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Abstract

Outgassing of helium and argon and the isotope ratio distribution of helium isotopes in basalts are some of the mostimportant
geochemical constraints on mantle structure and evolution, but their interpretation in terms of mantle processes is ambiguous
and controversial. Here, the evolution of these isotopes and their radiogenic parent isotopes of U, Th and K are studied using a
numerical model of mantle convection that combines a treatment of major and trace element melting-induced differentiation
and evolution with a self-consistent mantle convection-plate tectonics treatment. Both olivine and pyroxene-garnet system
phase transformations are included, with density profiles of the different components following established data up to 720 km
depth, but varied in the deeper mantle to reflect present uncertainties. Cases are presented that focus on the influence of twc
uncertain physical parameters: the density of subducted eclogite in the deep mantle, and the partition coefficient for helium.
Results indicate that the system self-consistently evolves regions with the observed PheyéHé, but the exact distribution
depends strongly on physical parameters. Furthermore, the distribution depends on sampling method, with the distribution in
erupted material often being different from mantle-averaged distributions. Some parameter combinations simultaneously lead
to MORB-like distributions ofHef*He ratios in erupted material, aneb0% outgassing of radiogerfitAr consistent with
geochemical constraints. MORB-liéle/*He histograms are produced in erupted material either when the shallow mantle
has a high proportion of residue that evolves MORB-fike*He due to the high incompatibility of He, or when sufficient
recycled crust mixes back into the shallow mantle to suitably reduéél#gHe. Outgassing is also studied for Venus and
Mars-like models, both of which are found to outgas substantially despite their lack of plate tectonics. The 25% outgassing
of Venus proposed by [W.M. Kuala. Icarus, 139(1) (1999) 32] is plausible if Venus’ mantle viscosity is high or melt does not
efficiently degass. It is estimated that Mars has 1680% of its outgassed Ar to space, consistent with other estimates.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction crust, mantle and atmo-hydrosphere. The state of
noble gases within Earth’s mantle can be studied
1.1. Helium and argon in the Earth’s mantle by analyzing mantle derived materials, such as vol-

canic rocks, volcanic gases, and mantle xenoliths,

The noble gases represent excellent natural tracerswhich trapped mantle noble gases. During the past

for sources and migration of volatiles in the Earth’s decades, noble gas information has been obtained

from mid-ocean ridge basalts and ocean island basalts.

"+ Corresponding author. Tel+1 310 397 8566: Although thgre has been some progress in this field,
fax: +1 310 825 2779/397 8566. noble gas isotopes are still the most difficult and
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Fig. 1. (A) He isotope ratios in mid-ocean ridge basalt (MORB) glasses. (B) He isotope ratios in ocean island basalts (OIBs) and relationship
to 3He concentration. Figures are adapted frBarley and Neroda (1998Reprinted with permission, from the Annual Review of Earth
and Planetary Sciences, vol. 26 ©1998 by Annual Reviditp,;//www.annualreviews.org

of the difficulties in obtaining useful data with high attributed to the involvement of a plume-derived
precision. component.

Observational data from noble gas isotopes impose  OIB 3He/*He ratios are, in contrast, extremely het-
strong constraints on mantle convection models. Ac- erogeneous, extending to both higher and lower values
cording to meteoritic measurements, primordial val- than MORB, although the prominent histogram peak
ues of*Hef*He are in the range of 1.4-3010%, or at the MORB value suggests that the depleted upper
about 100-20QR, (Jeffrey and Anders, 1970; Craig mantle plays an important role in OIB helium budget.
and Lupton, 1981)whereR, (the atmospheric value  The relationship betweeie/*He and®He (Fig. 1(B))
of 3He/*He) is 138 x 10°% (Kurz et al., 1983)Over indicates very weak, if any, correlation between the
the history of the Earth, the ratio has decreased over 3Hef*He ratio and the concentration 8He. Basalts
time due to radiogenic ingrowth 8He from U and Th from the Loihi Seamount are amongst those with the
decay. Elemental fractionation between He and U, Th highest ratios, wittfHe/*He = 3.34 x 103, or about
upon melting and outgassing to the atmosphere also35 R; (Kurz et al., 1983) The source of these basalts
have first-order effects on isotope ratio distributions. with high3He/*He is still controversial, and is one fo-
Thus the present-day distribution of He isotope ratios cus of this paper.
reflects a combination of ingrowth, fractionation and Another inert gas of interest is argon. There is al-
outgassing. most virtually no primordiaf®Ar in the Earth(Ozima

Histograms of these distributions for mid-ocean and Kudo, 1972)it being entirely produced by the
ridge basalts (MORBs) and ocean island basalts decay of*°K. 4°Ar in Earth’s atmosphere represents
(OIBs) (Fig. 1) show clear differences. MORBs the amount of argon degassed from the Earth’s in-
have a relatively constantHe/*He ratio with a terior, because argon does not escape to the space
mean value of 16 x 10~2, which is a factor of due to its heavy atomic mass. The atmosph&tr
8.4 higher than the atmospheric val(i€urz et al., budget implies that approximately half of &lPAr
1983; Allegre et al., 1995)The range offHef*He produced within Earth since its formation is retained
ratios between 7 and 9 is thus taken as characteris-within the solid Earth{Allegre et al., 1996)although
tic of the depleted upper mantle. Prominent excep- this figure is rather uncertain, mainly because the
tions are the higher values in the vicinity of Iceland amount of4°K in the mantle is uncertain; for exam-
(52-71°N) and the Easter micro-plate, which are ple, estimates of K/U range from a widely-accepted
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value of 12,700(Jochum et al., 1983fo as low as
280(Stacey, 1992)Another more problematic con-
straint is that the inferred concentration of argon in
the MORB source is much lower than what would
be expected if thé°Ar remaining in the mantle were
evenly distributed Turner, 1989)which has been in-
terpreted to mean that the additional, ‘missifi@Ar
must be ‘hidden’ somewhere in the lower mantle
(Allegre et al., 1996)although this difficulty could
be resolved if the amount dfK in the mantle were
lower than commonly estimate@Albaréde, 1998;
Davies, 1999)This, as well as two other major noble

1983) indicates that only 24:10)% (Kaula, 1999)

of the radiogenic argon has escaped from the mantle
(assuming K/U of 722Qt1220), which is the average

of Venera samples, with a primordial U mantle abun-
dance of 214+3) ppb, which is the same as Earth’s),
which contrasts with 52:9)% for Earth (Alleégre

et al., 1996) This reduced outgassing efficiency has
been attributed to the generally-assumed dryness of
Venus’ upper mantle and crust, which would result in
higher viscosity (other things being equal), or to the
rigid lid convection mode of Venus, which may result
in lower rate of surface volcanism and outgassing

gas paradoxes, could be reconciled if the estimate than Earth’s plate tectonics convection.

of 4%Ar in the shallow mantle, which comes from
measured short-terfHe fluxes into the oceans, were
too low by a factor of 3.8allentine et al., 2002)

Argon isotope ratios do not receive a lot of inter-

Mars’ volatile system is much more complex
than Earth’s or Venus'. Taking®Ar = 2.71 x
10~13kg/kg-planet (Pepin, 1991) “°Ar/36Ar =
3.01 x 10° (Sasaki and Tajika, 1994t is estimated

est but are here summarized for completeness: Thethat the*®Ar concentration in the Martian atmosphere

present isotope ratio for the atmospheré%ar/36Ar
=295.5. The value for MORB*CAr/3Ar ranges

is about 0.65ppb. Taking a terrestrial potassium
concentration, and assuming that the loss of radio-

from slightly above the atmospheric value to 40,000 genic*°Ar from the Martian atmosphere is negligible

(Allegre et al., 1983; Farley and Neroda, 1998)the

(Turcotte and Schubert, 1988}t is estimated that

other extreme, a sample from the Loihi Seamount has only about 3%%CAr degassed from the interior of

