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ABSTRACT

The noble gas abundances and isotopic ratios of the terrestrial planets differ from each
other and from the average of chondritic meteorites. These different abundance patterns
result from primordial heterogeneities or different degassing histories. Magmatic transport
is the only degassing mechanism that can be demonstrated to occur on Venus, Earth, and
Mars, and is presently the dominant form of volatile transport to a planet's free surface.
An alternative technique was developed to determine the partitioning and solubility of
noble gases in mineral/melt systems. Natural end member minerals and synthetic melts
known to be in equilibrium were held in separate crucibles in a one bar flowing noble gas
atmosphere. Experiments were run 7-18 days at 1300 or 1332°C, in 99.95% Ar or a NeAr-Kr-Xe mix. Gas concentrations were measured by mass spectrometry.
The solubility of noble gases in minerals was surprisingly high, and individual samples
of a particular mineral composition are distinct in their behavior. The data is consistent
with lattice vacancy defect siting. Noble gas solubility in the minerals increases with
increasing atomic number; this may be related to polarizability.
Noble gas solubilities in melts decrease with increasing atomic number. Solubility is
directly proportional to melt molar volume; values overlap the lower end of the range
defined for natural basalts. The lower solubilities are related to the higher MgO and CaO
concentrations and lower degree of polymerization and Fe3+ concentration in synthetic vs.
natural melts.
Partition coefficient patterns show a clear trend of increasing compatibility with
increasing noble gas atomic number, but many individual values are > 1. Calculations
show that the terrestrial planet atmospheres cannot have formed from partial melting of a
common chondritic source.

10
When results are examined with isotopic constraints and MOR and hot-spot activities,
there is no compelling evidence that the Earth is substantially outgassed of its primordial or
even its radiogenic volatiles.
If volcanic degassing was mostly responsible for the atmospheres, then initial volatile
abundances were Mars < Earth < Venus. Alternatively, roughly equal abundances could
have been modified by catastrophic processes.

11

INTRODUCTION

Heterogeneity of the Inner Solar System Accretionary Process

A fundamental question of planetary science concerns the great differences between
each of the objects in the inner solar system. In some fashion, almost every study attempts
to decipher which differences are primordial and which are derived from subsequent
planetary processing. There is abundant evidence that the solar nebula condensed
inhomogeneously. Gradie and Tedesco (1982) established that the asteroid belt has a
compositional structure, with different spectral types being concentrated at different radial
distances. Clayton et al. (1973) fIrst demonstrated that solar system objects could be
classifIed on the basis of their oxygen isotope ratios. This work has continued up to the
present, (c.f. Clayton et al., 1986; Thiemens, 1988) and it has become clear that different
nebular isotopic reservoirs existed, and that nebular heterogeneities were present even on a
sub-micron size. CAl's (Calcium and Aluminum rich refractory Inclusions) are refractory
element nodules enclosed in a volatile-rich matrix in carbonaceous chondrite meteorites.
They have complex histories indicating that they have undergone many episodes of
condensation and isolation from the nebular gas, yet the lack of mixing of CAl's between
various meteorite classes suggests that limited transport of condensed grains occurred
between regions of different heliocentric distance (Boynton, 1985).
It is not yet known, however, to what extent this inhomogeneity was preserved during
accretion of the inner solar system. As summarized in Greenberg (1989), models of
planetary accretion differ strongly in their predictions for the later stages of accretion. If
radial transport prevented the fIrst-formed planetary embryos from becoming isolated in
depleted feeding zones, then the tmal stages of accretion were quiescent, with low relative
velocities and orbital eccentricities. If planetary embryos became isolated, then the fInal
stages of accretion involved chaotic mixing, with relative velocities near escape velocities
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and violent impacts of the embryos. In the former case, each embryo grows by continual
accretion of material from its own feeding zone, thus primordial nebular variations can be
retained in the resultant planets. In the latter case, 100 Ian sized embryos from different
feeding zones grow by random collisions. It then follows that Venus, Earth, and Mars
should have overall bulk compositions, including initial volatile inventories, that are very
similar to each other and to the average of chondritic meteorites.
Presently, the atmospheres are the most accessible homogeneous reservoirs that we can
sample on each of the planets. Of such samples, the noble gases are the best candidates for
investigation of atmospheric origin and evolution because they do not participate in ionic or
covalent bonding in geochemical environments. In addition, we can readily distinguish
radiogenic, spallation, and primordial isotopic components (Dzima and Podosek, 1983).

Terrestrial Planet Atmospheres--A Secondary Origin

The atmospheres of Venus, Earth, and Mars deviate so strongly from the cosmic
composition that they cannot have originated from simple gravitational capture of nebular
gases. Table 1 and Figures 1 and 2 summarize the data: both the absolute abundances and
the abundance ratios of the primordial planetary volatiles differ strongly from the cosmic.
The planetary atmospheres are also very enriched in the radiogenic noble gases, as is
shown by the 40Ar values in Figure 2. Radiogenic gases can only be accounted for by
fluxes from the solid planets, and are usually deleted from comparisons such as Figures 1
and 2. 4He is particularly ignored because He is not gravitationally bound, thus has been
escaping from the Earth's atmosphere throughout geologic time.

Noble Gas Abundances--Comparison ofTerrestrial Planets

Noble gas concentrations are shown again in Figure 3. The chondrltic meteorites are
represented by the C3V average. Although recognizably similar, each of the planetary
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trends differs from one another as well as from the average chondri tic trend. The trends
for other chondritic types are identical in shape 'but may lie ir~ different positions on the yaxis, as is shown in Figure 4. [The noble gas content of meteorites is generally accepted to have
originated largely from adsorption onto nebular grains with some component (.If interstellar (extra-solar
system) material. The major problem with this explanation is that laboratory measurements of adsorbed
, concentrations fall many orders of magnitude below the concentrations in the meteorite samples (Swindle,
1988; Wacker, 1989).]

The glaring difference between the meteoritic and planetary patterns is the Xe
abundance. The 132Xe/36Ar ratio in the Earth's atmosphere is over an oiider of magnitude
less that the meteoritic value. This "missing Xe" does not reside in any surface reservoir,
including oceans, (Ozima and Podosek, 1983), sedimentary rocks (Bernatowicz et a/.,
1984), polar ice (Bernatowicz et a/., 1985), and deep-sea amorphous silica (Matsuda and
Matsubara, 1989). In an isotopic mixing study of Venus' atmosphere, Bogard (1988)
notes that 132Xe/36Ar is also low on Venus, and that surface adsorption would be even
more unlikely.

Overall, the different abundance patterns result either from primordial
heterogeneities or from different degassing histories among the planets.
Provided that we know the relation between the measured atmospheric abundances and the
bulk planet inventories, we can use noble gas samples to detect any primordial
heterogeneities as well as to understand the origin and evolution of the atmospheres
themselves. This relation is determined by the interplay of the degassing mechanisms that
are operational on each planet

14

Mechanisms of Degassing
Catastrophic
Catastrophic degassing events are those which occur in a time period very short relative
to the age of the planet These events remove either remnants of captured solar nebula gas,

or steam atmospheres (Lange and Ahrens, 1982; Matsui and Abe, 1986a,b; Zahnle et al.,
1988) generated by accretionary impacts. Intense volcanic activity can also contribute to
these early atmospheres. The two important mechanisms of catastrophic degassing are (a)
massive hydrodynamic escape (Watson et al., 1981; Zahnle and Kasting, 1986; Hunten et

al., 1987) and (b) impact erosion (Lange and Ahren~, 1982; Walker, 1986; Ahrens et al.,
1989; Melosh and Vickery, 1989).
(a) Massive hydrodynamic escape requires that the early atmosphere consist almost
entirely of H or H2 and early sun have an enhanced extreme ultraviolet (BUV) flux.
[Evidence that the young Sun was a much stronger source of energetic photons is presented in Zahnle and
Walker (1982) The EUY flux decreased after the first few 100 Myr of solar system history.] Heating

from the EUV flux drives a hydrogenic planetary wind which can escape the planet,
dragging heavier atmospheric components along. Hunten et al. (1987) model this process
as escape of captured nebular gases. The escape process is capable of mass fractionating
this primordial atmosphere because there is a competition between the upward drag force
on the molecules and the downward force of gravity. This mass fractionation is basically
linear rather than exponential as in Jeans escape, and under specific conditions can account
quantitatively for the fractionation of Xe isotopes in the Earth's atmosphere. A dense
impact-generated steam atmosphere may also escape as an EUV-driven planetary wind.
Potential sources of H2 come from reduction of Fe metal by liquid H20 on the surface and
from UV photolysis of H20 vapor in the upper atmosphere. If H2 is produced rapidly, the
atm~sphere C!1.!!

escape as it is accumUlating: alternatively, escape is delayed until the final

stages of accretion, or cannot occur at all.
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A quantitative accretionary steam atmosphere model was frrst developed by Matsui and
Abe (1986 a,b). On Earth, dust and water vapor from impacts create the early atmosphere.
When 0.2 to 0.4 Earth radius (RE) is reached, this atmosphere becomes an efficient
thennal blanket which retains accretionary heat inputs. The surface temperature increases
until it reaches the wet basalt solidus (Tsol) at 1500o K. This temperature is maintained,
regulated by the solubility of water in the magma ocean, and the atmosphere consists of
100 bars H20(g). When accretional input declined, the stearn condensed to rain out the
oceans. This rain accounts for the entire earth surface water abundance; the fate of the
enonnous amount of water that must have been buried during accretion is not addressed.
Venus is thought to have evolved similarly, with the exception that water vapor never
condensed, so was lost from the atmosphere.
Zahnle et al. (1988) essentially confmned Matsui and Abe's results with a more
sophisticated model. [Important differences in the Zahnle et al. treatment were incorporation of mantle
outgassing and burial of accretional heating; also use of an atmospheric model including non-grey H20
infrared adsorption and moist convective heat transport (grey adsorption is wavelength independent). Both
Zahnle et al. and Matsui and Abe adopted a 80% rehydration efficiency for all silicate material below
900oK, where serpentine becomes stable. Without this rehydration, these models would predict a too dry,
reduced crust and atmosphere for Earth under some choices of initial conditions.] Impact degassing

begins at 0.15 RE and accumulation of water begins in earnest at 0.5 R E• A large
percentage of early accreting material is buried, volatiles intact. For their standard model,
abrupt complete silicate dehyration at 9000 K leads to a 20-30 bar stearn atmosphere; T sol =
15000 K is reached at 40 bars, at which point most incoming water is dissolved in the
partially molten mantle. When the rate of impact slows, water is supplied to the surface by
vigorous convection in the mantle, which brings up water-rich material from below. The
magma ocean is also cooling during this convective period, and the flux of water vapor to
the atmosphere is very large; the pressure peaks at 270 bars and 800o K. Eventually the
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mantle is significantly outgassed and the impact heating is minimal, so the surface
temperature drops quickly. With further cooling the steam condenses and rains out to fonn
the oceans, leaving the Earth with 240 bars of H20.
(b) Very large impacts may not contribute to these dense steam atmospheres, but
rather partially remove them. Zahnle et al. (1988) acknowledged impact erosion as a viable
degassing mechanism in their model, but could not treat it fully due to many uncertainties
in the theory. Melosh and Vickery (1989) showed that an enhanced impact flux during the
first 109 years of Mars' history could have significantly eroded an existing atmosphere.
They conservatively predict that Mars initially had an atmosphere of at least one bar, which
is consistent with the geomorphological evidence for fluvial processes on Mars during the
late heavy bombardment. Mars is particularly susceptible to impact erosion due to its small
size. Application of the same model to Earth and Venus indicate primordial atmospheric
pressures about 6 and 1.5 times the present, respectively.
Ahrens et al. (1989) considered impacts into a co-accreting steam atmosphere. A
number of experimen~al shock devolatilization studies indicate that an atmosphere may
begin to accumulate early in accretion. For example, in samples of the Cl chondrite
Murchison, devolatilization begins at 12 GPa and is complete at 30 GPa (Tyburczy et al.,
1986). This corresponds to only 3 x 10-3 and 5 x 10-2 Earth mass (ME), respectively. In
this initial stage of atmospheric growth, water mostly accumulates: although infall energies
are sufficient for shock-induced release of water, the fraction of this energy partitioned into
the atmosphere does not lead to efficient blowoff. After the planetary embryo reaches an
intennediate size, both impact degassing and erosion are dynamic, competing processes.
If an embryo becomes very massive, shock ejecta cannot reach escape velocity, and again

