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188 extrasolar planets are known, and a size-fregyuplot shows abundances increasing
down to the current lower limit of detectabilitygbout 10 Earth masses (1&). This is
also the upper limit for terrestrial (rocky) plasesince larger worlds nucleate
instabilities in the H and He of the protoplanetaepula, growing into gas giants. Near-
future space missions using transit photometryastidbmetry will likely discover
numerous terrestrial planets, which — if they othéir parent star at distances compatible
with the stability of liquid water — are potenti@bitats for extraterrestrial life. Search
techniques are biased towards big terrestrial pdaméhich emerge in large numbers from
simulations of planetesimal agglomeration.

The many worlds of the Solar System form a basdétinenderstanding
extrasolar planets. However, they do not sampleatbjin the mass range 1 —4@..

This motivates attempts to model the expected massive Earths, extrapolating our
knowledge of the robustness and vulnerabilitiesuwwfown hydrosphere to see whether
these “Double-Earths” are potentially stable habit®odelling planetary surface
environments is risky; planetary exploration haslezl to confound rather than confirm
our expectations. Diversity makes anticipating ogeies hard. An inspiring exception
was the prediction of active volcanism on lo framstfprinciples Peale et al.1979],
confirmed one month later by the Voyager 1 prdbmith et al1979].

Why model in advance of the data? There will lgaa of a decade or more
between detection of terrestrial planets and t@éctral characterization; model
estimates could help target the next generatiapate telescopes towards the more
habitable worlds; and extending models of Earthigsmtistory shines a searchlight on
their special pleading and shaky assumptions. lyingiven the large space of

conceivable planetary states, getting it right wlotdlidate several branches of planetary



science simultaneously.
To keep the discussion geophysical and non-astrmabmve will assume long-
term orbital stability, starting the clock afteetlast of the great photosphere-vaporizing

impacts, once the magma ocean has solidified.

Edges of stability

The system of interest is a rocky world with a loghere and plate tectonics, with a
mass of between 1 and 10 Earths. For such a wbddk is some warrant for faith in
carbon-cycle negative feedbacks as enforcers @ldgylanetary temperature in the face
of the secular brightening of main-sequence stéastjing et al. 1993]. But for how

long?

Volcanic degassing increases atmospheric carbomdgi@oncentration, which
raises planetary temperature, which increasesatiee pfaqueousveathering reactions
onland that drawdown carbon dioxide, so the concentrdtdia, and with it
temperature. As the italics suggest, this hypothétarbonate-silicate feedback can fail
in numerous ways, even setting aside externallyeidexotica.

Direct failure modes emerge from radiative-conwextnodels of the planet’s
atmosphere. The maximum greenhouse limit is the$bwffective solar luminosity
(normalised to that of the present-day SuRg ) that can be reconciled with surface
liquid water. It corresponds to an 8-bar £fdmosphere and is found at G4 Adding
more CQ increases planetary reflectivity without contribgtmuch to the greenhouse
effect. The moist greenhouse limit is exceeded wheriropospheric cold trap is
overcome (~ 1.Fsfor 1 Ma, 1.2Fs for 8 Ma ) and the stratosphere becomes wet
[Kasting 1988]. There, photolysis of water yields hydrogehich is lost to space by
various poorly understood mechanisms. The higherityrof massive Earths may
stabilise the ocean against this hydrogen bleetithetrunaway greenhouse limit
[Ingersoll 1969] at 1.4s(for 1 M« ; 1.6Fsfor 8 Ma). Here, surface temperature jumps
above the critical point of water. The reduced apheric column depth of high-mass
planets reduces their greenhouse effect, offemgesprotection against increasing solar
flux.

Indirect failure modes involve breakdown of theksowater or carbon cycles.



