the youngsun [14] or by energydepo-
sited in a giant impact [48]. The heatedhydrogen
escapesto space,and in the process its outwardflow
exerts upward drag forces on heavier atmospheric
constituents.With powerful energyinput,escapefluxes
can be large enoughto lift species as massiveas Xe
entirely out of terrestrialplanet atmospheres[14,46].
Lighter speciesaremorereadily entrainedandlost with
theescapinghydrogen, leadingto massfractionation of
the residual atmosphere. Fig. 4 illustratesthe mecha-
nism for an atmosphere heatedat high altitude by
intenseEUV radiation. Outflows from a hydrogen-rich
atmosphere, consistent with hydrodynamic escape
driven by atmospheric heating,havebeendirectly ob-
servedduring transits of an extrasolar giant planet in
closeorbit arounda solar-typestar[50].

Hydrogenescapefluxes high enough to sweepout
and fractionatespecies as heavy as Xe from Earth
require energyinputs2Ð3 ordersof magnitude greater
than presently supplied by solar EUV radiation [14].
Observationsof youngsolar-typestarsindicatecompa-
rable elevationsof EUV emission in the first ! 50Ð
150 Myr of their evolution toward the main sequence
([14] and referencestherein).Escapefrom early Earth
could alsohave beenpoweredby heating of the atmo-
sphereand surface [51,52] by a giant Moon-forming
impact [52Ð55]. Despiteearliersuspicions that a pre-
existingatmosphere would be completelyejectedin the
impact event[56], recentmodeling suggeststhatit could
largelysurvive immediateexpulsion[57] beforeescap-
ing moregradually by hydrodynamicoutflow.

A Moon-forming collision with Earth probably
occurred! 30Ð50 Myr after solar system origin [10,58].

The early Sun likely maintained a high EUV luminosity
for only ! 50Ð150 Myr. Thus, with eitherenergy source,
conditionsfavoringhydrodynamic escapewererestricted
to early epochs in planetary history. Signaturesof frac-
tionatingescapeinatmosphericNe, Ar, andKr havesince
been modified, at least on Earth, by dilution with un-
fractionated gases degassed from interior reservoirs.
Xenon,however, except for isotopesgeneratedbynuclear
decay, appears to preserve the composition generated by
early escapeand is thereforeauniquely powerful recorder
of ancient evolutionary histories.

5.2. Xenology

ThenineXe isotopesdisplayrecordsof bothphysical
processingfrom primordial compositionsand,via decay
products of the now-extinct radionuclides iodine-129
and plutonium-244, the chronologies of planetary

Fig. 4. Hydrodynamic escapein a hydrogen-rich primordialplanetary
atmosphere,illustratedfor input of externalenergyat high altitudes
(the ÒexosphereÓ). ExosphericH2 is heatedto escapevelocity by
adsorptionof strongsolar EUV radiationor perhaps,on Earth, by
frictionaldragon materialre-enteringtheatmospherefrom animpact-
generated, Moon-forming circumplanetary disk [52]. Escaping
hydrogenis replenishedby rising hydrogenÒwindÓ. Collisions of
outward bound H2 moleculeswith other atmosphericconstituents
(illustratedherefor NeandXe) exertnetupwarddragforceson them.
Equilibrium between this upward drag and gravity leads to an
increasedaverageheightfor thesespecies.However, if theH2 escape
flux is large enough,drag wins for Ne and it is entrainedwith the
escapingH2 and sweptout of the atmosphere;progressively higher
fluxes also remove Ar, Kr, and Xe [46]. The importance of
hydrodynamic escape,in the contextof observednoble gasisotope
distributions,is thatit canimplement lossandfractionation of species
asmassiveasXe which couldnot escapeÒon their ownÓby classical
processessuchasJeansescape[44].
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