water mostly accumulates. Ahrens et al. (1989) predict that atmospheric cratering should
be efficient for Mars, and less so for Venus and Earth, in agreement with Melosh and
Vickery (1989).
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The influence of comets on the early terrestrial planet atmospheres can be neither
ignored nor modelled due to the paucity of knowledge concerning comets. Cometary
albedos, nuclear densities and dimensions, and subsurface compositions are still largely
unknown. The absolute flux of comets passing through the planetary region is also very
uncertain (AHearn, 1988; Weissman, 1989). Although comets have long been appealed
to as a source of noble gases for Earth and especially Venus (c.f. Lewis and Prinn, 1984),
no noble gases were detected in the mass spectrometric analyses from either GiacobiniZinner (Ogilvie et al., 1986) or Halley (Krankowsky et al., 1986; Jessberger et al., 1989).
In addition, C and 0 abundances relative to Si in Halley gas are almost identical to solar.
The N relative abundance is significantly lower than solar, but this could be due to
undetectable N2 (Geiss, 1987). In any case, all the abundances are even higher than those
in Cl meteorites and very different from Earth's. The problem with comets as a major
atmospheric source is that they are too volatile rich. Anders and Owen (1977) and Driebus
and Wanke (1987) point out that all the water and possibly all the primordial noble gases of
the Earth can be explained by a late addition of only 0.44% Cl material.
Some specific situations are quite the opposite. In the case of a giant lunar-forming
impact, it is predicted that much of the Earth's mantle either melted or vaporized (Benz et

al., 1986; Kipp and Melosh, 1986). Late stage volatile-rich impactors would be required
in order to form the Earth's oceans after the impact event Chyba (1987) estimated that the

Earth accreted 1.1 x 1025 gm of material during the late heavy bombardment. If 10% of
those objects were comets, then the mass of accreted water would be 40% of the Earth's
present oceans. The observation that deuterium is enhanced by a factor of 100 in the
Venusian atmosphere as compared to the Terran is conventionally interpreted to indicate
that Venus lost a large primordial water endowment due to a runaway greenhouse
(Donahue et al., 1982). Alternatively, Grinspoon and Lewis (1986; 1988) argue that such
an endowment may never have occurred, and that the DIH ratio and the water abundance
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are in a near steady-state balance between loss by escape and replenishment by cometary

infall.
In summary, with only two escape mechanisms a myriad of scenarios for the
catastrophic origin of the terrestri,al planet atmospheres can be constructed, most with equal
merit. A rising trend toward acceptance and quantitative modelling of impact processes
both during and after planetary accretion influences most of these models.

Non-catastrophic
Currentiy, there is little doubt that catastrophic events played a major role in the
evolution of the terrestrial planets as a whole; however such events are by nature
unobservable, and often stochastic. Catastrophic mechanisms cannot be called upon to
explain observations of any type without a thorough investigation of the more continuous
and predictable mechanisms which are or could be operational. In the present context these
are the non-catastrophic mechanisms for degassing a planetary mantle, of which we can
.derme three:
(a) solid-state atomic diffusion
(b) mass transport by convective overturn
(c) magmatic transport.
(a) Diffusion alone is not effective: With a reasonable diffusion coefficient of 10-7
cm2 sec- l at 1500°C (Foland, 1974) Ar, for example, could travel only 1.2 kIn in 4.6 Ga.
Even adopting a coefficient of 10-3 cm2 sec- l as an optimistic upper limit for He diffusion
yields a characteristic distance scale of about 100 kIn (Ozima and Podosek, 1983).
(b) Mass transport by solid state convection is of unknown importance on Venus and
Mars, but is very important for the Earth. The structure of the mantle convection system
determines what volume of the mantle has been tectonically processed, and the mean
overturn time of this process. A rough estimate of the characteristic time for the processing

,.
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of the mass of the mantle (Mm) that participates in the tectonic cycle is derived by Allegre
and Turcotte (1986):

=Mm / dMldt and
dM/dt = Pm hp dS/d't

'tp

where dM/dt is the tectonic processing rate for an interval 't, Pm is the mean density, hp
the layer thickness, and dS/dt the rate at which plate area is created or subducted. Taking
Pm = 3.2 gm cm- 3, hp = 60 km and dS/dt = 1.35 x 103 cm2 sec- l gives dMldt = 2.6 x
10 10 gm sec-I. This corresponds to a characteristic processing time tp = 1.28 Ga for the
upper mantle and 4.96 Ga for the whole mantle. For another estimate Pm = 3.4 gm cm-3,
hp = 30 km, and dS/dt = 3.0 km2 yrl these times increase to 3.3 and 13.6 Ga (Silver et

al., 1988).
A number of recent observations favor a whole-mantle convective style. From analysis
of travel time anomalies of deep focus earthquakes, Creager and Jordan (1984; 1986) and
Fischer et al. (1988) have identified linear near-vertical seismically fast regions below
some subduction zones. They interpret these as aseismic extensions of the subducting slab
which penetrate the 650-km discontinuity and enter the lower mantle to a depth of at least
900-1000 km. This type of subduction would fill the upper mantle in 1 Ga with an
estimated 300 km3yr l slab flux. Slab penetration rules out a layered mantle model, and
argues that the 650-km discontinuity is not due to a compositional change. Also important
is the recognition that the global distribution of hot spots correlates with positive geoid
anomalies (Chase, 1979; Crough and Jurdy, 1980; Liu and Chase, 1989) and slow mantle
seismic velocities (Dziewonski, 1984; Hager et al., 1985). The interpretation is that hot
spots are the surface manifestations of large-scale mantle upwellings. In contrast, the
upwelling at the MOR has no long-wavelength geoid component and no detectable slow
seismic anomaly below 350 km (Woodhouse and Dziewonski, 1984), indicating it is not a
feature of the large scale convective circulation.

---_ .. - ----------------

----------

20
This type of whole mantle convection developed in the numerical model of Bercovici,
et al. (1989a). They modelled convection in a three dimensional spherical shell with

constant Newtonian rheology; cases were considered with either basal or internal heating,
or a combination of the two. A striking result was that sheet-like downwellings are a
property of the fluid dynamic system, occurring for any type of heating. With basal
heating, upwelling was in the form of cylindrical plumes, and the amount of return
upwelling flow was proportional to the amount of basal heating. For the case where the
spherical shell was heated half from below and half internally, the upwelling and
downwelling flow velocities were comparable. Although the rheology is very simple, it
was concluded that subduction zones and descending slabs are fundamental characteristics
of convection in a spherical shell, and that the Earth's convective system is not layered.
Cylindrical hot spot plumes probably represent the only source of return flow in the
mantle. Upwellings associated with the MOR did not develop in the model.
This modelled hot spot

= convective upwelling and subduction zone = convective

downwelling mantle circulation is in agreement with another observable. Weinstein and
Olson (1989) have verified by statistical analysis the observation (Morgan, 1971) that the
spatial distribution of hot spots is strongly biased. Hot spots tend to be near mid-ocean
ridges and distant from subduction zones. Weinstein and Olson (1989) interpret hot spots
as being due to thermal plumes rising from a basal thermal boundary layer of unspecified
depth. A cold subducted plate penetrates deeply and will spread laterally at that boundary
layer, inhibiting the formation of nearby plumes.
This dissertation will (mildly) advocate whole-mantle

COm:'i~ction,

while recognizing

that geochemical heterogeneity is certainly present in the mantle as a whole. A constraint
in either type of convection is that either the entire mantle has not been tectonically
processed, or the rate of tectonic recycling was much greater in the past. Presently, there
is no geophysical evidence for the latter case (Ullrich and Van Der Voo, 1981;
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Christensen, 1984), although it cannot be dismissed because it is not easily evaluated. If
one assumes that the whole mantle h~s not been tectonically processed, but that the Earth is
substantially outgassed, then this implies that the atmosphere cannot have originated by a
steady-state, non-catastrophic process.
(c) At least some portion of the noble gases contained within mantle minerals could
be transported via an upwelling plume from deep in the mantle to a region of partial melting
beneath an active hot spot or ridge axis. However, it is important to realize that convective
transport and magmatic transport are necessarily coupled. Regardless of the importance of
convective transport in a given planetary mantle, magmatism remains the predominant form
of transport of volatile species to the planet's free surface.
Magmatic transport is the only degassing mechanism that can be demonstrated to occur
on Venus, Earth, and Mars--thus the efficacy of magmatic degassing is the focus of this
investigation. In particular, it is important to know the solubilities in, and hence,
partitioning between solid, melt, and gas phases during magmatic events. Partitioning of a
trace element between solid and liquid phases is quantified by the partition coefficient
Ds/l(a), which is the concentration of element a in the solid (s) divided by the

concentration in the liquid (1) at equilibrium. Until the present, all degassing models have
assumed that the" noble gases are uniformly very incompatible in minerals. A single Ds/I
value has been used to represent the degassing of all the noble gases under all conditions.
As such, small degrees of partial melting in a planetary mantle can extract quantitatively an
unfractionated noble gas phase, then transport these gases to the planet's surface, where
they are in turn q~antitatively released to the atmosphere. Although this noble gas behavior
is universally acknowledged to be simplistic at best, and possibly incorrect, there has been
very little experimental investigation of the underlying assumptions.
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TABLE 1. Comparison of noble gas primordial/radiogenic isotopic ratios and 2<>Ne
enrichment factors for the average solar system, solar wind on Apollo foils, terrestrial
planet atmospheres, and selected meteorites. In most cases, errors are insignificant and
have been accomodated by rounding off the measured values. Larger error estimates are
listed.