Some kind of tectonic activity is required to reley€0, drawn down by weathering
reactions. Plate tectonics is ideal, but requitgsiaction and melting at ridgeSlgep
2000]. Ridge melting will cease if the planet’'s miamdiabat does not intersect the
solidus (ridge lock), and stagnant lid convectigh develop as on Venus and Mars.
Subduction will cease if a thick, bouyant crusteleps or if the lithospheric plate is too
dry and strong to be bent at subduction zoKesdnaga 2006]. The higher gravity on
Double-Earth provides a larger driving force fobduction and promotes the basalt
eclogite transition, and trench lock is not an imaot death mode for high-mass
terrestrial planets.

An “integrated Earth system” model has been used Ggrman team to define a
new death moddfancket al, 1999]. As the mantle cools over geological tithe,
weathering flux, assumed to scale with contineated, rises, while the degassing flux,
scaled with spreading rate, falls. Eventually —wtdoGa from now in the case of Earth —
CO, drawdown is catastrophic. Hydrosphere loss foatune planet is irreversible
because there is only a minimal flux of water-ladepactors after planet formation tails
off. Because water lubricates faults, decreaseglengiscosity, and promotes melting,
hydrosphere loss could eventually lead to platetec shutdown.

So to see if the hydrospheres of high-mass teiaéptanets are stable against the

indirect failure modes, we need to characterisg tbek and water cycles.

The mineralogists should go far

A zeroth-order (but, as we shall see, fruitfullggictive) starting point is the gross
internal structure of massive terrestrial plan€tey will be fully differentiated —
accretional energy alone is sufficient. Becausatyglicate partitioning will occur at
higher temperatures and pressures than on EarisjveaEarths will have fully iron-free
mantles and maximally-sized iron cores (q.v. thedrdite-eucrite-diogenite parent
body, whose mantle is 26% FeO, Mars — 19%, anchEa8%0). The only control on
initial core mass fraction is therefore the Fe/fShe parent nebula. However, given
planet mas# = m/ M& , we cannot solve analytically for the radially-eaged structure
and Earth-normalised radiussince the depth to phase transitions dependsrface

gravity, which is a function af. If r = M ¢, an iterative model is required to find



Incompressible bodies, such as small moons, bave.333. My own unpublished work
uses the Vinet formalism for the equation-of-sf@&tehenet al., 1999], a fourth-order
Runge-Kutta integrator, and a pure iron core [adpiig to an electron gas, according
to Zharkov and Trubitsyn 978]. As a reality check, we tune the modeht® t
Preliminary Reference Earth Modé&4iewonski & Andersor,981]. We findc = 0.268 —
0.283 [Figure 1]. The Birch-Murnaghan EoS is nqgtrapriate at the pressures found
near the cores of Double-Earths, but it is has mnlegkess been applie¥dlenciaet al.,
2006]; this independent study does however inclutteermal pressure correction and a
choice of alloying elements in the core, which rie&snc values ranging from 0.267 —
0.272.

Figure 1. Density/depth profiles for high-mass terrestrianats with solid iron cores.
Radius increases only weakly with mass. The shangity changes near the core are an

artefact of the integration method.



Planetary radius, r

M Kite Kite ré, % Valenciaet al.,
(unpublished), | (unpublished), 2006
no MSZ with MSZ
1 1.00 1.00 0 1.00
2 1.22 1.16 11 1.20
5 1.56 1.42 21 1.54
10 1.85 1.63 29 1.85

So far, so pedestrian — and the overlap in regilieartening — but our work, and that of
Valenciaet al., has neglected phase transitions beyor@@P2%4(Sp Pv + Mw). This
leads to fairly stiff mantle, and large density psrat the Core-Mantle Boundary (CMB).
There’s good experimental and observational eviddéoica post-Pv phase at ~130 Gpa
[e.g.,Oganov & Ong2004], andab initio calculations yield several additional phase
transitions in SiQand MgO <1 TPa. Metallization of silicates is ditflt [Bukowinski
1994] - the most recent estimate is ~20 TPa for Nig@ 0.3 TPa for waterJJganov
et al., 2005]. With solar Fe/Si, the calculated CptBssure for 184« is 1.39 TPa. This
should not lead to a metallized silicate phasépalgh it is greater than the theoretical
breakdown pressure for diamond anvils (1.2 TPaylrblyen was experimentally
metallized at pressures well below those predidtediever, and massive terrestrial
mantles are not pure MgO. If metallized silicatee®did exist at depth within Double-
Earths, could we detect them?