40Ar/36Ar = 400-4000(Hiyagon et al., 1992)How-
ever, the differences if°Ar/36Ar between MORB
and OIB have been dimishing, e.d’%Ar/36Ar ra-

the Martian mantle during the past 4.6 billions years,
which is surprisingly low. However, Martian atmo-
spheric volatiles are capable of being lost to space

tios in Samonan xenoliths range from 300 to 15,000 by thermal or non-thermal mechanisms. The noble

(Burnard et al., 1998)All OIB have gone through

gases Ar and He can be lost to space because of

source outgassing and contamination before eruptionthe impact of G ions and the solar win@Jakosky

so it is difficult to infer argon isotope ratios in the
source region.

and Jones, 1997The isotopic data for Ar, C, and H
all require the loss of at least half, and more likely,

In summary, helium and argon data impose severe 90%, of the initial inventory of each gagakosky

constraints on models of mantle structure and evolu-

and Jones, 1997Hutchins and Jakosky (199@&ti-

tion, which must be able to answer questions such as: mated that 85-95% of th&Ar and 70-88% of the

Where exactly is the highHe*He material? Can the

40Ar has been lost from the atmosphere of Mars. If

required isotope ratio distributions be generated by re- the fraction of*°Ar that has been lost is assumed to

cycling, or is primordial material necessary? If there
is a primitive helium or argon “reservoir”, how can it
survive for billions of years in the presence of efficient

mantle mixing? To satisfy both helium and argon con-
straints, a mantle convection model must be able to

generate &He/*He distribution that is Earth-like, and
to outgas about 50% of itfAr.

1.2. Argon constraints on Mars and Venus

The Venusian atmospheric abundance “8Ar,
3.3(+1.1) x 102 of planet masgvon Zahn et al.,

be 90%, the outgassed fraction is increased to about
30-40%.

1.3. Is helium “primordial”?

There is no consensus on how the Earth’s man-
tle obtained material with a highHe/*He ratio, as
sampled, for example, at Hawaii. However, the most
common interpretation is that this component comes
from an undegassed, ‘primitive’ source, because no-
ble gases are highly incompatible and volatile, and are
thus expected to enter any melt and be heavily out-
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gassed prior to or during eruptig¢Allégre et al., 1983;
Farley et al., 1992; Porcelli and Wasserburg, 1995)
(note that outgassing requires €®ubbling, which

layer, it must be much denser than subducted crust in
order that its primitive (e.g., highHe) signature is not
swamped by rapidHe ingrowth in the U-enriched,

occurs at depths less than 60 km). The need to keepHe-degassed recycled crust. This line of investigation

this hypothesized undegassed, higte/*He material

intact for billions of years has been used as evidence

for a layered mantle, conflicting with various types
of geophysical evidence (e.g., reviewed Tiackley,
20003. One problem with the primitive helium reser-
voir hypothesis is the question of how such a reservoir
could survive for the whole history of the Earth in the
face of mantle stirring if, as geophysical evidence im-
plies, convection is basically mantle-wide.

Another possible interpretation of “primordial”
helium is that it comes from the coi@orcelli and
Halliday, 1992) However, measurements of noble
gas partitioning between silicate melt and iron melt

is further pursued here.

Extreme compositional heterogeneity of the man-
tle, reminiscent of the “marble cake” proposal of
(Allegre and Turcotte, 1986js a common theme in
recent attempts to explain mantle geochemistry. In
the marble cake ofColtice and Ricard, 2002ktrips
of former oceanic lithosphere carry the higjHe/*He
component and radial stratification is proposed to
account for different MORB and OIB signatures. In
contrastMeibom et al. (2003), Meibom and Anderson
(2003) proposed that the difference between MORB
and OIB is not related to different source regions but
is entirely due to different statistical sampling of a

under pressures up to 100 kilobars indicate that the highly heterogeneous source region, the Statistical
partition coefficients are much less than unity and Upper Mantle Assemblage. If this is correct, then the
that they decrease systematically with increasing use of He isotopic signature as a fingerprint of plume
pressurgMatsuda et al., 1993 hese results suggest components is not justifiedHelffrich (2002) fo-

that Earth’s core contains only negligible amounts cused on the role of strips of subducted oceanic crust
of noble gases if core separation took place under and supporting seismological observations of mantle

equilibrium conditions at high pressure.

Anderson (1993kuggested that a large amount of
3He could be delivered to the Earth’s surface by cos-
mic dust, and then recycled to the mantle. Although

Anderson’s hypothesis has great theoretical appeal,
more observations and detailed study of the whole pro-

cess are needed to fully support it.
Recently it has been argued that hi§He/*He

heterogeneity.

1.4. Previous relevant numerical modeling

Several other previous numerical modeling stud-
ies have given important insight into relevant issues,
including the ability (or otherwise) of primitive ma-
terial to survive over geological time, the possibil-

could be associated with recycled depleted lithosphereity of layered convection due to mantle phase transi-

(Anderson, 1998; Coltice and Ricard, 1999, 2002;
Ferrachat and Ricard, 200I0he latter three studies
showed that higi*He/*He is preserved if residuum
can be stored for substantial time periods while the

tions, and the evolution of noble gases in a convecting
system.

The evolution of noble gases in a mantle that in-
cluded outgassing and radiogenic ingrowth but not

rest of the mantle becomes substantially outgassed.major-element differentiation was investigated\ian

Tackley and Xie (2002)presented two preliminary
thermo-chemical convection models that provide
some insight into such processes, finding that high
SHe/*He can be generated by recycling residue if He
is more compatible than U and Th (e@raham et al.,
1990, so that He ratios are frozen in the residuum
at the time of melting. However, if was found that
the resulting higifHe/*He residue tends to aggregate
near the top (due to its buoyancy) where it should be
sampled by mid-ocean ridge volcanism. It was also
found that if primitive material exists as a dense basal

Keken and Ballentine (1998, 1999hese studies in-
vestigated various proposed mechanisms for maintain-
ing a relatively undegassed lower mantle over billions
of years, finding that neither high deep-mantle viscos-
ity, a strongly endothermic phase transition at 660 km
depth, or temperature-dependent viscosity, are capa-
ble of causing a relatively undegassed deep mantle, in
contrast to earlier modeling at lower convective vigor
(Gurnis and Davies, 19867 hey did find that the ob-
served total amount df°Ar outgassing is consistent
with whole-mantle convection over geological history:



S. Xie, P.J. Tackley/Physics of the Earth and Planetary Interiors xxx (2004) XXX—XXX 5

a layered mantle is not required. While the issue of 2. Model and method
‘primitive’ signatures was not resolved, the compo-

sitional heterogeneity considered was purely passive, 2.1. Physical model
i.e., was not associated with buoyancy variations.