.taW1

lH.el~&

.4QArL~Ar

122~ll2&

~~

~~Ar

solar system

1.42 x 10-4

2.9±1.7 x 104

1.05

14

37

solar wind

4.3 x 10-4

-0

14

45±10

CI

1.42 x 10-4

1.02

8.2

0.23±O.06

1.8a

8.7

0.19

11.8±O.7

0.12±O.07

9.80

0.29

C3V
Venus
Earth

1.0
1.4 x 10-6

Mars
SNCb

4.4 x 10-2

295.5

0.98

3050±103

1.5-4.5

2370±180

2.2

0.15-1.0
10

0.20

--------------------------------------------------------------------Data from Anders and Grevesse (1989); Becker and Pepin (1984); Bogard (1988);
Hunten et al. (1988); Ozima and Podosek (1983); Swindle (1988); Swindle et al. (1986).
(a) value specific to meteorite Allende (Ozima and Podosek, 1983)
(b) data specific to EETA 79001 lithology C (Becker and Pepin, 1984; Swindle et al., 1986)
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Figure 1. Depletions of absolute noble gas abundances (atoms/106 Si atoms per
object) in terrestrial planet atmospheres and CI chondrites with respect to solar noble
gas/Si ratios. Figure from Hunten et al. (1988) .
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Figure 2. Abundances of C and N (moles/gm) and noble gases (ccSTP/gm) in the
terrestrial planets and CI chondrites. Also shown is the solar wind abundance
arbitrarily normalized to 36Ar = 10-7 cm3/gm. Data for Venus and Mars are for
atmospheres only; data for Earth represent the whole planet inventory. Primordial
noble gases isotopes are plotted, with the exception of 40Ar, which is very abundant
on the planets. Two Xe values are shown for Venus: the higher value is from the final
interpretation of the US Pioneer data, while the lower is from the USSR Venera 13 and
14 measurements. Figure from Bogard (1988).
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presently the more accepted. The upper value is from the USSR Venera 11 and 12
spacecraft Figure from Donahue and Pollack (1983).
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PREVIOUS INVESTIGATIONS

Solubility in Minerals
Some information is available on natural noble gas solubilities in minerals, but there are
no existing experimental studies on specific, well characterized minerals. Natural
solubility data is of limited utility because the composition of the equilibrating gas phase is
not known. Solubilities in magnetite by Lancet and Anders (1973) are still quoted
although they were discredited by Yang et al. (1982) and Anders (1987, personal
communication). Most investigations of natural minerals have centered around the
problem of excess 40Ar and 4He in crustal minerals, and the topic is well summarized in
Ozima and Podosek (1983).
Noble gas ~bundances in mantle xenoliths are of particular interest to this study as well
as the isotopic community at large. Selected solubility data for mantle-derived minerals are
given in Table 2. Unfortunately, ther.e is no agreement as to whether xenoliths contain
pristine mantle samples, because the degree of xenolith interaction with mantle, crust, and
atmospheric reservoirs is so poorly known. Kaneoka and Takaoka (1978; 1980) studied
an olivine and two augite phenocrysts from Hawaiian basalt nodules, and noted a strong
enrichment of primordial 3He and 36 Ar in the phenocrysts as compared to the bulk
nodules. The low temperature step in

~heir

two-step degassing always showed a more

atmospheric composition. Saito et al. (1978) measured a kaersutite amphibole from a New
Zealand nephelinitic host basalt. The noble gas elemental ratios resembled the meteoritic
trend, but Kr and Xe isotopes were atmospheric.
Bematowicz (1981) investigated the solubility of Ne through Xe in San Carlos,
Arizona ultramafic xenoliths.

Isotopic compositions were indistinguishable from

atmospheric. Bulk as well as clinopyroxene, olivine, and spinel separates were measured,
however the gas content of the minerals was found to decrease after the sample
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disaggregation procedure. He concluded that a large percentage of the noble gases in the
minerals were in fluid inclusions. Comparison of bulk and dis aggregated material
indicated that the component lost during crushing was fractionated in favor of the heavier
Of

«'

noble gases, with Ar < Kr < Xe. Similarly, Rison (1980) measured bulk and mineral
separates from spinellherzolites from Salt Lake Crater, Hawaii. In contrast, most of the
individual mineral solubilities were higher than the bulk, indicating that the bulk rock did
not lose gas during the mineral separation procedure.
Diamonds from South African Shield kimberlites have recently been the subject of
intense scrutiny because it is thought that they might contain pristine samples of mantle
noble gases (Takoaka and Ozima, 1978; Ozima et al., 1983; Navon et al., 1988; Ozima,
1989). Initial investigations were confusing: Zashu et al. (1986) reported excellent linear
correlations for 40 Ar vs K and 40Ar/36Ar vs K/36 Ar isochron plots in ten cubic Zaire
diamonds, yet the corresponding isochron age was about 6 Ga. Helium through xenon
were also measured in the same diamonds (Ozima and Zashu, 1988). Isotopically, Ne was
a mixture of solar, nucleogenic, and atmospheric components; other gases were nearly
indistinguishable from atmospheric.

The noble gas abundance patterns showed a

systematic fractionation trend of heavy noble gas enrichment relative to air.
The ftrst evidence for micro-inclusions in cubic diamonds was presented by Navon et

al. (1988). Armed with this evidence and the work of Akagi and Masuda (1988) and
Podosek et al. (1988), Ozima et al. (1989) reevaluated the Zashu et al. (1986) work.
[Zashu el al. (1986) suggested that the 40K/total K ratio in the diamonds might differ from the normal
ratio, reflecting acosmogenic mantle 4~ component. Akagi and Masuda (1988) and Podosek el al. (1988)
ascertained that 40K/total K in these diamonds was normal.] The

6 Ga isochron is thought to have

originated from excess Ar in fluid inclusions. These inclusions are found in a secondstage growth coat on the outer portion of the diamonds. The gases measured in Ozima and
Zashu (1988) reside in the diamond core, thus probably represent the mantle region where
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these cores crystallize. Phillips et al. (1989) perfonned a 40Ar/39Ar laser microprobe study
of clinopyroxene and hornblende inclusions in diamonds from the 1.15-1.23 Ga Premier
kimberlite. The calculated age of the diamonds was indistinguishable from the age of the
kimberlite, and the 40Ar/36 Ar ratio was indistinguishable from atmospheric. This low
40 Ar/36 Ar ratio is not consistent with a MORB source for the diamonds, but rather

indicates that they equilibrated with 36Ar-rich fluids from primordial mantle or recycled
atmospheric volatiles.

Solubility in Melts
Experimental noble gas solubilities in melts are summarized in Table 3. Grimes et al.
(1958) and Blander et al. (1959) investigated the solubility of He, Ne, Ar, and Xe in
fluoride salt melts and established that solubility decreases regularly with increasing atomic
number of the noble gas, and that the solubility is affected by the composition of the
solvent. Kirsten (1968) confirmed the decreasing solubility behavior for He, Ne, and Ar
in molten enstatite at 15OO°C. Hayatsu and Waboso (1985) found the same trends for Ne,
Ar, and Kr in three natural basalts. Experiments in ranges up to 0.06 bar and 10001400°C showed Henrian behavior and a positive temperature dependence of solution.
Neither of these silicate melt investigations is considered defmitive because (a) the samples
were cooled in the presence of the gas as opposed to being quenched, (b) some noble
gases were not included, and (c) the experiments were of short duration. Hayatsu and
Waboso (1985) ran 3-5 gm samples only 4-8 hours, which is unlikely to be long enough
to achieve solubility equilibrium for the heavier noble gases (Lux, 1987).
Jambon et al. (1986) perfonned the first rigorous study of noble gas solubilities in
silicate melts. They demonstrated that solubility equilibrium should be achieved within 12
days for He through Xe in one gram samples of normal MORB glass at 1250-1600°C and
1 bar total pressure. The solubilities of the noble gases were found to decrease with
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increasing noble gas atomic number. Henry's Law was obeyed throughout a range of
partial pressures of two to four orders of magnitude less than 1 bar, but no appreciable
temperature dependence of solubility was observed.
Lux (1987) investigated the solubilities of He, Ne, Ar, Kr, and Xe in five natural
compositions from andesite to ugandite (olivine leucitite). Solubility equilibrium was
achieved for Xe in 48 hours. Results at 1350°C and 1 bar total pressure (02, N2, He-Xe)
also showed that solubilities decreased with increasing noble gas atomic number and with
increasing density of the silicate liquids. Henry's Law behavior was exhibited at 1350°C
and 1 bar total pressure in experiments with tholeiite in which the partial pressures of each
noble gas were varied over about an order of magnitude. Other experiments in which
temperature was varied over the range 1275-1500°C yielded no appreciable temperature
dependence of solubility.
White et al. (1989) investigated the solubility of Ar at high pressure in two natural and
twelve synthetic silicate liquids. This study pioneered the loading of liquid Ar into pistoncylinder charges, resulting in Ar concentrations that were measurable with an electron
microprobe. Run series were conducted mostly in the temperature range 1350-1750°C and
9-25 kb. Two short «1 and 10 min) 5 kb runs were done with sanidine (KAISi30S)
composition, and K2Si409 composition was run from lOOO-1600°C. Solubility was
positively correlated with silicate polymerization and also SilAI. The concentration of Ar in
the melt compositions increased exponentially with increasing mole fraction of SiOz. At
equivalent degrees of polymerization, compositions with more Al in the tetrahedral
network showed lower Ar solubilities. Solubility was also independent of temperature
with the exception of K2Si409, which showed a positive temperature dependence. The
results show a linear increase in solubility with pressure in this range, however this is not
necessarily an indication of Henrian behavior, and results should not be extrapolated to
low pressures. A plot of Ar concentration vs. fugacity of the non-ideal vapor has a
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Langmuir adsorption form, but there is no indication of an asymptotic approach to
saturation. Comparing results above 10 kb, the authors find that Ar appears to dissolve as
a chemically inert atomic species: and to behave similarly to molecular C02, but not
molecular H20.

Noble Gas Partitioning

Hiyagon and Ozima are the only other researchers to have performed experimental
investigations of noble gas partitioning. Hiyagon and Ozima (1982) attempted to measure
partitioning of Ar at 1 bar between olivine and melt, but found "a remarkable decrease of Ar
with depth in the crucible": solubility equilibrium was not achieved even after 64 hours
melting. Also in this study, a sample of natural basalt with adsorbed air was fused at 15
kbar, then cooled slightly and allowed to crystallize clinopyroxene and plagioclase. Upon
quenching, it was impossible to separate completely the minerals and glass.
Hiyagon and Ozima (1986) again investigated the partitioning of noble gases between
olivine and melt, with more success. A mixture of natural basalt and harzburgite powders
was fused completely, then cooled to 1300°C over a period of 2-24 hours, during which
olivine crystals grew in the melt. The melt was mechanically stirred during the experiment
in order to ensure gaslliquid solubility equilibrium. The atmosphere for the experiments
consisted of C02, H2, He; Ne, Ar, Kr, and Xe in varying proportions such that oxygen
fugacity remained in the range 10-9 to 10- 10 bars. The sample was then quenched and
pulverized, and separated into glass and crystal fractions with a heavy liquid for mass
spectrometric analysis.

The resultant partition coefficients are not from direct

measurements of olivine and melt, but are determined from end members defined on threeisotope mixing diagrams. The major reason for this approach was that the minerals often
contained inclusions. Interestingly, the gas component in the inclusions was enriched in
the heavier noble gases, in agreement with Bematowicz (1981). The mixing plots
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produced a wide range of possible partition coefficient values for each gas, and showed
that noble gases are incompatible in olivine, but not uniformly so. Noble gas partition
coefficients increased with increasing noble gas atomic number.
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TABLE 2. Summary of noble gas solubilities in natural mantle-derived minerals. All
data in ccS1P/gm, with exponent in parentheses. For purposes of comparison, only two
significant figures are listed and isotopic errors have been omitted. Temperatures represent
single or multiple extraction steps. Dashes and < indicate that blanks were higher than
measured gas abundances.

sample

~

~lk

2!l~

~AI:

MKc

13.l~

amphibole

1400

3.8(-6)

3.4(-9)

4.0(-6)

4.4(-10)

3.1(-10)

a

olivine

1700

4.4(-8)

1.0(-10)

1.8(-7)

4.8(-12)

5.8(-13)

b

olivine

700
1800

3.4(-9)
1.9(-8)
2.2(-8)

1.8(-10)
1.2(-10)
3.0(-10)

3.3(-7)
1.6(-7)
4.9(-7)

4.2(-11)
3.5(-11)
7.7(-11)

2.3(-12)
9.7(-12)
1.2(-11)

c

5.4(-9)
6.0(-10)
6.0(-9)

1.4(-12)
3.0(-14)
1.4(-12)

2.4(-13)
3.9(-14)
2.8(-13)

d

8.2(-14)
8.0(-14)
1.6(-13)

1.9(-14)
1.6(-14)
3.5(-14)

d

<1.0(-11)

7.1(-10)
6.7(-9)
6.0(-9)

total
olivine

800
1600

total
olivine

800
1600

total
augite

1800

3.3(-8)

1.8(-9)

3.2(-7)

8.2(-11)

1.0(-11)

c

augite

700
1800

2.3(-9)
2.2(-8)
2.4(-8)

1.1(-10)
2.6(-10)
3.7(-10)

2.0(-7)
5.3(-7)
7.3(-7)

1.3(-11)
2.2(-11)
3.5(-11)

4.6(-13)
1.8(-12)
2.3(-12)

c

4.2(-9)
2.1(-9)
6.3(-9)