We choose values for the uncompressed densityy(6r6®) and compressibility
(100 GPa) of the high-pressure silicate phaseddywre roughly equal density jumps at
the phase transition and the CMB. With the traosipressure set (optimistically) equal
to the terrestrial CMB, we find=0.213 — 0.217.

Space-based transit photometers, such as Frab@ROT or NASA'’s Kepler,
will measure a star’s repeated occultation by agilaThe amplitude of dimming scales
asr?. The Doppler velocity of the parent star, meastrech the ground, givelsl sini,

wherei is the inclination of the planet’s orbit as seemf Earth. But because they can



only pick up planets in orbital planes viewed ‘edgg’ all transit photometer detections
havei = 0, soM is determined uniquely.

Technical data for the Eddington mission shows d¢lia optimistically formulated
radius anomaly would be detected in & and larger planets [Figure 2]. Eddington is
currently mothballed; Kepler is less capable. Tiregshhold mass for anomaly detection
is fairly insensitive to plausible variations iretbompressibility of the metallised silicate
phase, but is sensitive to higher surface denstielsespecially higher transition

pressures.

Figure 2. Earth-normalised cross-sectional area or area dydretical axis) against
mass in Earths (horizontal axis) for planets witd avithout a metallised silicate zone.
(Fe/Si) = (Fe/SRarnThe mantles of more massive Earths sample a gtassure regime

well beyond the present limits of experimental teghe.



Pitfalls and promise of metallized silicate deteatin

True positive False negative
Metallized silicate phase transition < ~1 | As below, but volatile mass fraction is

TPaanddensity contrast large. large; “Ocean-planet.”
False positive True negative
(Fe/Sipianet>> (Fe/Siar; giant impact. Metallized silicate phase transition > ~ 1

TPaor density contrast small.

A larger core mass fraction would produce a fals&tjve result, but in general
(Fe/Sipianetshould be proportional to the (Feigiinferred from the star’s spectra and
easily corrected for. Mercury is an exception te thle, with a proportionally vast core,
probably the symptom of a giant impact early inistory. If the MSZ does in fact exist,
and the resulting anomaly is plotted against maisa population of high-mass terrestrial
planets, the curve should be logarithmic. A similrt of anomalies generated by giant
impacts would show random scatter.

False negatives could be generated by worldslaige volatile fractions that
have migrated in-system from a birth zone beyoerdstiowline [égeret al., 2004]. The
dense MSZ and the thick, low-density ice veneetdptoduce a normal overall density.
If young and hot, these impostors might trail sed&tble H/HO coma. If cold, it would
be very difficult to eliminate them from our inqigs.

If these problems are surmountable, then the naBgg relationship in a
population of high-mass terrestrial planets coalg@rinciple be used to constrain the

behaviour of silicates at high pressure.

Modes of mantle convection: tuning to the Archean
“Observe it from great antiquity, and you will fullsee] how it operates.”
- Huang-Lao boshu4:VI

Cosmochemistry constrains the radiogenic powerlguppthe heat engine of our
massive EarthGonzalezt al., 2001]. Galactic evolution modifies the $iedf planet-

forming materials (which sets the core mass fragtamd fans out radiogenic isotopes



generated during the swansong of massive starstafieeof radiogenic isotopes to iron
steadily decreases. This is relatively unimportanthe initiation of convection, because
convection is far more sensitive to size (mass) gecific heat production. For an
internally heated fluid, the Raleigh number RaHr% whereH is the specific heat
production. The mantle of a more massive Earth doaldoubtedly convect.

Surface conditions are very sensitive to the maakvagour of that convection,
through such variables as the rate of degassinghenithickness of crust and lithosphere.