The helium ratio evolution caused by subduction of A two-dimensional (2D) Cy|indrica| geometry is
differentiated oceanic plates was studieddgyrachat assumedqTackley and Xie, 2002, 2003yith the core
and Ricard (2001)who tracked the evolution of  sjze scaled to give the same ratio of CMB surface area
oceanic crust and residue and showed that if oceanicto outer surface area as in spherical geométian
crust segregates at the CMB, a large region of recy- Keken, 2001) The infinite Prandtl number and com-
cled oceanic lithosphere with highie/He can form  pressible anelastic approximations are méiiekley,
above it. However, in their model compositional vari- 1996a) The equations, nondimensionalized to the
ations were also purely passive, not influencing the mantle depth), thermal diffusion time-scalelf?/«,
flow. where « = thermal diffusivity) and super-adiabatic

The present paper investigates the possibility that drop, A7s, are those of continuity:
active (buoyant) compositional variations caused by

crustal production may play an important role in the V(pw) =0 1)
evolution of noble gas isotopes and the generation
and maintenance of distinct reservoirs. A recent mod-
eling study bySamuel and Farnetani (200®)cused
on whether the deep layer proposedKsilogg et al.

conservation of momentum:

v [n (vi,j +v;; — %vk,kf?ij)] —VYp

(1999) could supply the highl®He/*He component. _ Rap(C,z,T) )
Here the alternative possibility that He ratios can be  — Appermal 2)
generated from a homogeneous start condition (i.e., )

with no layering) is considered. conservation of energy:

An important influence in mantle convecton B
models is the endothermic spinel to perovskite pC,— = —DisapTv; + V(kVT)
+ magnesiowustite phase transition at around 660 km

depth, which ial layering of 54 Dts 2
epth, which may cause some partial layering o +pH+R_,7 vij v — §vk,k8ij vi,j
the convection, and possibly a filtering of chemical a
anomalies (Weinstein, 1992) However, published _ pj_7 Nphase ,

. DisT dar;
models have assumed that the mantle is made of +Cp— Z fiPiEUz 3)
100% olivine and its high pressure phases, whereas |

it is well known that the garnet-pyroxene system ac-
counts for at least 40% of the mantle. Phase changes
in the latter system occur over a wider depth range, 9C LWYC =0 4)
and the equivalent ‘660’ transition was thought to or

have a neutral or even positive Clapeyron slope, lead-
ing to the expectation that it would dilute or even

act against the dynamical effect of the endothermic .  «sgD

and conservation of bulk chemistry:

where the surface dissipation numiig is given by:

olivine-spinel transition(Weidner and Wang, 1998) 7 Cps ®)
Furthermore, when compositional effects are consid- i .

ered, subducted oceanic crust is likely to be buoyant and reference Rayleigh numbieais given by:

in the depth range 660-720 kiRingwood, 1990; psgsATsaD3

Ono et al., 2001)Thus, it seems important to take this Ra= 0 (Tos Oce (6)

into account when performing models that include
compositional variations associated with oceanic The variables are temperatufe compositionC, ve-
crust and lithosphere. The presented models includelocity v and pressure p. The governing parameters
these. are Rayleigh numbeRag internal heating rate H,
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Table 1

Thermodynamic parameters for Earth

Parameter Symbol Value Units Nadn-value

Input nondimensional parameters
ReferenceRa Ra - - 13(1.0,0.1) x 107
Surface dissipation Dig - - 1.18 (1.01, 0.31)
Mean dissipation (Dis) - - 0.38 (0.35,0.18)
Surface Gruneisen Vs - - 1.1

Nominal dimensional parameters
Depth of mantle D 2890 (2742, 2000) km 1.0
Superadiabatic
Temperature drop ATsa 2500 K 1.0
Temperature:surface Ts 300 (700, 200) K 0.12 (0.28, 0.08)
Expansivity:surface s 50x 105 K-t 1.0
Conductivity:surface ks 3.0 W/m/K 1.0
Heat capacity Cp 1200 J/IKg/K 1.0
Density:surface s 3300 Kg/m? 1.0
Reference viscosity Nref 1.0(1.0, 1.63) 10?2 Pas 1.0
Yield stress Oyield 100 (—, —) MPa 1.1 ¢, —)x10°

Values in parenthesis are for Venus and Mars, respectively.

and surface dissipation numbBis. Material prop- model is used to calculate the depth variation of
erties with overbars (density, thermal expansiv-  material properties density, thermal expansivity
ity @, and thermal conductivity) vary with depth @, and thermal conductivityt, as detailed in previ-
only, specific heat capacit,, is constantApthermal ous papergTackley, 1996a, 1998; Tackley and Xie,
is the fractional density variation with temperature 2003)

(adimensionaf Tdimensiona) and p(C, z, T) is discussed Viscosityn depends on temperature and vertical co-
later in Eq. (13). z is a unit vector in the vertical  ordinatez:

direction, g is the gravitational acceleration arfds

is the surface temperature of the reference adiabat.n(7, z) = noe™ 7 ~Ton Enta=zon)Vy

Chemical diffusion is neglected, which corresponds x [1 + 9H(0.7716— )] @)

to an infinite Lewis numbekte = «/C s, whereC is

the chemical diffusivity. For théth phase change?; whereE, andV, are chosen to give a factor of4.0is-

is the usual phase buoyancy paramédt@hristensen cosity change between (nondimensionBl}= 0 and
and Yuen, 1985; Tackley et al., 1994} is the frac- T = 1, and a factor of 1Dincrease between the surface

tion of the relevant component in the assemblage and and the CMB, in addition to the factor of 10 increase
I; is (depth-dependent) phase functighand I'; are at 660 km depth given by the last term (H is the Heav-
detailed inSection 2.3.2 Numerically, adiabatic ef- iside step function)yg is set such thaf(7o,, zoy) =
fects resulting from vertical motion (heating/cooling 1.0, where Tp, = 0.64 (dimensional 1600K) and
and latent heat) are dealt with by advecting poten- zg, = 0. Such strong temperature-dependence gives
tial temperature, rather than by coding the terms in rigid lid convection (e.gMoresi and Solomatov, 1995;
Eq. (3) as this avoids problems that might result from Solomatov and Moresi, 1996@vhich is appropriate for
steep gradients in, for examplE;. the Venus and Mars models, but for studying Earth,
Table 1lists assumed parameters for Earth, Venus, a constant yield stress-(L00 MPa) is introduced for
and Mars. H is not listed inTable 1 because it the top 20% of the domain, which represents duc-
depends on the concentration of heat producing el- tile, semi-brittle processes and leads to a rudimentary
ements, which varies with position and time, and form of plate-like behavioTackley, 2000b,c)This
is thus calculated for each timestep and grid cell yielding is implemented using an effective viscosity,
as discussed irSection 2.3.4 A thermodynamic defined as
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Oyield
2¢

8)

]

wheree is the second invariant of the strain rate tensor:

C)

Neff = MinN [n(T, 2),

. 1. .
€ =,/ 5€jj€j

The equations are solved using the finite-volume
multigrid code STAG3D, as extensively used pre-
viously (e.g. Tackley, 1996a, 2000b,c with 256
evenly-spaced cells in the azimuthal direction and
64 unevenly-spaced cells (giving refinement in the
boundary layers) in the radial direction. Composi-
tional variations are tracked using tracer particles,
as detailed in(Tackley, 2002; Tackley and King,
2003) with the addition that each tracer carries a cer-
tain mass (humber of atoms) of each trace element.
Compressibility does not require any special tracer
treatment, because when moving to regions of higher
or lower density, tracers will automatically get closer
together or further apart (due to convergence or diver-
gence of the velocity field) by the amount needed to
maintain a uniform tracer density per mass of man-
tle, hence concentration of trace elements. Approxi-

7

where pc denotes mean core density (approximately
11,000 kg/m), C. specific heat (approximately &
102 Jkg 1 K1), T. temperature ang,. heat flux from
the core, and, core radius (385 x 10°m).

After nondimensionalizing the above equation to
the standard scales given earlier, the following form
is obtained:

34n

dTn = —
mpnCn

din (11)

where the subscript n denotes nondimensionalized
value. Usingn = 1.2059,pn = 3.3, Cy = 0.42 yields

dn
dr,
0.5575 "

n

(12)

2.3. Chemical model

2.3.1. Major elements and melting

Both major and trace elements are tracked in
the model, which is designed to represent the
mantle-oceanic plate system, i.e, continents are not
present. For major elements, a two-component system
is assumed, the end-members being crust/eclogite and

mately 400,000 tracers are used, averaging 25 per gridharzburgite. The variable C, which varies from 0 to

cell.