1.8(-12)
5.7(-12)
7.5(-12)

5.2(-13)
1.3(-13)
6.5(-13)

d

total

5.0(-11)
2.0(-11)
7.0(-11)

cpx

1600

<2.9(-11)

5.2(-8)

2.9(-12)

6.9(-14)

d

opx

800
1600

6.1(-9)
1.0(-9)
7.1(-9)

4.9(-13)
9.0(-14)
5.8(-13)

5.0(-14)
1.1(-15)
5.1(-14)

d

total

<1.1(-11)
<4.7(-11)
<5.8(-11)

1600

1.0(-11)

3.1(-8)

2.3(-12)

3.1(-14)

d

total
cpx

opx

800
1600
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7.5(-11)

7.0(-10)

<6.0(-13) 1.0(-13)

d

3.4(-7)

9.3(-11)

5.6(-8)

5.5(-12)

2.0(-12)

e

2050

5.8(-7)

3.0(-10)

2.2(-8)

8.0(-13)

1.8(-13)

e

diamond

2050

3.6(-7)

5.5(-11)

1.3(-8)

1.8(-12)

2.4(-13)

e

diamond

2050

2.3(-5)

1.4(-10)

1.9(-5)

4.2(-11)

4.3(-12)

f

diamond

2050

4.4(-6)

3.2(-11)

7.6(-6)

1.0(-11)

1.4(-12)

f

diamond

2050

2.7(-6)

3.7(-11)

6.1(-6)

1.2(-11)

1.4(-12)

f

spinel

1600

diamond

2050

diamond

(a)
(b)
(c)
(d)
(e)

kaersutite phenocryst from nephelinitic basalt, Kakanui, New Zealand; Saito et al. (1978)
phenocryst from Kapuho lava, Kilauea, ill; Kaneoka and Takaoka (1978)
phenocrysts from Haleakala lava, Maui, ill; Kaneoka and Takaoka (1980)
mineral separates from mantle xenoliths, San Carlos, AZ; Bematowicz (1981)
gem diamonds from Premier Mine, South Africa; Ozima et al. (1983)
(t) cubic diamonds, Zaire; Ozima and Zashu (1988)
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TABLE 3. Summary of experimental noble gas solubilities in natural and synthetic melts.
All data in ccSTP/gm-atm x 10-5• For purposes of comparison, only two significant
figures are listed and isotopic errors have been omitted. Temperatures represent authors'
equilibration temperatures: in some cases (*), melts cooled in the presence of the noble gas
atmosphere.

sample

Itld

enstatite'"

1500

andesite'"

1200

andesite

1350

alk-oliv'"

1200

alk-oliv

1350

tholeiite'"

1200

tholeiite

1400

tholeiite

7

2

26

9

2.1

15

11

22

4.6

1.6

26

6.4

4.4

19

2.3

0.8

56

23

5.9

3.0

1.7

c

1350

64

35

8.7

6.3

2.7

d

ugandite

1350

48

21

4.5

3.0

1.0

d

basanite

1350

70

42

12

9.3

3.5

d

ol-basalt'"

1300

34

13

2.2

0.71

0.54

e

ol-basalt'"

1300

38

14

4.0

0.87

1.2

e

NaF-ZrF4

800

343

204

98

51

f

LiF-NaF-KF

800

292

140

43

12

57

a
b

8.3

d
b

1.5

d
b

f

(a) molten enstatite; Kirsten (1968)
(b) basaltic andesite; Sudbury, Ont. alkali-olivine basalt; Victoria Island, N. T. tholeiite;
Hayatsu and Waboso (1985)
(c) MORB tholeiite: average of 10 analyses; Jambon et al. (1986)
(d) andesite; Kenya alkali-olivine basalt; Kilauea tholeiite; ugandite; leucite basanite; Lux (1987)
(e) upper and lower limits for unanalyzed olivine-bearing melt; Hiyagon and Ozima (1986)
(f) molten salts; Grimes et al. (1958) and Blander et al. (1959)
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EXPERIMENTAL PROCEDURES

The conventional trace element experimental method employed by Hiyagon and Ozima
(1986) is intrinsically difficult because of the necessity to cleanly separate crystals from
glass. To obviate the need for phase separation we have developed an alternative
experimental technique to determine the partitioning and solubility of noble gases in
mineral/melt systems. End member natural minerals and synthetic silicate melt known to
be in equilibrium at the run conditions are held in separate crucibles in a 1 bar flowing
noble gas atmosphere for a specified time. The samples are then quenched, and the gas
concentrations measured by mass spectrometry. Provided that equilibrium solubilities
have been attained in the liquid and solid phases, partition coefficients as well as solid and
liquid solubilities can be determined directly from the analytical data. Partition coefficients
have the particular advantage that uncertainties in the gas composition are cancelled out

Starting Materials and Conditions

Eleven natural mineral samples very close to end-member composition were obtained
from mineral museums (5 anorthites, 3 diopsides, 2 spinels, 1 forsterite). Chemical
analyses and sample source data for all the starting materials are given in Table 4.
[Microprobe analyses were perfonned at the Lunar and Planetary Laboratory with an ARL scanning electron
microprobe quantometer operating at 15 kV and 30 nA sample currenL The system is fully automated with
the Tracor-Northem NS 880 and 1310 systems. Oxide weight percents were computed with the TASKII@
program, which uses Bence-Albee matrix determination corrections. Listed compositions represent
averages of at least five analyses with a broad (60 J.UIl) spot size.] The sample identification numbers

and some of the following information are from the source institutions. Additional
information can be found in the cited references.
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Four of the five anorthites are of Quaternary volcanogenic origin (Kuno, 1950; Smith,
1974), occurring as clear megacrysts in andesitic to basaltic porphyries. The fifth sample,
AN 11-7779, is a greenish-white, opaque slab from a large crystal. It was recovered from
a plagioclase-hornblende pegmatite contact metamorphic aureole surrounding a Late
Cretaceous alpine ultramafic body (Irvine, 1974). Diopsides R18684 (clear green) and
M2506 (opaque whitish-green) are large crystals from marbles which are part of complex
Precambrian shield terranes (Buddington and Leonard, 1962; Huebner and Voigt, 1988).
Diopside 122742 (opaque white) is from a dolomitic marble contact metamorphic zone
surrounding a quartz diorite or monzonite pluton of Late Jurassic to Cretaceous Age
(Chesterman, 1942; Smith, 1966). Diopsides M2506 and 122742 consist of platy 1 mm
stacked twin sheets, while R18684 is massive. Forsterite 12243 is also from a contact
metamorphic zone (Kleinhampl and Ziony, 1985), and is friable, opaque, very white, and
microcrystalline. Spinel 11-4877 is part of a 2 cm clear reddish-purple octahedron. It was
recovered from alluvial gravel, but originated from contact metamorphosed limestone
(Webster and Anderson, 1983).

Spinel B12099, also from Precambrian marble

(Lundqvist, 1979), consists of 0.5-1 cm opaque lavender octahedra in a calcite matrix.
The bulk samples were lightly crushed and soaked in several rinsings of concentrated
HCI to remove carbonates and surface contamination. Clean separates were hand-picked
and then washed in distilled H20, ethanol, and high purity

(~

0.0005% non-volatile

matter) acetone. The separates were ground to powders in several steps, and were finally
passed through a 10 Jlm nylon filter mesh. The mineral powders were forced through in
an acetone slurry, which was then evaporated to yield the final starting material. Two
samples were run as 38 Jlm « 400 mesh) powders, DI 122742 in NGX-IV and FO 12243
inNGX-V.
The silicate liquid starting materials were prepared as melts from oxide powders and
quenched to glasses. The compositions are in the system forsterite-diopside-anorthite-
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silica (Presnall et al., 1978) and were based on the experiments of Malvin and Drake
(1987). The AN, DI, and FO series glasses in Table 4 are in equilibrium with anorthite
diopside, and forsterite, respectively. Oxide powders were ground together and fused in a
large (3 cm x 2 cm o.d.) Pt crucible for 24 hours in air. The material was quenched in

H20, crushed cmd reground, then fused several hours under a moderate vacuum (-10- 3
torr). [In most cases a vacuum evaporator was connected to the furnace base plate, and the furnace was
sealed. For glasses FOSB and 2DI(ii), a rotary vacuum pump was connected to the base plate, and a
thermocouple vacuum gauge was placed in line.] The glasses were removed from the crucible in

chips, several of which were chosen at random for a given experiment. All glasses were
examined optically for the presence of inclusions and analyzed with the electron
microprobe before and after an exwriment. None of the melts reported contained optically
visible bubbles.
Temperature was monitored by a PtlOo'Pt90-RhlO thermocouple calibrated at the
melting point of gold (1064°C), and also at the run temperature against a reference
thermocouple. The temperature gradient in the 2-4 cm working zone of the furnace is less
than 1°C. The first seven experiments were run at 1300±2°C. At this temperature the melt
compositions were close to saturation in their respective mineral phases, and some were
not analyzed because they grew crystals during the experiments.
While unwanted, the growth of crystals in the melts at 130QoC demonstrated that our
experiments achieved phase equilibrium between solid, liquid, and gas. For the purposes
of analysis, however, crystal-free melts are required.

Accordingly, the last three

experiments were run at 1332±2°C to ensure that the melts were completely liquid. This
modestly higher temperature is unlikely to significant affect solubilities. The previous
section has detailed that noble gas solubility shows no temperature dependence in this
range. Please note that a detailed chronological listing of experiments is given in
Appendix I.
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Synthesis Experiments
Samples were loaded into open cylindrical Pt capsules--1I8 inch diameter for
mineral powders and 114 inch for melts. Groups of capsules were suspended in a vertical
alumina muffle tube resistance-heated gas mixing furnace (Deltech DT31 VT; 1.5 in. 00). At
the initiation. of each experiment, samples were placed in the furnace with the gas flowing
and the temperature at 8oo-9OO°C. The furnace was quickly sealed, but the samples were
brought up to run temperature over the course of several hours in order to desorb
atmospheric species, including water vapor.
Either Ar of 99.95% purity (University of Arizona Stores) or a commercial gas mixture
consisting of 5.00% Ne, 93.0% Ar, 1.00% Kr, and 1.00% Xe by weight [Alphagaz Liquid
Air, Denver, CO 99.995 % purity. Composition equivalent to 9.51% Ne, 89.7% Ar, 0.461% Kr, 0.283%

Xe by STP volume] flowed through a metering system at 90 cc/min (160-170

cc/min for Ar

only) into the top of the furnace, and exited such that the pressure in the muffle tube was
constant and less than 1-2 torr over ambient. The flow through the system is not vigorous
enough that the furnace can

~ecome

pressurized.

The furnace exit pressure was

monitored, and remained constant throughout the range of flows accessible with the flow
meter.
The fIrst fIve experiments (dAN and NGX-I to IV) were run at 1300±2°C for 18 days.
The last three experiments (NGX-MT and V, VI) were run at 1332±2°C for 7 and 9 days,
respectively. When the experiment was complete, the samples were quenched in air at a
rate of 600-11 OO°C per minute by quickly removing the entire suspension system from the
furnace. Experiments NGX-VI and MT were quenched in air and then in water. Samples
then remained undisturbed in the Pt capsules until analysis.
Experiment NGX-MT marked the only significant variation of the experimental
technique. This experiment was basically a test which confIrmed that we could avoid the
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crystallization problem by running at 1330°C. As this was an unanticipated fmal usage of
the first mixed noble gas tank, the gas flow was reduced to 50 cc/min. After NGX-MT
and prior to experiment NGX-V, the furnace was refitted with new heads, muffle tube, 0rings, and gas inlet lines, and a second tank of the noble gas mix was started.