As a first cut at understanding, we will discusplere how the potential
temperaturdp of an Earth-like planet scales with mass. Fongk one-layer mantle
with temperature-dependent viscosity and a congiarth-like complement of
radioactive elements, parameterized mantle corvectins (own unpublished work)
showTp is 30K (75K, 120K) hotter foM = 2 (5, 10). The surface heat fllQ, goes up
by a factor of 1.4 (2.3, 3.6). The predicted thiegs of basaltic crust is therefore 6.7 (5.4,
4.8) km [using the parameterisationAifbott et al. 1994]. Increased Earth-normalized
surface gravity*, which scales ag* = M ¢ =% = 19-2 reduces the absolute depth
interval for melting, so bigger planets produceti@r crust. Including the progressive
partitioning of radiogenic isotopes into continémiaist does not affect this result.

However, any thermal model of terrestrial planeailetron should reproduce the
basics of Earth history. The Precambrian recortbtg2oo good as a calibration point
because the record is continental and heat lafsnnénated by oceans. Nevertheless,

there are some hard constraints:-

1) Massive mantle anatexis is prohibited (from Preaganipetrology).

2) Trench lock is prohibited < 3.5 Gya (from contingdabitability).

3) H/Q at the present day < 0.5 (0.15 Mid-Ocean RidgeaBasurce; 0.3
chondrites).

4) From komatiites:Tp = 1653K — 1773K (2.7 GyaJp = 1673K — 1823K3.5
Gya) [Grove & Parman2004].

5) Tp~ 1553K at the present dagi¢kle & McKenzie 1988].

One-layer models lead to thermal catastroiRe>g 2000K) for Earth if they are



integrated backwards in time for > ~1 Ga, whicmnsistent with the preservation of
Paleoproterozoic and Archean continental crustakernative is two layer-mantle
convection, with no mass transfer across the eedailc Sp Mw + Pv phase

transition Bpohn & Schubertt982]. This phase transition, found at ~ 660kniarth,
would occur at 490km (310km, 220km) at the incrdggessures and temperatures/of
= 2 (5, 10). Unfortunately, the two-layer planetdabalso fails to reproduce Earth’s
thermal stability unless 1) the radiogenic complet® increased beyond that found in
chondrites or the mid-ocean-ridge basalt sourag 2anve sequester far more radiogenic
isotopes per unit mass in the upper mantle thalnehower mantle. This is implausible,
because melting would be expected to deplete therupantle preferentially.

Neither one- nor two- layer mantle convection calves Earth history, suggesting
that it's worth investigating a mixture of the tw&ith increasing Ra, viscosity falls, and
the viscous coupling of different parts of the floecomes weaker. The parts of rising
and sinking columns that impinge on endothermicsphi@oundaries face a local problem
- the distortion of the phase boundary. They cdg overcome it by viscous coupling to
the driving buoyancy of the rest of the rising aintking column. Therefore, mass
transport across the Sp Mw + Pv transition (and any other endothermic ghas
transitions) will be muted as Ra riseBufler & Peltier, 2002] use a parameterization of
their own numerical experiments of Ra-dependerdriayg to successfully reproduce
Earth’s thermal history. The heat reservoir inltwer mantle essentially buffers upper
mantle temperature, and the initially highQ takes 3 Ga to asymptote down to ~ 0.4.
With advice from Sam Butler, | rewrote and modiftee parameterization for more
massive Earths, tuning to the Precambrian and attaRa at the Sp Mw + Pv phase

transition.



Figure 3. Temperature in K (vertical axis) against time inr @yorizontal axis) for high-
mass terrestrial planets evolving under Ra-depérdgaring fromM = 1 (red) through
M = 4 (cyan) taM = 7 (black). For each colour, the upper curvevedr mantle

temperature, and the lower curve is upper maltle

The picture that emerges is an alien and countative one [Figure 3]. Considé = 3.
Because upper-mantle surface area/volume raticeatey for small than large planets,
(UM) falls rapidly, reaching a minimum of ~1410Khis is below the threshold for
ridge lock, and an early episode of stagnant liaveation is in fact found for aM > 2.5.
At these low temperatures, however, the barrienass transfer weakens, ai{UM)
rises steadily as the lower mantle cools (plandt#€yfalling). Tpcrosses the ridge lock
temperature of 1480K after ~ 2 Gya, when signifigasalting is again indicated. It is not
known if plate tectonics would in fact initiate werdhese conditionseeseet al., 2005],



although the greater gravity of massive Earths awllsubduction initiation. The
equilibrium depth for the basalt eclogite transition is at 34 (22, 15) km fdr= 2 (5,