2.2. Boundary conditions and core cooling

Top and bottom boundaries are impermeable,
free-slip and isothermal, while side boundaries are
periodic (Venus, Mars cases) or reflecting (Earth
cases). Cooling of the core due to heat conducted into
the mantle is accounted for using a simple model in

which the CMB temperature decreases as heat is re-

moved.(Van Keken, 20013howed that the CMB heat
flux in a cylindrical model with rescaled core radius is
essentially the same as that in a spherical model with

the normal core radius; thus we here assume a spher-

ical core with the correct radius. The core is assumed
to be always in internal thermodynamic equilibrium
(has infinite effective thermal conductivity) and ho-

mogeneous (i.e., using mean parameters for inner and

outer core). The dimensional equation solved for the
core’s parameterized cooling (Steinbach and Yuen,
1994)

d7¢

chccca

= —3qc (10)

1, represents the fraction of crustal material present,
and is initialized atC = 0.3 everywhere. Oceanic
crust is formed self-consistently by melting and dif-
ferentiation, which occurs as a separate substep to
solving Egs. (1)—(4) as in previous studie@rackley
and Stevenson, 1993; Scott and Stevenson, 1989)
After timesteppingEq. (3) the temperature in some
cells may exceed the solidus, which is here based on
a fit to experimental datéZerr et al., 1998; Herzberg

et al., 2000)and is composition-independent, except
that no melting can occur once the basaltic com-
ponent has been completely removed (i@.= 0).

The melting substep occurs in these super-solidus
cells and involves generating, where sufficient basalt
fraction exists, the fraction of partial melt f that
brings the temperature back to the solidus, ifes=
min[(T — Tso(z))/L,C] and T — T — Lf, where

L is the latent heat, here assumed to be constant at
nondimensional 0.2, corresponding to 600 kJ/kg. The
melt is then instantly removed and deposited at the
surface to form crust. With this approach, residue
from melting is depleted only by the amount needed
to generate the formed crust; it is not necessarily
C = 0 harzburgite. Chemical density variation de-



8 S. Xie, P.J. Tackley/Physics of the Earth and Planetary Interiors xxx (2004) XXX—XXX

Table 2 Table 3
Phase transition properties for Earth, Venus, and Mars Heat-producing elements
# Depth (km) T (K) Ap (kg/md)  y (MPa/K) Isotope Heat ¢ W/kg) Decay rate
Olivine system 238y 95.0 155 x 10~ 10year
1 410 (450, 1081) 1600 280 +2.5 235y 562.0 985 x 10~ 0year
2 660 (730, 1740) 1900 400 -25 232Th 26.6 495 x 10~ /year
40K 30.0 554 x 10~ 1%year
Pyroxene-garnet system
cl 60 (70, 158) 0 350 0
2 400 (440, 1055) 1600 150 +1.0
8 720(800, 1899) 1900 500 +1.0 The effective thermal expansivity due to phase tran-
Depth values in parenthesis are the equivalent depths of phasesitions is an extension of that used in previous studies
transition on Venus and Marg. is the Clapeyron slope. (e.g.Christensen and Yuen, 198and is given by:
nphase
" . .. =a(?) pﬂ (]_4)
pends on depth and composition with both olivine @eff = ®(2) + Z fiPi dz
and garnet-pyroxene phase changes implemented, as i=1
discussed in the next section. where, for theith phase changepP; is the phase

buoyancy parameterf; is the fraction of the rele-

2.3.2. Multiple phase transitions vant component in the assemblage (o for olivine

A simple parameterization is implemented based on phase trans'|t'|0ns and (_l fon) for pyroxene-garr!et
mineral physics data (e.Ringwood, 1990: Ono etal., Phase transitions) an} is the phase function, which
2001). Minerals are divided into the olivine system Varies from 0 above a phase transition to 1 below
and the pyroxene-garnet (px-gt) system, which un- it. Here, the “sheet mass anomaly approxmqnon is
dergo different phase transitionEaple 3. Therefore, ~ used(Tackley et al.,, 1994; Tackley, 1996bhich
the mixture of minerals depends on composition, pres- 1S €quivalent tol” changing from 0 to 1 linearly
sure (due to solid—solid phase transitions), and temper- across one fixed vertical grld_level, such_that the mass
ature (due to their finite Clapeyron slopes). The chem- @nomalies are concentrated into that grid level.

ical compositiorC is mapped linearly into the fraction The density profile of the px-gt component is not
of the different phase systems, with = 1 (basalt) well constrained through the lower mantle, with some

corresponding to pure px-gt and = O (harzbur- authors suggesting that it may become less dense than

gite) corresponding to 6/7 olivine and 1/7 px-gt. Thus, the pyrolite composition_at high pressure (_e_@]o
the olivine fraction fo = 6/7(1 — C). For calcu- etal., 200). Thus, three different compressibilities are

lating mean density it is assumed that the systems Considered for the px-gt system in the lower mantle,
can be added linearly, leading tackley and Xie, leading to it being either more dense, equally dense or
2003) less dense at the CMB than the olivine system. This

leads to the density profiles shownHig. 2 Note that
the shallow (60 km depth) transition in the pyroxene-

pfol. 2. T) _ . _ garnet system leads to the basalt-eclogite transi-
= [ folPolivine(z, T) + (1 — fo1) Ppx—gt(z, T)] tion.
X[1 — ae (T — T(Z))Apthermaﬂ (13)

2.3.3. Trace elements

where thep(z, T) terms depend on depth and the last ~ The trace element isotopé®U, 238U, 232Th, 40K,
term accounts for thermal expansion and phase change®He, “He, 3Ar and “°Ar are included. As the model
buoyancyT (z) is the reference adiabat (1600 K poten- does not include continental crust forming processes,
tial temperature). The calculation of the reference state it is assumed, followingChristensen and Hofmann
density profile is fully detailed iiTackley, 19963a)the (1994) that the continental crust has already been
only extension being the addition of density jumps at extracted, so the initial trace element concentrations
the phase transition depths, agTackley, 1998) listed in Table 4represent the already depleted man-
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Table 4

Isotope concentrations at 3.6 Gyr B.P. and partition coefficients

Symbol Meaning Value Uritt D Daughter
[3He]o Initial 3He 612 x 1010 Atoms/g 0.007

[*Helo Initial “He 600 x 104 Atoms/g 0.007

[2%8U]o Initial 238U 9.22 x 108 Atoms/g 0.007 208pp, “He
[23%U] Initial 235U 1.34 x 1013 Atoms/g 0.007 207pp, “He
[2%2Th]o Initial 232Th 248 x 10 Atoms/g 0.008 208pp, 4He
[3Ar]o Initial 35Ar 1.85x 106 Atoms/g 0.007

[4°Ar]o Initial 4CAr 2.67 x 1018 Atoms/g 0.007

[#°K]o Initial 40K 3.44 x 10'° Atoms/g 0.01 0.1053°Ar
[238U] Current 238y 5.28 x 103 Atoms/g

[2%5U] Current 235 3.83x 101 Atoms/g

[49K] Current 40K 4.68 x 104 Atoms/g

aTo convert from atoms/g to ppb, use the following formula: pplfatoms/g)x (atomic weight/Avogadro constang)10°.

tle 3.6 billions years ago after extraction of continen- cent). In the present model, it is assumed that 90% of
tal crust. For simplicity, a homogeneous initial com- He and Ar present in erupted material is lost to the
position is assumed for the cases studied here, al-atmosphere.
though this model can also be used to treat a lay-
ered initial condition(Tackley and Xie, 2002)Due 2.3.4. Radioactive decay processes
to radioactive decay, the concentrations of isotopes Radioactive decay of U, Th and K produces a large
change continuously with time. The trace elements part of the heat input in the model (the other is core
are partitioned between residue and melt at each melt-cooling, as discussed earlier). Thus the internal heat-
ing event, prior to eruption, as i(Christensen and ing rate varies spatially and temporally according to
Hofmann, 1994)It is widely believed that most of a  the local concentration of heat producing isotopes of
magma’s noble gas content is outgassed during erup-U, Th and K. Table 3lists the heat production rate
tion, but the exact fraction is poorly constrained (e.g., and decay rate of these isotopes. This results in a
it could be anything between 0.01% and many per- volume-averaged internal heating rate that falls from
~ 60 to ~ 20 nondimensional units over the course
of a calculation, where 1 is.2 x 10~ 13W/kg.