Reversal Experiment

This experiment was designed to ascertain whether equilibrium solubilities in the
mineral phases were attained in the synthesis experiments. A sample of anorthite AN
137041 was exposed to 20 bars Ar at 1200±12°C for 48 hours in an Ar-medium pressure
vessel by Dr. John R. Holloway, Chemistry Dept., Arizona State University, Tempe. The
sample was loaded into a cylindrical Pt capsule 1116 inch in diameter which was welded at
one end and crimped loosely at the other to allow the ambient gas to enter. After the run
the sample was quenched in the presence of the gas, then removed and split into two
aJiquants. One sample was reserved, and the other was run in a 1 bar synthesis experiment
in 99.95% Ar for 18 days at 1300°C, accompanied by a control sample prepared in air (i.e.
0.01 bar Ar). The Ar flow rate was 160-170 cc/min. The sample exposed to 20 bars of Ar
would be expected to lose gas, while the control sample would be expected to gain gas,
thus bracketing the equilibrium solubility.

Rate Experiment

Five aliquants of anorthite AN WU 617 were placed in a 1 bar 99.95% Ar atmosphere.
A larger diameter furnace was used for this experiment (Deltech DT31 VT-S; 2.5 in o.d.). It
has the advantages of a broad hot zone and a very good seal (it can seal well even without
fastening the cover plate), thus the temperature in the hot zone remains stable when the
furnace is opened briefly. The samples were introduced with the furnace at 1300°C and the
gas flowing at a high rate to flush the muffle tube. The flow was then reduced to 170
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cc/min for the experiment. The aliquants were removed one by one after 2, 4,8, 13, and
16 days. It was necessary to take all the samples out for a total of 2-6 minutes each time an
aliquant was removed. The furnace was loosely sealed, the gas flow increased, and the
run temperature maintained during the brief sample removal periods. As soon as a single
sample had cooled sufficiently to be safely extracted, the remaining capsules were returned
to the furnace. The returned capsules had cooled to just below red heat by this time.

NOBLE GAS ANALYTICAL PROCEDURES

Noble gas analyses were performed by Dr. Thomas J. Bernatowicz and Mr. Bryan E.
Hagee at the McDonnell Center for the Space Sciences, Washington University, St. Louis,
Missouri. I participated in the analyses of experiments NGX-llI and NGX-JV in order to
learn the basic technique and the data accumulation and reduction procedure. The
following description is taken almost directly from Broadhurst et al. (1990), and from
correspondence with St. Louis. Information about analyses is also given in Table 5.
Samples used for noble gas analyses were weighed, loaded into clean Al boats, and
heated to 100°C for S 2 days in the high vacuum gas extraction manifold prior to analysis
in order to remove surface adsorbed gases. Noble gases were extracted in either one step
(at 1500°C or 1550°C) or two (with an additional 800°C step) in a Mo crucible heated by
RF induction. Active gases were removed by an initial exposure to a Ti-Zr bulk getter
(800°C) and subsequently to a series of Ti flash getters. For the 20 bar reversal
experiment, in which Ar amounts were initially too large to be measured, the Ar was
diluted prior to analysis by partitioning it into manometrically calibrated expansion
volumes. The volumes are known to within 1% uncertainty, and the dilutions are not a
principal source of error in abundance determinations.
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After removal of active gases, noble gases were collected on activated charcoal at LN2
temperatJ,lre for Ar experiments, or at lOOK using a He cryostat for the mixed noble gas
experiments. In the latter case the Ar was separated from Ne by heating the cryostat
charcoal to 425°K and transferring the gas to another charcoal maintained at LN2
temperature; Ar was subsequently separated from Kr and Xe by equilibration of this
charcoal at the temperature of a dry ice-acetone mixture (192°K).
Two mass spectrometers operated in static, Faraday cup mode were used for analysis
of Ar: a Dycor model M200M quadrupole mass spectrometer (QMS) and a Reynolds-type
instrument with a Nier source. [The QMS was used only for experiments NGX-I and -ll; the
Reynolds instrument for the remainder of experiments. The Reynolds error estimate given below pertains
to experiments L1AN and AN RV-I only.] The absolute Ar ion beam signal was determined by at

least 16 measurements of the 40Ar signal and extrapolation of these data to the time of
initial generation of the Ar ion beam. For both instruments the sensitivity depends upon
the total ambient gas pressure, and because this pressure is due almost entirely to Ar, we
calibrated the sensitivity of both instruments over a wide range of pressures using known
quantities of atmospheric Ar. The average uncertainty in instrumental sensitivity for Ar
was 9% for the QMS and 4% for the Reynolds-type mass spectrometer. Taking into
account uncertainties from all sources (instrumental sensitivity and statistical measurement
uncertainty, blank corrections, bulk gas dilution), we conservatively estimate that for the
QMS analyses Ar abundances are determined to within 25%, and for the Reynolds
instrument, within 15%.
Two different mass spectrometers were also used for the determination of Ne, Kr, and
Xe abundances; a Reynolds-type instrument operating in electron multiplier mode, and the
same Reynolds-type instrument (static Faraday cup mode) described above. Data
acquisition for both types of experiments was done by computer controlled peak
switching, and 15 scans of each gas spectrum were taken. During Ne runs, the gas was
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exposed to charcoal at LN2 temperature to minimize 40Ar++ and H2180+ interferences at
20Ne and C02++ at 22Ne. The singly charged species were also monitored during Ne
runs, and all Ne data were corrected for whatever interferences from these species were
still present. [The electron multiplier mode was used for experiments NGX-I and -II only, where
abundances were determined by peak height comparisons with standard air pipettes. In this procedure, only
a fraction of the sample Ne was used (about 10%), and this amount was obtained by trapping the other
noble gases on activated charcoal at LN2 temperature and partitioning the Ne between accurately calibrated
volumes. The entire sample amount of Kr and Xe was subsequently collected on another charcoal fmger
and partitioned between two volumes, the larger of which was used for Xe measurement and the smaller for
Kr. The gas abundances were determined from the calibrated instrumental sensitivities by extrapolating the
measured reference isotope (2<>Ne, 84Kr, 132Xe) signals to the time of initial generation of the ion beam.]

Beginning with experiment NGX-ID, we determined all gas abundances not from
instrumental sensitivity, as calibrated above, but with isotope dilution. First, all the sample
noble gases were collected on activated charcoal cooled by a He cryostat to lOOK. We then
mixed an aliquot of noble gases of unusual isotopic composition (a "spike") with the
sample gas. This procedure essentially reduces the problem of measuring gas abundances
to the problem of measuring isotopic ratios, which can be done with considerably less
uncertainty. The noble gas spike contained the following composition: 22Ne = (1.394 ±

= 5.612 ± 0.048; 36Ar = (2.980 ± 0.043) x 10-7
ccSTP with 36Ar/40Ar = 9.87 ± 0.13; 86Kr = 100% and (1.955 ± 0.0169) x 10-9 ccSTP;
136Xe = (1.547 ± 0.0165) x 10-9 ccSTP with 136Xe/ 132Xe = 7.439, 129Xe/ 132Xe =
0.061) x 10-8 ccSTP with 22Ne/20Ne

0.9841, 131Xe/ 132Xe = 0.7885. Other Ne, Ar, and Xe isotopes are present in much lower
abundances and are not critical to the analysis. The experimental uncertainty in noble gas
abundance determined by isotope dilution is

~

2%, exclusive of uncertainties due to

corrections for instrumental background ("blanks").
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Instrumental blank levels were determined between individual sample runs for
experiments in which the gas abundance, and consequently instrumental memory, was
high. They were determined between groups of several runs for cases where both blanks
and sample gas abundances were low. In practically all cases the blank corrections were
less than 10% of the measured Ar abundances, and a 50% uncertainty in the blank
corrections was assumed. For abundance determinations based upon instrumental
sensitivity, the blank correction and uncertainty have been included in the overall
uncertainty, as noted aboye (25% for the QMS and 15% for Reynolds instrument
determinations). For the isotope dilution experiments the overall abundance uncertainty
including blank correction is given.
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TABLE 4. Anorthite starting material bulk compositions in oxide weight percent.
Microprobe analyses performed at the University of Arizona or by source institution (*).
Sample localities and source institutions listed below. All Arizona data assume FeO = Fe
total. Also given is tholeiite from Lux (1987).
phase

AN!

AN!

AN

AN

AN

~

sample

H0228

11-7779

WU617

137041

~

ll:IQL

SiOz

44.2

44.42

44.06

44.58

44.69

49.67

Alz 0 3

35.75

35.19

35.85

35.12

34.48

13.49

CaO

18.88

17.85

19.39

19.29

19.07

9.72

MgO

0.08

0.026

0.11

5.94

FeO

0.42

0.48

0.44

3.58

Fez0 3

0.64

0.98

NazO

0.16

0.87

KzO

0.04

0.31

10.26
0.46

0.48

0.51

0.008

2.56
0.68

TiOz

2.91

MoO

0.18

PzOs

0.29
0.42

HzO
total

99.71

100.42

100.3

99.98

99.3

----------------------------------------------------------H0228
11-7779
WU617
137041
4079
THOL

Hakone, Japan; Arizona State University
Duke Island, Alaska USA; USNM (Smithsonian) 117779
Miyake-jima, Japan; Washington University
Aleutian Islands, Alaska USA; USNM
Miyake-jima, Japan; University of Arizona Mineral Museum
Tholeiite basalt, Kilauae, Hawaii USA; Lux (1987)

99.28
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TABLE 4 (cont). Diopside, forsterite, and spinel starting material bulk compositions in
oxide weight percent Microprobe analyses performed at the University of Arizona or by
source institution (*). Sample localities and source institutions listed below. All Arizona
analyses data assume FeD = Fe total.
pbase

1£

Dl

Dl

sample

RJ8684

~

122742

SiOZ

55.64

55.58

56.02

AIZ<>J

0.71

0.39

CaO

24.93

MgO

Sf

Sf

11-4877

B12099

42.30

0.04

0.03

0.08

0.024

70.97

69.84

25.05

25.17

0.03

18.03

17.43

18.56

57.60

27.00

27.2

FeO

0.91

1.20

0.065

0.16

1.80

2.84

C r Z03

0.01

0.01

0.12

0.02

NazO

0.43

0.38

0.01

TiOZ

0.04

0.098

0.025

MoO

0.085

0.078

0.03

total

100.79

100.20

99.97

EO

KZO
0.127

0.05

0.028

0.017

0.045

100.04

100.07

100.11

------------------------------------------------------R18684
M2506
122742
12243
11-4877
B12099

De Kalb, NY USA; USNM
Russen, NY USA; Field Museum of Natural History
Twin Lakes, CA USA; Harvard University Mineral Museum
Gabbs, NY USA; University of Arizona Mineral Museum
Mogok, Burma; USNM 114877-1
Akers styckebruk, Sweden; USNM
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TABLE 4 (coot). Bulk compositions of glasses used for synthetic melt starting materials
in oxide weight percent. Microprobe analyses performed at the University of Arizona. All
analyses assume FeO = Fe total. EQ phase represents the mineral phase that the melt
composition is in equilibrium with in the An-Di-Fo-Si02 system
at 1300°C
EQ pbase

AN

AN

m

ill

m

EQ

sample

DJM3AN

.1AN.

DJM lDI

2DI(i)

2DI(iil

PJMF05B

SiOz

49.58

48.97

54.66

55.71

55.72

53.65

AI20J

24.87

19.80

12.60

11.25

11.25

15.398

CaO

16.40

16.82

17.55

18.55

17.00

16.53

MgO

8.63

14.80

15.29

14.55

15.82

14.43

FeO

0.51

0.044

0.043

Na20

0.038

0.018

0.0067

K20

0.018

0.0067

Ti02

0.0125

0.043

100.11

100.12

total

100.3

100.39

0.03

99.82

100.0

----------------------,
3AN and 1DI prepared from Alpha products reagent grade oxide powders
7AN, 2DI(i), 2DI(ii), and F05B prepared from Johnson-Matthey Puratronic grade oxide powders
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RESULTS
Argon Experiments
Synthesis Experiment MN-/
Results from this experiment are given in Tables 5 and 6.