10), too deep to be useful. However, the exothefdhic  transition shoals to 210 km
for M = 5 and 160 km foM = 10, which might aid lid remobilisation. It is alsot

known if a hydrosphere could survive for this langtop of a stagnant lid. The example
of Venus is not encouraging.

As mass increases up to the threshhold of M =®aiets avoid ridge lock for
longer, up to a maximum of ~6.5 Ga. Larger planety rapidly cease to produce melt at
mid-ocean ridges. Neither the result nor the tHiekhmass are sensitive to initial
temperature. If the parameterisatiorBaitler & Peltier (2002) is correct, plate tectonics
is a property of Earth-sized worlds.

The Sp Mw + Pv transition is one possible moderatoQofAnother is plate
thickness Korenaga 2006]. Trace water decreases mantle viscosigtigrlRegenauer-
Lieb & Kohl, 2003], but water is very incompatible. Therefahe, dehydrated residual
mantle after partial melting is stiff, and willsist the bending required at subduction
zones — forming part of the mechanical boundargrayhe limiting thickness of plate,
125km at the present epoch will not decrease indely as small-scale convection
becomes more vigorous with increasing temperatus¢éead, the thickness of
compositionally-stiffened dehydrated residue exsdbhd small-scale convection limit at
Tp=1640K, which corresponds to a minimum in platekhess. At higher temperatures,
the viscous dissipation involved in bending thekhstrong depleted lithosphere reduces
Q. Integrating backwards from modern EaKloyenaga(2006) findsTp rises and then
falls, whileQ is almost constant. Plate tectonics is still opegaait 3 Gya, and perhaps
much earlier.

The detailed similarity between the thermal higtempredicted by the
compositional stiffening and Ra-dependent layenmuglels is remarkable (although they
have been tuned to the same planet). But for Deldhtéhs, compositional stiffening
predicts a very different fate. Crust and dehydtaésidue are thin, gravity provides a
larger force to drive subduction, and the radiuswt¥ature of a subducting plate can be
larger without causing geometric problems. So,dfimtegrate backwards in time for a

bigger planet, there is no inflection pointQrwith increasinglp. We expect a melt



catastrophe, with most J delivereddirectly by magma conduits, as on present-day lo.
(If the volume ratio of ocean island basalt tagtlieous rock production is a guide, Earth
currently loses ~ 0.0Q through heat pipes).

Would a planet in this vertical tectonics mode bbitable? At steady stat® (~
H), if volcanism involves continuously melting basat low pressure and then cooling to
300K, then we require melting of ~B0km yr* at the present epoch (specific heat of
basalt = 1.45 kJ kgK™; latent heat of basalt = 560 kJkgpresent day mantle heat flux
= 12 TW). This corresponding to a resurfacing oft&0? M - ¢cm yr?, or 0.014
(0.02, 0.03) cm yt for M = 2 (5, 10). For comparison, crater counts requite lo
resurfacing rate to be > 0.02 cm'yfNote that ifQ ~ H, we tacitly assume that the entire
mantle is involved in the convection. If the adiath@erges dramatically from the
solidus, the deeper part of the convective systecotmes enormously viscous and
unable to convect. Convection will not establistteady state on the timescale required
for radioactive heating - Stevenson, pers. comnthérnvery largest terrestrial planets,
this may lead to melting at depth as well as neasurface.] A water cycle would still
exist, and, if water was in contact with new crirgtjrothermal carbonatisation could still
occur. Access to the mantle volatile inventory nhigé a problem, because only the
outermost layers of the planet (cooling crust, ulade by a partially molten layer) would
ever cycle through the surface environment. Waférsts much more slowly than heat,
so if not transported by mantle bulk motions itlwibt move at all. Of course, if vertical
tectonics can be demonstrated to have operatée iArchean, that would settle the
argument. Earth was habitable during the Archean.