2 : : . The radiogenic decays generate noble gases,
L o namely*He (by decay of U and Th) antPAr (by
1.8 - decay of K). After each model time-stefr the ad-
2 T e ditional amount of radiogenic ingrowth dPAr and
s 16~ 4He by U, Th, and K decay in a cell is calculated as
S T follows:
2 14
s | A[*Ar] = 0.105[°K] (1 — e *40A1) (15)
ol — Olivine
—— GtPxRefence || 4 238 someAL
- GtPxNeutral — _ @ 7238
1 - GtPiBSgy?nt- A["He]=8["" Ul —e )
Ll T + 7[2PU] (1 — e 2350
0 500 1000 1500 2000 2500 3000
+6[*Th](1 — e7*222%) (16)

Depth (km)
where [] indicates concentration at time\bss, A23s,
Fig. 2. Density variation along a reference adiabat for the two [] bas, 4238

238 | 232 )
phase systems. GtPxReference, GtPxNeutral, and GtPxBuoyant aret232 @ré decay constants 81U, 2%8U, 232Th, respec

the density profiles with px-gt being more dense, equally dense tively. The constants ikq. (14)reflect the number of
or less dense at the CMB than the olivine system, respectively. o particles (i.e.*He) released whef?°U, 238U, 232Th
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produce20’pPb, 206pp, 208pp, respectively. The con-
stant of 0.105 is the fraction dPK that decays into
40Ar (most#%Ar decays intd*°Ca).

2.3.5. Initial concentrations and partition coefficients
Table 4lists concentrations 3.6 Gyr ago, and cur-
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3. Results
3.1. Cases

Five Earth-like cases are presented here: a reference
case, in which the partition coefficient for He is the

rent concentrations, for all isotopes considered in the same as that for U and Th and the crustal component

model. It is assumed that at present [H] 21 ppb,
K/U = 1.27 x 10*, and ThU = 3.8 (Jochum et al.,
1983) 3He/*He in primitive meteorites and other ex-
traterrestrial objects is around 2@), today (Jeffrey
and Anders, 1970; Craig and Lupton, 1981)

The initial 3He and*He concentrations are calcu-

is dense at the CMB, two cases with different He par-
tition coefficients (10 times more compatible and 10
times less compatible), and two cases with differing
compositional buoyancy in the deep mantle (crust is
either equal in density to the other component or less
dense, as iffrig. 2. Compositional density variations

lated such that undifferentiated, undegassed materialgown to 720 km are identical in all cases. Cases are

would have3HefHe = 35R,, similar to the Loihi
source, which is consistent with Loihi samples having
a primitive origin. This leads t6He/He = 180R,
atr = 4.5Gyr ago. Note that in undifferentiated, un-
degassed material the concentratior’lde does not
change whereas the concentratiofiléé increases due
to “He ingrowth from U and Th decay. The calculated
initial concentration ofHe at 4.5 Gyr ago is consis-
tent with other estimates (e.glarper and Jacobsen,
1996.

The partition coefficients of noble gases between

run for the last 3.6 billion years of Earth history, with
some cases also run for 4.5 billion years.

Three cases are presented for each of Venus and
Mars. All cases have analogous physical properties to
the Earth reference case except for the lack of litho-
spheric yielding as discussed earlier, but vary in ref-
erenceRa (equivalent to varying reference viscosity).
All cases are run for 4.5 billion years.

Temperature is initialized to an adiabat with po-
tential temperature 1800K, with error function ther-
mal boundary layers of nondimensional thickness 0.03

melt and solid are rather uncertain but some exper- at top and bottom, and small (peak-to-peak ampli-
imental measurements exist. Possible ranges of co-tude 0.01) random perturbations. Care was taken to

efficients are: e < 0.07 and Ky = 0.05-0.15
(Hiyagon and Ozima, 1986)he distribution coeffi-

cients of noble gases are insensitive to, or even posi-

tively correlated with the atomic size of noble gases.
Thus, the relative compatibility of helium and uranium
is still unknown, but it has a large effect on the evolu-
tion of isotope ratios. If He is more compatible than U
and Th then the residue from melting develops a high
3Hef*He signature (e.gGraham et al., 19901t may
also be possible for residue to develop a hgle/He
signature relative to mean mantle even if He is less
compatible, if the mean mantle loses He through out-
gassing fast enougtColtice and Ricard, 2002 hus

to test these possibilities three values for the partition
coefficient for helium are tried: equally compatible,
10 times more compatible, or 10 times less compat-
ible than U. The partition coefficient for uranium is
fixed atD = 0.007 for all casegHofmann, 1988)The

choose the initial adiabat so that the temperature pro-
file was everywhere lower than the solidus, to avoid a
huge pulse of melting in the first time-step. The initial
CMB temperature is 4065 K, which includes 500 K
of ‘superheat’ relative to the CMB temperature cor-
responding to the 2500 K superadiabatic temperature
scale listed inTable 1

3.2. Interior structure

In the reference case, the compositional field
(Fig. 39 indicates that a thick layer of dense, sub-
ducted oceanic crust has built up at the base of the
mantle, with a thin crust near the surface. A layer
of depleted residuum has also built up below the
‘660’ phase boundary, probably due to the anomalous
compositional buoyancies existing in the 660-720
km depth interval due to the differing depths of the

argon partition coefficient is assumed to be the same olivine-system and pyroxene-garnet system phase

as for helium in all casedable 4lists the elemental
partition coefficients for all isotopes.

transitions. The dense, recycled crustal layer above
the CMB is enriched in heat producing incompatible
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Ref,, crust dense @CMB Neutral @CMB Buoyant @CMB
(a) (b) (c)
[
T
[ e | BT 2.
300 1840 3380 k 300 1540 2780k
(d) (e)
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I T .
0 0.5 1 0 0.5 1

(9) (h)

I $a
1.8 18.0 35.0 16 18.0 35.0

C, Ref.case @) 3He/ e, Refwith (k) 3He/*He, Ref. with U]
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T . | S .
0 0.5 1 0 18.0 35.0 26 30.0 58.2

Fig. 3. Earth internal structures at present day (after 3.6 Gyr except (j)) of reference case (left column), case with neutral buoyant crust at
CMB (middle column, except k), case with buoyant crust at CMB (right column, except I), case with helium less compatible than uranium
(k), case with helium more compatible than uranium (I). (a—c) Temperature field, from cold (blue) to hot (red). (d—f) Composition, ranging
from basalt/eclogite (red) to harzburgite (blue). (g-1) excepfifpfHe (relative to atmospheric value) ranging from min (blue) to max

(red). (j) Composition field of reference caserat 1.0 Gyr.

elements*®K, U and Th because they partition into in the transition zone. In the case with crust that is
the crust on melting. The resulting intense heat pro- buoyant at the CMBKig. 3f), a layer of residue accu-
duction causes the layer to get almost as hot as themulates above the CMB, and blobs of crustal material
core-mantle boundary (CMB), as seen in the tem- accumulate in the mid-lower mantle where they are
perature field Fig. 39. This hot layer is not formed  neutrally buoyant. The transition zone is also enriched
immediately, but continuously with time (séég. 3j in the crustal component. Unlike the reference case,
for a composition field snapshot a&= 1.0 Gyr). these two cases do not have a hot basal |afyigr. Gb
The case with crust that is neutrally buoyant at the and 9.
CMB (Fig. 39 displays only a transient crustal layer Cases with differing Helium partition coefficients
at the CMB, with some compositional stratification have the same compositional and temperature fields
around 660 km as indicated by a residue-enriched re- (which are therefore not illustrated) but differ greatly
gion below 660 km depth and a crust-enriched region in the spatial distribution of théHe/*He ratio. How-