Measured 40 A r

concentrations are equivalent to solubilities for this experiment Four of the five anorthites
yielded very similar Ar solubilities, averaging 5.2±1.6 x 10-6 ccSTP/gm-atrn. The fifth
anorthite, AN HO 228, yielded a solubility about an order of magnitude higher. This high
value was reproduced in a mixed noble gas experiment, discussed below.

Reversal Experiment
Results from the Ar reversal experiment are given in Figure 5 and Table 6. The
reversed anorthite yielded a solubility within a factor of two higher than the control
anorthite, providing a relatively narrow bracket for the equilibrium solubility. The average
of all measurements of AN 137041 is 8.7±5 x 10-6 ccSTP/gm-atrn. The solubility of Ar in
the anorthite exposed to 20 bars and 1200°C is 79 times the 1 bar value at 1300°C. This
might suggest that Henry's Law is not obeyed under these conditions, however the 20 bar
run served only as a means to charge the anorthite with Ar for the reversal, and the gas
pressure was not carefully controlled. [Some unusual aspects of the Ar isotopic ratios for these two
experiments are given in Appendix II.]

Rate Experiment
The solubility of Ar in the rate study experiment is given in Table 7. It appears that the
samples achieved diffusional equilibrium very rapidly. All of the samples are very similar,
with an average solubility of 1.42±O.04 x 10-5 ccSTP/gm-atrn. The 4-day value is the
greatest exception, as it is about a factor of two higher than the others. This result is
unlikely to be a feature of the sample quenching. If the solubility variation was to due

-----------------~~-

...

~.---.
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quench procedure, we lihould see variations between the aliquants and throughout our
experiments because the speed at which each sample is extracted or quenched cannot be
rigorously controlled.
Rapid equilibration is in agreement with Foland (1974) and Ozima and Podosek
(1983). A reasonable diffusion coefficent for either K-feldspar or SiCh at 1300°C would
be 10-9 cm2sec- 1, which indicates that 95% homogenization (DtJa2 ~ 0.4) will be achieved
for spherical 10 Jlffi grains in less than than 400 sec.

Mixed Noble Gas Synthesis Experiments
Introduction

Seven mixed noble gas synthesis experiments were performed and analyzed over a
course of 2 years. Some specifics of the chronology and experimental notes (Appendix I)
are relevant to the results. A significant variation of the experimental technique occurred
between experiments NGX-MT and V. The furnace was refitted with new heads, muffle
tube, o-rings, and gas inlet lines. Also, a second tank of the noble gas mix was started.
Experiments NGX-I to IV were run at 1300°C; NGX-MT to VI at 1330°C. All of the
melts held at 1300°C grew crystals, but this was not realized until after experiments I, IT
had been analyzed and III, IV had been run. NGX-MT was basically a test which
confirmed that we could avoid the crystallization problem by running at 1330°C.
In the text below, each mineral is presented separately followed by the melt data, for
reasons of clarity. In the corresponding figures, the different samples are identified by
their catalog numbers, followed by a Roman numeral indicating the experiment number.
Note that the y-axes differ among the Figures. Table 5 gives the measured isotopic
abundances for the set of experiments, Table 6 the total gas concentrations, and Table 9a
the solubilities.
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Anorthite

Noble gas solubilities in anorthites are shown in Figure 6. Samples HO 228, 11-7779,
and WU 617 were run together in experiment NOX-I in an attempt to reproduce the results
from experiment ..1AN. The behavior was consistent: HO 228 again showed a very high
solubility, 11-7779 an intermediate value, and ,WU 617 the lowest. The solubility trend
for WU 617 was reproduced in experiment NOX-II, except for a slight decrease in the
XelKr ratio. All these samples show a clear trend of increasing solubility with increasing
atomic number.
The major exception is AN 4079 m. This nearly flat pattern was not seen in any other
mineral samples. It probably reflects some contamination with glass material, introduced
as the crucibles were removed from the suspension bucket directly after the experiment A
shallow V-shaped pattern is characteristic of samples containing both minerals and melt, as
will be discussed further in the Melts section. Some of this sample was returned after
analysis, and showed no signs of partial fusion during the experiment. This material was
also examined by transmission electron microscopy as part of another project (see
Discussion: Minerals section), and did contain some independent grains that did'not
yield a diffraction pattern. The AN 4079 VI sample did not show any evidence of melting
after the experiment, however the powder was somewhat welded together.
Diopside

Diopsides also show an overall trend of increasing solubility with increasing noble gas
atomic number (Figure 7). DI 12272 yielded consistently higher solubilities than R18684.
The single analysis of M2506 cannot be distinguished from the range represented by
R18684. The 122742 powders in experiments V and VI were somewhat welded together,
similar to AN 4079 VI above. Other diopsides run in these 1332°C experiments, as well as
some test diopsides at 1300°C did partially fuse so were not analyzed (see Appendix I).
Some of the data show a peak in the Ar value: This peak is a persistent feature in both

51
the mineral and melt total gas concentrations from the final set of noble gas analyses,
which entailed two melt samples from NOX-N, and all the samples from NOX-V and VI.
The peak is due to an analytical problem, discussed fully in the Melts section, so in some
cases the solubilities for Ar have been interpolated.
Forsterite

The highest noble gas solubility overall was observed in forsterite FO 12243 (Figure
8).

This sample shows a clear trend of increasing solubility, and was the most

reproducible one in the study.
Spinel

Spinel samples (Figure 9) show a weaker increase in solubility with atomic number
than do the silicate minerals.

The single analysis of SP B 12099 does not differ

significantly from the three for SP 11-4877. Two analyses show a decrease in the Xe/Kr
ratio, and an Ar spike is also present in the data from experiment VI.
Spinel is much more refractory than other minerals investigated, and we are concerned
that it did not fuse completely during isotopic analysis. The maximum temperature
achievable by the RF induction heating is -1550°C, however the degassed remains of
many previous samples are retained in the crucible, acting as a flux for more refractory
materials. Incomplete fusion was not suspected, for example, in the forsterite analyses-however it is one explanation for the decrease in the XelKr ratio since sample degassing
becomes diffusion-limited. The weaker increase in solubility is also consistent with
incomplete fusion.
Silicate Melts

Figure lOa shows the results for DI series melts and Figure lOb shows 7AN and
F05B. These compositions are actually all very similar, so differences in these data are
best discussed in terms of differences between experiments. The melts show a clear trend
of decreasing solubility with increasing noble gas atomic number, with some exceptions.
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Sample IDI II has a V-shaped pattern because it contained a small amount of crystals.
They sank: to the bottom of the crucible, however this was not observed until after the
material was returned from St. Louis. 2DI(i) IV also contained such crystals but they were
removed after quenching, leaving a clear, homogeneous glass cylinder on top that was
analyzed. [A shallow V-shaped solubility trend is characteristic of melt + crystals; some examples are
given in Appendix

m.

Included there is a sample of the crystal-containing wedge from 2DI(i) IV that was

deliberately analyzed along with the samples from V and VI. The lack of melt data is unfortunate for this
study. However, the V-shaped patterns provide independent confirmation for the mineral and melt
solubility trends seen in the separated samples, because they can be readily interpreted as a superposition of
an increasing and a decreasing trend.]

The solubilities for the two melts from NGX-MT are considered lower limits. NGXMT was an unanticipated experiment run right before the furnace and gas lines were
refitted, so there is a possibility that the system was leaking slightly. The gas flow was
minimized in this experiment, which may have contributed to leakage. As addressed in the
Experimental Procedures section, the furnace retains a constant exit pressure
throughout the range of flows accessible with our inlet system. Translations of the entire
solubility trend up or down the y-axis are cannot simply be attributed to differences in total
pressure.
Total gas concentrations and solubilities in experiments V and VI are in agreement with
the expected trend and with the previous results except for the persistent spike in the Ar
concentration. This spike was also observed in the two samples from NGX-IV that were
analyzed along with the V and VI samples, so that the changes in the experimental
equipment are not thought to be responsible. The spike is due to analytical error, most
likely a memory effect in the mass spectrometer. [B. E Hagee and T. J. Bematowicz have
examined the results and informed me that the particular crucible used for this last set of analyses was used
previously for Si02 samples containing Ar only. It appears that the Si02 was incompletely fused during
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these analyses, so some Ar was retained and degassed into our runs. The Ar did not show up in the blank
runs: although the crucible was heated to 1550°C during blank runs, the dross in the crucible had already
been degassed at this temperature, so did not degass further until a sample was dropped. The silicate sample
can sometimes act as a flux for the refractory residue material in the crucible, and vice versa as above with
spinel. It is difficult to attribute the Ar spike to an error in the gas composition for the following reasons:
(a) The reported data for DJM 2DI(i) IV is the second of two aliquants. The flTSt run had such a high Ar
abundance that the sample could not be analyzed properly and had to be discarded. A leak in the system was
suspected at the time, but none was present. (b) The Ar spike is a persistent feature, but variable in
relative height depending on the overall gas content of the samples. For example, the peak is hardly
noticeable in FO 12243, but very apparent in SP 11-4877. (c) Another sample ofDJM 2DI(i) containing
both melt and crystals was analyzed along with this group so that we could better understand some of the
previous melt results. This analysis is given in Appendix

m,

and shows a clearly anomalous, spiked

pattern as compared to similar materials. Since DJM 2DI(i) IV samples bear no relation to the V and VI
samples other than the fact that they were analyzed in the same group, this shows that the changes to the
furnace and the new tank of gas are not responsible for the Ar spike. (d) If the gas were, for sake of
argument, 99% Ar, this would hardly change the Ar solubility values, but would lead to astronomical
solubilities for the other gases. We would also be obliged to make the same blanket corrections to the
minerals run in these experiments, an adjustment for which we have no basis. The solubility behavior of
noble gases in melts has already been established and shown to obey Henry's Law at low pressures. It is
unlikely that minerals show the same type of sensitivity to the gas composition.]

With corrections to the solubility trends at Ar, the melt data have a consistent pattern
and surprisingly low noble gas solubilities. Solubilities are often on the order of or lower
than solubilities in the minerals. Figures 11 a and 11 b compare our data to those of other
authors. Figure lla summarizes data from the studies described in the Introduction.
The plotted values may be found in Table 3. Figure lIb summarizes data from this study,
with the range from lla dashed in. The solubilities in our synthetic melts tend to be lower
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than those in the natural basalts, especially for Ne and Ar. Our results overlap the low end
of the natural basalt range, and are most similar to molten enstatite from Kirsten (1968).
This disparity was also observed by Jambon et al. (1986), who attributed the higher
solubilities in natural basalts to compositional differences. This point will be further
addressed in the Discussion
It is unlikely that we failed to reach equilibrium, since we ran our experiments up to
four times longer than the other authors (Kirsten, 1968; Jambon et al., 1986; Hiyagon and
Ozima, 1986; Lux, 1987). It is also unlikely that our samples suffered gas loss upon
quenching. Our experimental and analytical techniques were comparable to the other
authors, all of whom had adapted procedures adequate for retention of He. Equilibration
ofNe in the melts takes a few hours at minimum, so large amounts of gas are not expected
to be lost during our quenching at 600-1100°C/min. Jambon et al. (1986) investigated
noble gas diffusive loss from their glass samples. A I-day heating at 200°C resulted in no
gas loss. Ten-day bakeouts at 600°C resulted in total He loss and significant Ne loss that
could be correlated with grain size. No measurable loss of Ar, Kr, or Xe was observed.
It is possible, however that in this study as well as others gas was lost directly after
removal from the furnace. This gas would be lost not by diffusion, but by the formation
of bubbles on the melt surface. Our glasses were in general bubble-free, and did not have
a foamy surface. Specifically, no chips containing bubbles were analyzed. It was also
observed that the samples that were quenched in air and then in water did not contain
higher gas concentrations.
Additional Considerations
Reproducibility ofResults