A note of caution: By using Earth as a baseline ane loading the
cosmochemical dice. The protosolar nebula samplkedterstellar medium at one point
in its chemical evolution. Supernovae gradually qdi¢kly to the galaxy’s metallicity
(Fe/H), but only slowly to its complement of radémic isotopes (particularf7*Th).
Therefore, young stars are born from proportioniag radiogenic nebulae than old
stars, and their planets run correspondingly co@leteris paribusmassive Earths will
form from massive nebulae around massive starstiar@dspent on the main sequence
scales adls . Since main-sequence departure guarantees theelefrthe

hydrospheregurrentlyhabitable high-mass terrestrial planets, are yamrun cold.



So one model, in which the relationship betw®esnd Ras controlled by
processes at a phase transition, suggests thaté>Balkth hydrospheres whave> 2.5
must endure a lengthy period of stagnant lid cotiwecAnother, controlled by upper
boundary layer processes, hints at the oppositmushy magma ocean. So far, however,
we have ignored the role of the very stuff of tlydiosphere: water.

Scaling the water cycle
“The material-force, as clouds, moves westwardgags in motion, not slackening
winter or summer. The streams flow eastward, nstiggping night or day. What is
above never dries up; what is below never fillg; $inaller makes up the larger; the
heavy makes up the light. That is the Round Way.”

- The Springs and Autumns of Mr. (€.239 BCE)

Water lubricates plate tectonics and provides tiheesit for all known metabolic
reactions. Well inside the snowline as the protrsoébular condensed, Earth could only
acquire volatiles as a late veneer — a small nrasidn of the planetesimals making up
the terminal stages of accretion. Let the watersivisgo asM ¢; then, if all water
arrives in a late veneer within impacting cometd asteroids, Eddington accretion gives
d= 0.5 -1.25, depending on the velocity of the intpes relative to Earth. A realistic n-
body simulationRaymond et al 2004] givesd = 0.8 for massive Earths, which is used
here. If all water goes into the ocean at firstniprmalised depth, is initially M ¢~ %~
M 25 But relief goes as @ = M?°" %, so high mass terrestrial planets will be sopping
wet, with low or no land area. For example, if weldenly doubled Earth’s surface
gravity, corresponding tM = 5, continental freeboard would be fall by 1400m kadi
area would be reduced by a factor of 8. Deposttiforarbonate in supra-cratonic seas
would create a carbonate sink isolated from bathoiteanic and continental carbon
cycles.We can also imagine soaked worlds, with dry moutdgis but flooded ocean
ridges, and parched worlds, with dry ocean ridges.

The surface ocean aside, Earth’s water reservailgde - Ol in the transition
zone (< 1.3 wt % kD), nominally anhydrous phases such as Ol (< 100) gmd Opx
(200 — 650 ppm), highly stable hydrated phasesiliscting slabs, and dense hydrous



silicates. The approximate total capacities areD03locean masses in the upper mantle,
10 ocean masses in the transition zone, and 2&haoasses in the lower mantle.
Whether these reservoirs are filled is an opentgueghe recent (2006) discovery of
whitlockite (an anhydrous phosphate mineral) in tieaxenoliths confirms that parts of
the mantle are as dry as the Moon. In any casengxmum equivalent depth of water
stored in the transition zone of high-mass tenastwould be % (, %) that for Earth for
M = 2 (5, 10), because isobars converge at hightgrand the transition pressures
converge at high temperature. The MORB source88ak30 ppm HO, but it is not
known whether this trace water is primordial, os baen regassed at subduction zones.
In high-mass terrestrial planets, the primordiagma ocean would have efficiently
degassed the mantle down to several tens of GPa.