12 S. Xie, P.J. Tackley/Physics of the Earth and Planetary Interiors xxx (2004) XXX—XXX

5000

— CMBT
(@) (b) N, Mean mantle T
500 | 1K

3000 |

2000
0.0
400 [

1000

2.0 3.0 4.0
: .
300 Fi i

—— Surface heat flux  mw/m2
------- Eruption rate km3/year

1500
200 F

Depth (km)

100

2000 |

ot L i <
0.0 1.0 2.0 3.0 4.0
T T T

20

J cm/year

2500 | —— Plate velocity

10 F

3000 12 “‘|3 ‘.‘M -‘15 16 t ! y . ! : !
0% 10° 10” 10" 10° 0.0 10 20 30 40 0.00.20.40.60.81.0

Ar40 (atoms/g) Temperature (1000 K) Composition C 0.0 1.0 2.0 3.0 4.0
(A) (B)

Fig. 4. (A) Profiles of horizontally-averaged quantities for reference case: () @) Temperature. (c) Composition. (B) Time evolution
of the reference case. (a) Mean mantle temperature and CMB temperature. (b) Surface heat flux and eruption rate. (c) Plate velocity.

ever,®He/*He is always low in recycled crust because CMB. The 4CAr concentration is high in the deep
the crust is largely degassed while at the same time crustal layer because this layer is enriched*?K,
enriched in U and Th, which produééle. and depleted in the lithosphere due to partial melting.
When He is less compatible than GHe/*He In the “MORB source region” below the lithosphere,
(Fig. 3K) is highest in material that has never partic- the “CAr concentration is about five times lower than
ipated in melting. For the opposite case (He is more in the deep layer, which is qualitatively consistent
compatible than U)3He/*He (Fig. 3I) is highest in with the “missing argon” paradox discussed earlier: a
recycled residuum, because the concentrations of U large fraction of the remaining argon could be stored
and Th, which producéHe, are depleted by a greater in a deeper layer.
factor than the concentration 8He, so®Hef*He de-
creases with time less rapidly than it does in primitive, 3.3. Outgassing and time evolution
unmelted material. If He and U have the same com-
patibility (Fig. 3g), the resulting®He/*He distribution The time evolution of reference case mantle and
is a combination of the above two cases. In the case CMB temperatures, heat flux, eruption rate, and sur-
with crust buoyant at the CMBH{g. 3i), it is notable face (plate) velocityKig. 4) indicate an early;-1 Gyr
that®He/*He is high in the residuum layer at the base. long phase of rapid eruption, plate motion and core
If plumes rise from this layer then they could form cooling, after which activity seems to remain roughly
OIB with high 3He/*He, although this layer would constant with time. This early phase of abundant
not explain the enriched refractory components (e.g., magmatism followed by a slower phase persisting to
HIMU). the present day was found in all model runs. Interest-
Depth profiles of present-day horizontally-averaged ingly, this time evolution does not appear to follow the
argon concentration, temperature, and composition simple scaling laws followed by simple convection
are shown inFig. 4. The composition profile clearly  systems (e.g-donda et al., 19938and used in parame-
shows the crustal layers at the top and bottom, and theterized convection modeling. This difference is due to
localized stratification around 660 km depth induced the interplay of complexities such as ongoing com-
by the composition-dependent phase transitions. The positional stratification (e.gNakagawa and Tackley,
geotherm shows the warming up of the dense crustal 2003, yielding-induced plate behavior, and phase
layer and the lack of a thermal boundary layer at the transitions, and must be further anayzed in the future.
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Fig. 5. Outgassing of He and Ar isotopes vs. time, expressed as a fraction of the total amount of each isotope (which increases with time
for “He and“CAr). (a) Reference case starting 3.6 Gyr ago. (b) Reference case starting 4.5Gyr ago. (c) Helium is less compatible than
uranium. (d) Helium is more compatible than uranium. (e) Crust neutral at CMB. (f) Crust buoyant at CMB.

Eruption of magma is the key mechanism for releas- are identical because they have the same model parti-
ing mantle noble gases to the atmosphere, since diffu- tion coefficients and they participate in the same melt
sion through the solid crust or lithosphere is probably fractionation and degassing processes. The outgassed
too slow. The presented models degas around 50—-60%fraction of radiogenic daughter isotopise and*CAr
of radiogenic*®Ar, consistent with common estimates, may decrease with time if radiogenic ingrowth occurs
and about 80-90% of non-radiogenic species such asfaster than outgassing.
3He and®®Ar (Fig. 5), indicating that more than 90% All models show rapid outgassing early on, with
of ancient material has been processed through par-more gradual outgassing after about 1 Gyr. To first or-
tial melting, consistent with other convection calcula- der this is expected even for a simple, single-reservoir
tions (e.gDavies, 2002 The curves foPHe and®6Ar model with constant eruption rate, which would pro-
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duce a (1-exp) time-dependern(@dbarede, 2003)but,
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crustal thickness is about three times higher than

as discussed earlier, the present cases also underg&arth’s (as in the previous study (Ehristensen and

a change in convective style with associated reduc-

Hofmann, 1994) which occurs because mantle tem-

tion in magmatic rate. Outgassed fractions are in the perature is higher and because melting occurs over a

same range if the models start 4.5 Gyr agwm( 5b

instead of 3.6 Gyr ago. The reason for this is that the

early phase of vigorous activity lasts approximately
the same length of time regardless of how far in the
past the run is started. This implies that, while the
slowing down is caused partly by the decay of heat

wider horizontal region than at real mid-ocean ridges.

3.4. Helium ratio distributions

Helium ratio histograms for the five cases are plot-
ted in Fig. 6 for comparison with the observations

producing elements and secular cooling of the mantle (Fig. 1). The histograms are calculated in three dif-
and core, the chemical stratification of the mantle that ferent ways: (i) for the whole mantle counting each

results from differentiation plays a major role in im-
posing a self-limiting behavior on the rate of activity,
and may help to explain why there is little difference
between running the models for 3.6 and 4.5 Gyrs.
Outgassing efficiency is observed to slightly depend
on partition coefficients and crustal density. When he-
lium is more compatibleKig. 5d, more helium and

argon are retained in the residuum, therefore, the de-

gassing efficiency is lower than thathig. 5(c)where

tracer as one sample, (ii) for the whole mantle, using
each grid cell as one sample, which therefore involves
summing abundances over all tracers in a cell before
taking the average, and (iii) for erupted material dur-

ing the last~ 150 Myr of the simulation.

The effect of He partitioning on whole mantle
3He/*He distributions is shown in the top three plots
in the left column Fig. 6a, d and § With He less
compatible Fig. 63, the small peak at a ratio of 35

helium and argon are less compatible. Regarding the R, is caused by the few percent of remaining un-
effect of crustal density on degassing efficiency, less differentiated ‘primitive’ material. The peak at very
outgassing is observed when the crust is denser in thelow values is associated with crustal material, and
deep mantle, because segregated material rich in ra-the in-between values are associated with residue

diogenic gases prevents degassingtdé and*CAr.