It appears that variations of at least a factor of two are inherent in our experimental
procedure. If we first consider Ar measurements for the anorthite samples, the Ar
solubility in a given sample cannot be always be reproduced better than this. AN WU 617

-
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has a total of eight measurements, averaging 1.1±O.5 x 10-5 ccSTP/gm-atm. This is not
significantly different than the averages of AN 11-7779 (1.3 x 10-5) and AN 137041 (0.87
x 10-5) replicates. However, all these values are much lower than the average value for AN
HO 228 (9.4 x 10-5 ).
A summary of Ar measurements in all experiments except for NGX-V and VI is shown

in Figure 12. Sample AN HO 228 is clearly separated from the other anorthites, and FO
12243 is distinct with regard to all the samples.
Although our data set is limited with regard to statistical analysis, there are five samples
that have three replicates in the mixed noble gas experiments. Table 9b presents a simple
analysis of variance for these samples and an additional melt. The purpose of Table 9b is
to test the hypotheses that (a) the variation between replicates is as great as the variation in
samples, and (b) the result that the mineral solubilities are on the order of or greater than
the melt solubilities is due to experimental error or uncertainty.
While it is acknowledged that that the total variance (SST) is very large in this system,
the results above show that this is not due to differences among mineral structures, as
would be the case for ionic trace elements. Furthermore, the calculations show that the
variance among replicates is much less than the variance among samples. Table 9b
identifies DI 122742 as having consistently higher solubilities than the other diopsides and
spinels, similar to AN HO 228 and FO 12243. [The inclusion of melts in Table 9b is not critical
to the conclusions. For example, Kr results for the minerals DI 122742, DI R18684, and SP 11-4877
gives SST = 393, SSA = 209, SSW = 184. Adding in a column with two analyses of AN WU 617 and one
of AN 11-7779 (whose solubilities cannot be distinguished c.f. above) gives SST = 184, SSA = 105, SSW
= 79.]

false.

Both Table 9b and Figure 12 demonstrate that hypotheses (a) and (b) are likely to be
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Surface Adsorption

Prior to discussing these results, we turn to the question of whether surface siting or
adsorption might compromise the interpretations, since finely crushed mineral powders
«10 J.1m) are used in the experiments. From the large surface to volume ratio of our
samples, one could hypothesize that noble gases might be surface correlated. This could
occur either by surface siting (trapping) during the experiment, or by subsequent
adsorption of atmospheric noble gases.
The data are consistent with solution of gases in minerals and not surface trapping, for
the following reasons:
(a) Our two-step heating procedure for noble gas analysis shows that the gas atoms are
held in very retentive sites. Very little gas is released at the SOO°C step (Table 2), and the
samples must be fused to extract the majority of the gas dissolved at 1300°C.
(b) The reversal and rate experiments strongly suggest that solubility equilibrium was
achieved on a very short time scale with respect to the IS-day

e~perimenta1

duration. In

fact, the reason the samples were ground to fine powders was to facilitate both diffusion
and volume trapping by increasing surface exposure to the noble gases in the furnace.
Nevertheless, adsorption of atmospheric gases onto the samples due to simple
exposure to air could have occurred in the interim between removal from the furnace and
introduction to the mass spectrometer gas extraction system. True adsorption of noble
gases is controlled by induced-dipole/induced-dipole or Vander Waals interactions. The
typical mean life for an adsorbed atom at 25°C is -10- 8 sec; adsorbed noble gases are
therefore removed or exchanged very quickly upon exposure to high vacuum and mild
heating. It has been observed, however, in stepwise heating studies of Xe in meteorite and
lunar samples that Xe acquired by atmospheric exposure can persist for weeks in vacuum
exposure. Possibly this gas is trapped during chemical alteration on mineral surfaces (e.g.
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hydration). In any event, this persistent Xe is ,usually removed in the low temperature (:::;
lOOO°C) extractions. This behavior contrasts strongly with that described in point (a)
above.
Niemeyer and Leich (1976) have shown that crushing of samples in air may cause
significant atmospheric contamination that is released in high temperature (>1000°C)
extractions. They concluded from analysis of crushed and sieved «160 J.lIl1) lunar sample
60015,73 that atmospheric Ar, Kr, and Xe were introduced from the crushing process.
However, even such tenaciously bound gas should be both equilibrated with the bulk
sample and exchanged with the furnace gas in the 18-day synthesis experiments. Even if
the equilibration was incomplete; the quantity of gas incorporated by crushing is generally
much less than the amount extracted from our samples.
For example, since most of the surface area is associated with the very finest particles,
it should be possible to compare the gas concentrations from Niemeyer and Leich (1976)
with those from this study, even though the upper ends of the grain size distributions are
different. Niemeyer and Leich (1976) found that -60% of the 36Ar in the high temperature
extractions was trapped, corresponding to a 40Ar concentration of about 9 x 10- 7
ccSTP/gm. This is significantly less than the range observed for our mineral samples: AN

137041

= 2.8 x

10-6 ccSTP/gm to FO 12243

= 1.7 x 104 ccSTP/gm

(Table 6). Thus

there is no reason to suspect that surface adsorption should compromise interpretation of
the data presented here.
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Summary
Eight synthesis experiments were perfonned which showed that noble gas solubility in
anorthite, diopside, forsterite, and spinel increases with increasing noble gas atomic
number. In addition, the solubilities are surprisingly high--often on the order or or higher
than corresponding solubilities in the melts. A rate study and a reversal for Ar showed that
solubility equilibrium in the 10 Jlm mineral samples is established within 2 days.
Solubilities for three mineral samples (1 anorthite, 1 diopside, 1 forsterite) are consistently
greater than those of the other samples. This is apparently not related to the mineral
structure.
In contrast, the solubility of noble gases in silicate melts decreases with increasing
atomic number. Melt solubilities agree with data from previous authors, tending to overlap
the low end of the range defined for natural basalts.
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TABLE S. MEASURED NOBLE GAS ISOTOPIC CONCENTRATIONS
IN ccSTP/gm FOR THE SYNTHESIS EXPERIMENTS
sample

~
(gm)

84Kr

extraction 2<>&
T(CO)

Experiment.1AN run at 1300°C and atmospheric pressure in 100% Ar. Gas concentrations
detennined b
ak hei ht com arison with error ±l5%.

aAN
AN 4079

0.1533

800
1550
total

2.5(-6)
3.7(-6)
6.2(-6)

AN 137041

0.1275

800
1550
total

4.2(-7)
2.4(-6)
2.8(-6)

ANH0228

0.1203

800
1550
15SO(rep)
total

2.4(-7)
7.9(-5)
1.7(-6)
8.1(-5)

AN 11-7779

0.1308

800
1550
total

1.9(-7)
5.5(-6)
5.7(-6)

ANWU617

0.1096

800
1550
total

2.4(-7)
6.0(-6)
6.2(-6)

DJM3AN*

0.4214

800
1550
total

9.0(-7)
9.5(-5)
9.6(-5)

Experiments NGX-I and II run at 1300°C and atmospheric pressure using a mixed noble gas
atmosphere of 5% Ne, 93% Ar, 1% Kr, 1% Xe. Gas concentrations determined by peak height
comparison with error + 25% for Ar and +15% for the other gases.

NGX-I
AN HO 228

0.0956

800
1500
total

2.8(-6)
2.2(-7)
3.0(-6)

9.6(-8)
9.6(-5)
9.6(-5)

6.5(-10)
1.1(-6)
1.1(-6)

5.3(-10)
9.0(-7)
9.0(-7)

AN 11-7779

0.1090

800
1550
total

3.6(-7)
1.2(-7)
3.8(-7)

8.3(-8)
1.7(-5)
1.8(-5)

3.0(-10)
1.7(-7)
1.7(-7)

3.3(-10)
1.3(-7)
1.3(-7)
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ANWU617

0.1234

800
1550
total

7.5(-9)
6.0(-9)
1.4(-8)

8.1(-8)
3.4(-6)
3.5(-6)

1.6(-10)
3.8(-8)
3.8(-8)

1.2(-10)
2.9(-8)
2.9(-8)

DJM3AN*

0.0690

800
1550
total

1.0(-6)
1.0(-5)
1.1{-5l

7.9(-7)
9.1(-5)
9.2{-5l

5.2(-9)
6.3(-7)
6.3!-7l

3.2(-9)
2.7(-7)
2.8!-7l

NGX-II
ANWU617

0.0926

1550

6.2(-8)

7.1(-6)

5.5(-8)

1.5(-8)

DIR18684

0.0773

800
1550
total

1.6(-8)
1.6(-8)

2.8(-6)
6.3(-7)
3.4(-6)

6.7(-9)
1.4(-8)
2.1(-8)

5.6(-10)
2.0(-8)
2.0(-8)

------

FO 12243

0.0792

800
1550
total

2.8(-8)
6.5(-6)
6.5(-6)

4.8(-7)
1.5(-4)
1.5(-4)

4.9(-9)
1.7(-6)
1.7(-6)

3.2(-9)
1.1(-6)
1.1(-6)

DJM3AN*

0.0478

1550

1.3(-5)

1.1(-4)

6.2(-7)

2.0(-7)

DJM IDI

0.0674

800
1550
total

3.2(-6)
2.0(-6)
5.2(-6)

8.2(-7)
8.3(-6)
9.1(-6)

5.5(-9)
4.4(-8)
4.9(-8)

4.7(-9)
2.3(-8)
2.8(-8)

Experiments NGX III and IV run at 1300°C and abnospheric pressure using a mixed noble gas
atmos here. Gas concentrations determined b isoto dilution· errors are listed.
NGX-III
AN 4079

0.0542

1550

6.9±2.1(-8)

7.1±1.1(-6)

2.1±O.02(-8)

6.1±O.08(-9)

DIR18684

0.0552

1550

1.2±O.2(-7)

1.3±O.I(-5)

3.4±O.03(-8)

3.4±O.03(-8)

FO 12243

0.0124

1550

5.6±0.3(-6)

1.7±O.O4(-4)

8.6±0.09(-7)

2.7±O.02(-7)

SP 11-4877

0.0556

1550

5.7±O.3(-7)

1.8±O.I(-5)

7.9±O.07(-8)

3.5±O.03(-8)

NGX·IV
DI R18684

0.0567

1550

6.8±2.0(-8)

6.4±l.1(-6)

2.4±O.02(-8)

5.1±O.05(-8)

DIM2506

0.0515

1550

1.7±O.2(-7)

3.7±1.2(-6)

1.9±O.02(-8)

5.5±O.05(-8)

DI122742

0.0459

1550

6.9±0.4(-7)

2.1±O.I(-5)

1.4±O.0I(-7)

5.2±O.05(-8)

FO 12243

0.0113

1550

5.4±O.3(-6)

1.7±O.O4(-4)

8.6±O.09(-7)

2.5±O.02(-7)

SP 11-4877

0.0457

1550

1.7±O.08(-7)

3.3±O.08(-5)

1.2±O.0I(-7)

2.9±O.02(-8)

SP B12099

0.0642

1550

4.4±O.24(-7)

1.0±0.05(-5)

3.9±0.O4(-8)

9.9±O.08(-9)

DJM2DI(i)

0.0585

1550

5.0±0.2 (-6)

2.5±O.14(-5)

6.5±O.063(-8)

1.6±O.01(-8)
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NGX-MT
DJM7AN

0.0134

1550

2.9±O.I(-6)

1.1±O.2(-5)

1.6±O.02(-8)

2. 5±O.4 (-9)

DJM2DI(1)

0.0330

1550

3.9±0.2(-6)

1.3±O.08(-5)

2.6±O.03(-8)

2.5±O.05(-9)

DI122742

0.0498

1550

3.6±O.38(-7)

2.3±O.16(-5)

4.0±0.052(-7)

9.3±O.53(-7)

FO 12243

0.0126

1550

6.7±O.33(-6)

2.8±O.OO8(-4)