The long term water cycle involves three fluxesater lost to space via photo-
disassociation and hydrogen escdpg); water degassed from the mantle at mid-ocean
ridges Fueg~ 1.2 x 10" kg &%); and water that stays in the subducted slab lktimmline
of the arc Freg). Water that is subducted, but degassed at thénasca short residence
time in the mantle and so can be ignodadrard (2003) concludes from geochemical
data that almost none of the'd@g H,O subducted annually reaches the deep mantle. If
so, the depth of the ocean should be steadily asomg.

In the Phanerozoic and Proterozoic, continentalfoard has remained
approximately constant despite the increasing afeantinental crust. This requires net
uptake of water by the mantle. A negative feeddacknaintainingD = 1 at the Earth’s
surface could exisHolm, 1995]. At hydrothermal systems near mid-oceagesd the
hydration depth goes as R4, where Ra is the vigour of the convective circulation
through the porous basalt. Rdepends on the water pressure, which is ~30 MPa on
present-day Earth. This corresponds to the cripgoait of water. A decrease in ocean
depth would cause Rdo fall. The hydration depth, arfitkg, would also fall. Ra@also
decreases if water depth increases beyond 30 MPaydre slowlyHolm (1995)
speculates that without hydrothermal convectivdingpthe spreading rate may increase
to compensate, dumping ocean water absorbed bjopeelrydrothermal activity and
fracturing into subduction zones. This mechanisedse lot more work.

The long-term water cycle of terrestrial planetslimodelled and barely



constrained. At this time, it is futile to extrapt# to high mass because water cycle
models supervene on and interact with parametensabf mantle convection that are
themselves immature. For example, most existingatsatiake the doubtful assumption
that mantle cycling was much more rapid in the &aiin[e.gRupke 2004]. However,
we can sketch out possible water-cycle trajectories

Consider a soppiniyl = 5 world, with subdued relief and several oceassea of
water. Without the land area needed for carbonbtate feedback, sopping planets are
very vulnerable to the moist greenhouse as hostustanosity ramps up. Water is then
lost as hydrogen to space until the mountain topadh the ocean surface. Because of
the higher surface gravity, Jeans escape is muttlteel and water loss is slow.
Orographic precipitation from the hot, acidic anorfid (~0.5 bar at 353K) atmosphere
dissolves the mountains. Drawdown of 5 X*Iy (1 bar) of C@requires dissolving
~10° km3 ocean-island basalt (if CaO + MgO = 10%), eajant to planating Hawaii’s
Big Island at sea level 100 times. The direct gneese effect of the CQlisappears; so
too does the pressure-broadening gbtbsorption lines by the GQhe saturation
vapour pressure drops, and thgdHgreenhouse diminuendos, stabilising the levéhef
ocean. The sopping world is now an Earth-like sdakerld, with an operating
carbonate-silicate cycle.

Many things have been left out of this story. Tinest important are probably
ocean chemistry and the tempo and modé-ef Hydrogen loss can occur through
diffusion (Jeans escape), hydrodynamic escapetespg, charge exchange, or impact
erosion and maybe limited at the exobase or dhdhsopause. Geodynamo strength
modulates several of these mechanisms. Recenglydiimated hydrogen loss rate from

early Earth was controversially revised down bgetdr of 100 Tian et al., 2005].

Carbon and life
“From distorted words, one knows the obscuration.”
- Mencius 2A:2

The fluxes and reservoirs making up Earth’s longatearbon cycle are even less well

guantified than those making up the water cyckboaigh we do know that carbon in the



deep mantle exists only as elemental C, magnestte@bonate. Worse, the carbon
cycle is a function of the existence and evolutibhfe; both are mysteries.

For example, if vigorous ocean-crust carbonabsakiept Archean Cgevels
low [Zahnle & Sleep2001], biogenic methane would have been requoedaintain
clement planetary temperature. Hydrogenotrophihareigenesis evolved only once. A
methane greenhouse is self-limiting because highane concentrations in an
anoxygenic atmosphere yield a polymeric haze \gaailtitude photolysis; as at Titan,
this creates an anti-greenhouse effect. Unlikectibonate-silicate cycle, however, the
existence of the haze-productivity feedback is detapy contingent on the existence of
life, specifically, methanogenic bacteria. Abiatiethane sources are insufficient
[Kasting 2005].