In order to be applicable to understanding the real
Earth, it is important that the rate of differentiation, as
indicated by the rate of crustal production, be of sim-
ilar magnitude to Earth’s. Unfortunately the only firm
information for Earth pertains to the present day and

of various ages. These in-between values may be
consistent with the models dfColtice and Ricard,
1999; Ferrachat and Ricard, 200ih) which residuum
may have a highePHef*He than the mantle aver-
age, if the average mantle becomes degassed such
that its3He/*He ratio falls faster than that of ancient

recent past. The model eruption rate for the reference residuum. However, in these calculations any remain-

case averaged over the last 100 Myr is 29.8kmar
(Fig. 4(A)(b), ~1.5 times the present-day oceanic
crustal production rate of 21 kityear(Stacey, 1992)
This model eruption rate was scaled from cylindrical

ing unmelted material has higher sfitie/*He. With
equal He compatibility Fig. 6d), the peak at 3R,
corresponds to both unmelted material and depleted
residue, while the other values are for crust of vary-

geometry to Earth’s spherical geometry based on the ing age. With He more compatiblé=ij. 6g), ratios

volume ratios of the two domains, which recognizes
that the geochemically-important rate is (fraction of
the mantle)/(time nterval). This eruption rate is accom-
plished by a convective vigor that is, at the end of the
simulations (“present day”), indicated by the surface
heat flux of 47.1 mW/rhand an rms. surface velocity
of 1.2 cmlyearig. 4 (A)), which are factors of~1.7
and ~3.2 lower than Earth’s, respectively, implying
that the effective Rayleigh number is about five times
too low. Despite the lower surface velocity, the crustal

greater than primitive can be developed as indicated
by the spectrum of values extending up to R4,
which is associated with residue. Unmelted material
causes the peak at 3§,. Crustal density in the deep
mantle does not affect the location of the peaks in
these whole mantle distributionBi§. 6], and n.
Different sampling methods can give dramatically
different®He/*He distributions. The effect of cell sam-
pling (middle columns) rather than tracer sampling is
to greatly smooth the distributions, but it may also

production rate is in Earth’s range because the oceanicmove or obscure the peaks, as showfign 6a and b
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Fig. 6. Effect of helium partitioning, crustal density, and sampling method on present-day (after 3.6 Gyr integibHE distribution.

Left column, tracer-based sampling. Middle column, cell-based sampling (with B86sampling cells, corresponding to i85 x 45 km

average sampling size). Right column, surface eruption sampling. (a—c) Helium less compatible than uranium. (d—f) Reference case. (g—i)
Helium more compatible than uranium. (j-) crust neutral at CMB. (m-o0) crust buoyant at CMB.
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where the lower peak has moved from close to zero to noble gases that are outgassed, are in the same range
7 Ry, or Fig. 6] and kwhere the lower peak has been as Earth’s.
greatly smeared out and the upper peak lost. When
summing isotope abundances over cells, tracers that3.5.1. Venus
are more depleted in He have less influence on the Here, results are compared for three different ref-
ratio, so the distribution is skewed towards compo- erence Rayleigh numbers, corresponding to three
nents that have higher He concentrations. Note that, different reference viscositieEig. 7(A) composition
as in(Christensen and Hofmann, 1994acers carry  fields indicate that although plate tectonics is lacking
amounts of trace elements so calculating cell isotope on Venus, some crustal material delaminates, perhaps
ratios simply involves summing these amounts prior assisted by negative buoyancy caused by the basalt
to taking the ratio. to eclogite transformation, and is stored either in the
The distribution that is sampled by surface mag- mantle transition zoneHg. 7(A)b) or at core mantle
matism may be quite different from either mantle- boundary Fig. 7(A)e and . The transition zone en-
averaged distribution, because of chemical stratifica- forces a larger layering effect at lowBathan it does
tion. Melting also causes a local averaging of isotope at higherRa This surprising result appears to come
ratios, so the most useful comparison is with the from the interaction between compositional varia-
cell-averaged distributions. Two cases display a rather tions and the phase transition, which here dominates
Earth-like (i.e., MORB-like) surface-sampled distribu- the previously-studied interaction between thermal
tion of He ratios, with a peak at10R, and scatter ei-  up/downwellings and the phase transit{@ristensen
ther side of this: the “He less compatible” caféy( 6 and Yuen, 1985)The3Ar distributions Fig. 7(A) c,
c) and the “Buoyant crust” cas€ify. 60. Other cases  f and i) show the locations of undegassed (hi§Ar)
lack a strong peak at the MORB value and are domi- and degassed (Io®°Ar) material. The crust is not
nated by scattered higher values. The success of thesef uniform thickness but appears to be thickened in
two cases can be understood in terms of the chemicalsome areas, suggesting that some lid deformation still
stratification discussed earlier. In the reference caseoccurs despite the large viscosity contrast, which is
(Fig. 6f), the shallow mantle is dominated by depleted not as large as the actual viscosity contrast in Venus
material which, due to equal He and U compatibility, (Solomatov and Moresi, 1996)ndeed, the model
has high®He/*He. Lower compatibility of He rela-  Venus is not in a pure stagnant lid state; rather, the
tive to U (Fig. 69 gives this depleted material lower surface is deforming and moving, causing episodic
3Hef*He, in this case similar to the MORB source. Al- melting in some cases (e.dfig. 8(c). This is per-
ternatively, recycled crust has very Iote/*He and haps consistent with latest observations that Venus
a high“He concentration and when its deep mantle may periodically resurface itself completely through

density prevents it from settling into a layétig. 60), volcanic eruptions.
it mixes back into the upper mantle in sufficient abun-  Outgassing can be compared to the estimate of
dance to decreasi#ie/*He to a MORB-like value. Kaula (1999) He estimated that about 2410)%

of the radiogenic®®Ar produced in the mantle since
3.5. Interior structures and outgassing on Venus’s formation has been outgassed, compared to
Venus and Mars ~50% for Earth, the lower efficiency of Venus being

attributed to its lack of plate tectonics and relatively

In Venus and Mars, the lack of plate tectonics makes sluggish convection caused by higher mantle viscos-
heat transport less efficient, causing the interior to heat ity due to drynessFig. 8 left column indicates that
up (Fig. 7), which might produce more melt, other higher Rayleigh number results in greater outgassing,
things being equal. However, this is mitigated by the with the two higher Rayleigh number casésg, &
pervasive thickness of the lithosphere, i.e., there are and e) outgassing as much as the Earth-like cases.
no spreading centers where mantle can adiabatically To match the 24% degassing efficiency estimated by
upwell to very shallow depths and produce melt. In Kaula (1999) the reference Rayleigh number has to
the present results, these effects seem to balance, suche as low as 19 (Fig. 89, corresponding to a ref-
that the total amount of melting, and the fraction of erence mantle viscosity of #) Pas. In this case,
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Fig. 7. (A) Interior structure of Venus-like planet after 4.5Gyr. (a), (d), (g) Temperature field, from low (blue) to high (red). (b), (e),
(h) Composition field, from harzburgite (blue) to basalt (red). (c), (f).3¢i\r concentration, from low (blue) to high (red). (B) Interior
structure of Mars-like planet after 4.5 Gyr. Caption is the same as in (A).
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Fig. 8. (Left column) Degassing history of Venus-like planet. (Right column) Degassing history of Mars-like planet Ra)}{)0 x 108
(c), (d)Ra= 1.0 x 10’. (e), (f) Ra= 1.0 x 1C°.

only about 25% of'®Ar has been degassed, and other and 9. This could be compensated for by starting the
species like’®Ar (Fig. 8(A)0) are less depleted than in  lower Raruns from a hotter initial state, but for these
other two casesHig. 7(A) f and ). Note that there is  initial calculations it was thought best to start from
a delayed onset of outgassing that is greater for lower identical initial states.

reference Rayleigh numbers. This is because it takes In these models an end-member scenario is as-
time for the interior to heat up sufficiently to produce sumed: that all melt produced in the mantle erupts
melt at depths below the relatively thick lithosphere, at the surface to form crust. With this assumption,
as found previously byReese et al. (1999) ower outgassing fractions that are similar to Earth’s can be
referenceRa (higher reference viscosity) results in a obtained despite the lack of plate tectonics. However,
thicker lithosphere, so that more heating up is required it seems likely that instead, a substantial fraction of
to reach the sub-lithospheric soliduBid. 7(A)a, d, the produced melt would not migrate all the way to
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the surface and erupt, in which case the amount of 4. Discussion and conclusions

outgassing would be substantially lower, perhaps con-

sistent wih the estimate ¢faula (1999) As discussed  4.1. Outgassing on Mars and Venus

above a high mantle viscositfig. 89 also reduces

outgassing and is within the range of uncertainties. It seems thaKaula (1999 estimate of 2¢+10)%

In conclusionKaula (1999 estimate for radiogenic  radiogenic argon outgassing on Venus is dynamically
Ar outgassing seems reasonable from these numericalreasonable, and may be matched either by Venus
models and could be satisfied by high mantle vis- having a much higher mantle viscosity than Earth,

cosity or inefficient melt escape, or a combination of i.e., of the order of 1% Pas, or by incomplete (e.g.,

these. ~50%) eruption (outgassing) of produced melt. For
Mars, a comparison between model and observa-
3.5.2. Mars tions is much more difficult, but it appears difficult

The three Mars cases look more similar to conven- to avoid ~30-40% outgassing, implying that Mars
tional rigid lid convection than the Venus cases, with must have lost most of its atmospheric noble gases to
no obvious settling of recycled cruski§. 7(B)a—e, space.

g and B, indicating that any delaminated crust sim- A successful model must match not only time-
ply mixed efficiently, particularly at higher Ra. The integrated constraints such as total outgassing, but
depth of the basalt to eclogite phase transition is much also constraints on the time-dependence of magmatic
greater on Mars due to lower gravity, so this would history. On Venus, there is believed to be ongoing
not play as large a role in destabilizing crust. The volcanic activity, with some researchers even prefer-
most likely parameter rangdRé) for Mars (Table ) ring a continuous resurfacing model to the popular
lies at the low end of the investigated range. Again, catastrophic resurfacing one (different models are
the onset of magmatism is increasingly delayed as summarized, in e.gNamiki and Solomon, 1998so

Ra is decreased due to the longer time required to any of our Venus models would be within the range of
heat up sufficiently to melt material below the base proposed hypotheses. Mars is probably volcanically
of the lithosphere. Although in a rigid lid state, the dead, although there has been long-lived large-scale
model melts and degasses continuously due to thevolcanism(Schott et al., 2001and possibly some rel-
hot interior. These sublithospheric hot materials may atively young ¢100s Ma) lava flows from Olympus
cause long-lived large scale volcanism on M&shott Mons. The presenteRa= 10’ or Ra= 10° models

et al., 2001) Curiously,3®Ar concentration is reason-  would be consistent with that history (based on the
ably high in the crustKig. 7(B)c, f, and ) because  gradients of the curves iRig. 8).

36Ar is concentrated in melt due to its incompatibility, It has commonly been proposed that Venus’ mantle
and only outgassed by 90% in these calculations. has a higher viscosity than Earth’s, and this has gener-

These numerical models predict a higher outgassing ally been attributed to a lack of water in Venus’ man-
efficiency than that estimated from the current Martian tle, which could increase the viscosity by at least two
atmospheréd®Ar concentration, which can be used to orders of magnitude under identical conditions (e.g.,
estimate what fraction of these species have been losttemperatureHirth and Kohlstedt, 1996)However,
to space. The presented models indicate that aboutthis would be partially compensated by the heating up
30-40% of radiogenic argon has outgassed over theof Venus' mantle; the increased temperature would
past 4.5 GyrFig. 8right column), regardless of refer-  diminish the viscosity. Nevertheless, higher mantle
ence viscosity (Rayleigh number). Based on this, it is viscosity is also supported by other considerations,
estimated that more than 90% of the outgassed argonparticularly the strong positive correlation between to-
has been lost to space due to the impact ofiéns pography and geoid on Venus. For example, modeling
pick up and solar windJakosky and Jones, 1997) of the geoid and topography of broad highland regions
The present results support the modeHoitchins and indicates that if these features are plume-related, then
Jakosky (1996)Loss of noble gases and other species the mantle of Venus can not have an Earth-like low
is thus an important factor that must be addressed in viscosity zone in its upper mant{&iefer and Hager,
studying Martian atmosphere evolution. 1991)
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4.2. Noble gases within Earth’s mantle multi-component phase transitions, recycled crust has
a tendency to build up in the transition zone, and (if
The presented thermo-chemical models simultane- buoyant at the CMB) in a zone of neutral buoyancy in
ously match the constraint on tot#lAr outgassing, the mid- lower mantle, while depleted residuum builds
self-consistently evolve regions that have the range up below the transition zone.
of 3Hel*He ratios observed in oceanic basalts, and The calculatedHe/*He histogram depends strongly
(in some cases) obtain MORB-likéHe*He distri- on the method of sampling due to two effects: aver-
butions in erupted material, all from a chemically aging and chemical stratification. Histograms calcu-
homogeneous initial state. The models also develop lated using each tracer as a sample are different from
considerable chemical stratification as a result of those in which abundances are first integrated over
the relative buoyancies of differentiated components each grid cell. Most importantly, th#He/*He distribu-
(crust and residue). Non-radiogenic species are out-tion histogram for erupted material may be quite dif-
gassed by~ 90%, which indicates that more than ferent from the mantle-wide average, because it pref-
90% of the mantle has been processed through melterentially samples the shallow mantle.
extraction. These results suggest that layered convec- Two cases generate “Earth-like” (i.e., MORB-like)
tion is not necessary to obtain the observed signaturesdistributions ofHe/*He in surface magmatism. In one
for He and Ar. Furthermore, Ar is depleted in the of these, the shallow mantle is depleted due to recy-
model MORB source region relative to the mantle cled crust settling into a layer at the bottom, and He
average due to segregation of K in the deep mantle, is less compatible than U, which brings thide/He
which is qualitatively consistent with the “missing ratio in residue down to MORB-like values. In the
argon” paradox(Allegre et al.,, 1996; Ballentine other, He is equally compatible to U but recycled crust
et al.,, 2002) although this must be quantified in mixes back into the shallow mantle causing sufficient
future. ingrowth of radiogeniHe to lower3He/*He. Most
High 3He/*He is obtained in the model whether he- probably a spectrum of successful solutions exists with
lium is more compatible or less compatible than U, a trade-off between He compatibility and deep mantle
but through different mechanisms. If less compatible crustal density, so this non-uniqueness needs to be fur-
then the high ratios are associated with unmelted ma- ther explored in future calculations. Improved knowl-
terial; if equally compatible then they are associated edge of key physical parameters, particularly the par-
with either unmelted or residuum material, and if more tition coefficient for He and the deep-mantle density
compatible then the highest ratios are associated with of eclogite, would narrow this ambiguity.
recycled residueColtice and Ricard (1999), Coltice All cases display lateral chemical heterogeneity
et al. (2000b), Ferrachat and Ricard (20@tdposed at all lengthscales, regardless of whether settling of
a model in which residue may contain the highest crust or residue takes place. This is consistent with
3Hef*He even if He is less compatible than U, if the the old “marble cake” concept of mantle heterogene-
average mantle is outgassing at a fast enough rate. Theaty (Alléegre and Turcotte, 1986)ersions of which
presented case in which He is less compatible indeedhave been proposed in various recent studies that
shows that residue can have higHe/*He relative to attempt to explain chemical observations and were
the average, but that undifferentiated material has the discussed in the Introductio(Coltice and Ricard,
highest®He/ He. 2002; Helffrich, 2002; Meibom et al., 2003; Meibom
Deep mantle crustal density strongly influences the and Anderson, 2003)Thus, a mantle that is highly
SHe/*He distribution sampled magmatically, because heterogeneous, as well as vertically stratified, appears
it affects the ability of subducted crust, which is de- likely from these modeling results as well as other
pleted in gases but strongly enriched in U and Th, to considerations.
mix back into the MORB source region. If crust is
relatively dense at the CMB then it segregates into a 4.3. Model limitations and future directions
layer, resulting in a strongly depleted shallow man-
tle, whereas if neutral or buoyant, it mixes back into ~ While the results are very promising, there are
the rest of the mantle, decreasifge/*He. Due to several limitations in the model, which should
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