Secondly, the fusion of eukaryotes and chloroplasterm cyanobacteria
occurred only onceédermeij 2006]. Constant V/Sc in peridotites show thatngfes in
the redox state of the mantle since ~3.5 Gya haee krifling [Li & Lee, 2004]. Without
the accidental evolution of oxygenic photosynthesisrefore, the oxygenation of the
atmosphere would not have occurred. Oxygenatiomiegdr effects on the C, Fe, S and
P cycles and forced most of the biosphere themekito anoxic refugia.

Photosynthesis might never evolve on massive,isgpporlds, because of the
scarcity of nutrients in the photic zone. Almogtraltrients in the modern ocean are
derived from the continents. If nutrients ventedmmaid-ocean ridges were efficiently
scrubbed by benthic biota, photic zone life woudilmited by the rain rate of
interplanetary dust.

With artistic license, we could model evolutiondycumulating metabolisms in a
clocklike fashion after planetary consolidation {@dfield, pers. comm). But if
metazoans or land plants emerge, enhancing weagheestructuring the carbon cycle

and reshaping topography, all deterministic betsodir

Death-traps or destinations?
We don’t know enough — yet — to answer the quegiased at the start of this essay: the

duration of stability of the hydrospheres of DouBkerths. As a matter of urgency, if we



are to understand the implications for astrobiolofjgletecting massive terrestrial

planets, we require:-

1) From atmospheric and space physidshetter model of the moist greenhouse,
including clouds and a realistic treatment of hygno escape.

2) From solid-earth geophysicéncorporation of volatile transport, and volatile-
dependent melting, into simulations of mantle catioe— allowing their effects
to be parameterized.

3) From particle geophysicdmproved constraints dfga, from geoneutrinos.
Thermal histories tuned t8/Q = 0.3 look very different frorkl/Q = 0.15.

4) From field geology and geochemistkyhen did plate tectonics begin?, & further

constraints on Precambrian climaBidep & Hessler2006].

There is, of course, considerable overlap betweeset suggested priorities and the
objectives of Earthbound geophysicists.

With these new experimental and computational ohelteand, we can imagine a
general model for terrestrial planets. Let a téri@splanet be a multivariable dynamic

system with state vector X, t). Then

X(M,t + h) = XM, t) + O(e, f, s)

where O is some explicit-stepping initial-valuevaslwith adaptive stepsize control.
Given e, constraints on X(1) from the Earth’s geological record, and s, a
parameterization, we can seek to minimize the isgqsares deviation of f, the
coefficients, from literature values. Using theddrvalue of f, we can then extrapolate to
higher values oM, and scrutinize the effect of different initialnmbtions. With luck, the
empirical orthogonal functions (EOFs) of the resgltime series might submit to a
physical interpretation, and we would be on our wag low-dimensional
characterisation of terrestrial planet diversBygvensan2004].

Surface hydrospheres on terrestrial planets hage aethe focus of

astrobiological interest for decades now. Altenegiare periodically suggested, such as



the oceans of tidally-locked planets orbiting Krstand liquid-water mantles within

small icy worlds. But to avoid icing over, planar®und red dwarfs must have small
semimajor axes, making their atmospheres vulnetalidow-off by coronal mass
ejections during early stellar evolution. Subicedpheres face tight energetic constraints,
and are cryptic; it is hard to discriminate betwadife-filled subice ocean and a sterile
subice ocean across interstellar distances (or #aneehO0km of a close flyby).

Terrestrial planets with plate tectonics and a bgdhere remain the only type of
world knownto be capable of supporting lifEherefore they will remain a destination —
in the next decade or two for our mind and imagamatand, perhaps, eventually, for our
bodies and societies too.

Should geophysicists dabble in such speculations™d, astrobiology seems
akin to alchemy: pursuit of a distant (quixotic®pg forcing genuine technical and
scientific advance, entraining and unifying othetds. We deny our curiosity, and our

nature, if we reach only for low-hanging fruit.
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