1.5±O.019(-6)

5.8±O.II(-7)

DJM2DI(ii)

0.0648

1550

3.4±O.16(-6)

1.2..+0.023(-4)

6.8±O.063(-8)

2.0±0.014(-8)

DJMF05B

0.0687

1550

2.4±O. 11 (-6)

4.2..+0.067(-5)

3.4±O.031(-8)

8.0±0.065(-9)

AN 4079

0.0851

1550

8.2±0.43(-7)

5.9±O.14(-5)

2.8±O.038(-7)

1.3±O.024(-7)

DI122742

0.0575

1550

1.8±O.088(-6)

6.3±O.17(-5)

1.6±O.017(-7)

7.4±O.073(-8)

SP 11-4877

0.0453

1550

4.8±O.44(-7)

5.0±0.19(-5)

6.0±0.057(-8)

2.7±O.019(-8)

DJM2DI(ii)

0.0638

1550

4.S±O.24(-6)

1.0±0.017(-4)

6.9±O.06S(-S)

1.S±O.013(-S)

DJMF05B

0.0594

1550

6.6±O.35(-6)

1.5±O.028(-4)

8.7±O.086(-8)

2.3±O.017(-8)

NGX-V

NGX-VI

"'melts contained crystals, so results are not discussed
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TABLE 6. Noble gas total concentrations for the synthesis experiments in
ccSTP/gm; calculated from the values in Table 5 assuming normal air isotopic
composition. Errors have been deleted, but are calculated similarly.
sample

Ne

AAN
AN 4079
AN 137041
ANH0228
AN 11-7779
ANWU617
DJM3AN*

Ar

Kr

Xe

6.2(-6)
2.8(-6)
8.1(-5)
5.7(-6)
6.2(-6)
9.6(-5)

NGX-I
ANH0228
AN 11-7779
ANWU617
DJM3AN*

3.3(-6)
4.2(-7)
1.5(-8)
1.2(-5)

9.6(-5)
1.8(-5)
3.5(-6)
9.2(-5)

1.9(-6)
2.9(-7)
6.6(-8)
1.1(-6)

3.3(-6)
4.8(-7)
1.1(-7)
1.0(-6)

NGX-II
ANWU617
DIR18684
FO 12243
DJM3AN*
DJM ID1

6.9(-8)
1.7(-8)
7.2(-6)
1.5(-5)
. 5.7(-6)

7.1(-6)
3.4(-6)
1.5(-4)
1.1(-4)
9.1(-6)

9.7(-8)
3.7(-8)
3.0(-6)
1.1(-6)
8.7(-8)

5.4(-8)
7.5(-8)
4.0(-6)
7.6(-7)
1.0(-7)

NGX-III
AN 4079
DIR18684
FO 12243
SP 11-4877

7.6(-8)
1.3(-7)
6.2(-6)
6.3(-7)

7.1(-6)
1.3(-5)
1.7(-4)
1.8(-5)

3.7(-8)
5.9(-8)
1.5(-6)
1.4(-7)

2.3(-8)
1.3(-7)
9.9(-7)
1.3(-7)

NGX-IV
DIR18684
DIM2506
DI122742
FO 12243
SP 11-4877
SP B12099
DJM2DI(i)

7.5(-8)
1.9(-7)
7.6(-7)
5.9(-6)
1.9(-6)
4.9(-7)
5.6(-6)

6.4(-6)
3.7(-6)
2.1(-5)
1.7(-4)
3.3(-5)
1.0(-5)
2.5(-5)

4.2(-8)
3.4(-8)
2.5(-7)
1.5(-6)
2.2(-7)
6.9(-8)
1.1(-7)

1.9(-7)
2.0(-7)
2.0(-7)
9.2(-7)
1.1(-7)
3.7(-8)
6.0(-8)

NGX-MT
DJM7AN
DJM2D(i)

3.2(-6)
4.3(-6)

1.1(-5)
1.3(-5)

2.8(-8)
4.5(-8)

9.1(-9)
9.2(-9)
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NGX-V
DI122742
FO 12243
DJM2DI(ii)
DJMF05B

3.9(-7)
7.4(-6)
3.7(-6)
2.7(-6)

2.3(-5)
2.8(-4)
1.2(-4)
4.2(-5)

7.1(-7)
2.7(-6)
1.2(-7)
6.0(-8)

3.5(-6)
2.7(-6)
7.4(-8)
3.0(-8)

NGX-VI
AN 4079
DI122742
SP 11-4877
DJM2DI(ii)
DJMF05B

9.1(-7)
2.0(-6)
5.3(-7)
5.3(-6)
7.3(-6)

5.9(-5)
6.3(-5)
5.0(-5)
1.0(-4)
1.5(-4)

5.0(-7)
2.9(-7)
1.1(-7)
1.2(-7)
1.5(-7)

5.0(-7)
2.7(-7)
1.0(-7)
6.8(-8)
8.5(-8)

"'melts contained crystals, so results are not discussed
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TABLE 7. Ar conceontrations in anorthites and melts in the reversal experiment. 20 bar and 20 bar
reversed samples were exposed to 20 bars Ar at 12oo°C for 48 hours. Reversed and control samples run
in a synthesis conducted at 13OO°C in a 1 bar Ar atmosphere for 18 days. 40Ar concentrations determined
by peak height comparison with an error of ± 15%.

~Ar ccSTP/2m

sample

description

AN 137041(C)

anorthite control

800
1550
total

1.8 x 10-7
7.1 x 10-6
7.3 x 10-6

DJM3AN*

melt control

800
1550
total

6.0 x 10-7
1.1 x 10-4
1.1 x 10-4

AN 137041(20B)

anorthite 20 bars

1550

5.8 x 10- 4

DJM 3AN(20B)

glass 20 bars

1550

2.2 x 10-3

AN 137041(RV)

anorthite reversed

800
1550
total

5.4 x 10-7
1.6 x 10-5
1.6 x 10-5

DJM3AN(RV)

glass reversed

800
1550
1550(rep)
total

9.8 x
2.2 x
2.0 x
2.2 x

extraction

10-6
10- 3
10-5
10- 3

* melts contained crystals, so results are not discussed
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Figure 5. Schematic results for the Ar reversal experiment in anorthite. A sample
of AN 137041 was exposed to 20 bars Ar for 48 hr. It was then split into aliquants,
and the 20 bar sample in the figure was analyzed directly. The other aliquant was run
in an Ar synthesis experiment, accompanied by a control sample prepared in air. The
solubility in the reversed sample agrees with that of the control within a factor of two.
The curve is simply illustrative and does not represent a model fit. A constant
solubility in anorthite was achieved within 2 days in the ra~e study experiment.
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TABLE 8. Concentration of Ar in sample AN WU 617 in the diffusion rate study,
conducted in a 1 bar Ar atmosphere at 1300°C. Aliquants removed one by one after n
days. Mass spectrometric analysis by isotope dilution.
day

~Ar ccSTP/gm x 1Q:S.

2

1.48 ± 0.04

4

2.14 ± 0.04

8

1.42 ± 0.03

13

1.05 ± 0.04

16

1.01 ± 0.04

average

1.42± 0.04
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Figure 6. Noble gas solubility in anorthites in the mixed noble gas synthesis
experiments. A slight peak is present at Ar in AN 4079 VI. Data for AN 4079 ITI
indicates that the sample was probably contaminated by melt.
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Figure 7. Noble gas solubility in diopsides in the mixed noble gas synthesis
experiments. The Ar solubility has been corrected for 01 122742 VI; uncorrected value is
denoted by *.
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Figure 8. Noble gas solubility in forsterite in the mixed noble gas synthesis
experiments. A slight peak at Ar is present in the data from V.
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Figure 10. Noble gas solubility in (a) 01 series and (b) FO and AN series silicate
melts. Trend for tOI I indicates that melt contained crystals. Corrections to the Ar
solubility have been made in data from experiments V and VI. The uncorrected values are
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TABLE 9a. Noble gas absolute solubilities in ccSTP/gm-atm x 10-5 for the
mixed noble gas syntheses. Experiments conducted at atmospheric pressure in 5%
Ne, 93% Ar, 1% Kr, and 1% Xe by weight.
samEle

experiment

Ne

Ar

Kr

Xe

I
IT

0.016
0.073
0.80
0.096
3.5
0.43

0.39
0.79
0.79
6.6
10.7
2.0

1.4
2.1
0.80
10.9
41.3
6.3

3.9
1.9
0.82
17.9
119.3
17.2

0.018
0.14
0.079
0.80
0.41
2.1
0.20

0.38
1.5
0.71
2.3
2.6
7.0
0.41

0.80
1.3
0.91
5.4
15.4
6.3
0.74

2.7
4.5
6.8
7.1
125.0
9.6
7.1

III
N
V

7.6
6.5
6.2
7.8

16.7
19.0
19.0
30.7

65.2
32.6
32.6
58.7

143.0
35.4
32.9
96.4

III
N
VI
N

0.66
2.0
0.56
0.52

2.0
3.7
5.6
1.1

3.0
4.8
2.4
1.5

4.6
3.9
3.6
1.3

IT

6.0
5.9
4.5
3.9
5.6
2.8
7.7
3.4

1.0
2.8
1.5
13.0
11.8
4.7
16.7
1.2

1.9
2.4
0.97
2.6
2.6
1.3
3.3
0.61

3.6
2.1
0.33
2.6
2.4
1.1
3.0
0.33

anorthite
WU617
WU617
4079
4079
H0228
11-7779

III
VI

I
I

diopside
R18684
R18684
R18684
122742
122742
122742
M2506

IT
III
N
N
V
VI
N

forsterite
12243
12243 .
12243
12243

IT

spinel
11-4877
11-4877
11-4877
B12099

melts
IDI
2DI(i)
2DI(i)
2DI(ii)
2DI(ii)
F05B
F05B
7AN

N
Mf
V
VI
V
VI
Mf
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TABLE 9b. Analysis of variance for Ne, Kr, and Xe solubilities in mineral and melt
samples for which multiple analyses exist Units are ccSTP/gm-atm x 10-5.

Total variance (SST) =

m

n

j=1

1=1

L, L,

X~

m

n

j=1

1=1

2

L, L, Xij
(
J
_
N

Variance among samples

Variance within sample replicates (SSw)

SSw = SST - SSA

where n = number of samples
m = number of replicates
N=n-m

Ne

1
2
3
X

R18684

122742 FOSB*

0.018
0.14
0.079
0.079

0.80
0.41
2.1
1.1

SST = 145

Kr

1
2
3
X

1
2
3
X

12243

2DI

0.66
2.0
0.56
1.07

7.6
6.5
7.8
7.3

5.9
3.9
5.6
5.1

SSA = 127

0.80
1.3
0.91
1.06

SST= 6690

Xe

4.5
2.8
2.7
5.0

11-4877

5.4
15.4
6.3
9.03

SSw= 19

0.97
1.3
3.3
1.9

3.0
4.8
2.4
3.4

SSA = 6027

2.7
4.5
6.8
4.7

SST = 35456

7.1
125
9.6
47.2

0.33
1.1
3.0
1.5

SSA = 20545

65.2
32.6
58.7
52.2

2.4
2.6
2.6
2.5

SSw= 663

4.6
3.9
3.6
4.03

143
35.4
96.4
91.6

2.1
2.6
2.4
2.4

SSw = 14911

• The F05B column contains two analyses of F05B and the 2DI(i) MT result. This should not
adversely impact the results since the compositions of these melts are very similar, and the MT
results represent lower limits for all melt solubilities.
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Figure 11 (a) Summary of previous noble gas solubility measurements in basaltic melts:
(Ll) ugandite; (L2) alkali-olivine basalt; (L3) tholeiite from Lux (1987), measured at
13S0°C. (Jl) tholeiite from Iambon et al. (1986). The solubility reflects an average of

measurements from 12S0-1600°C; 1400°C data were regressed to obtain the values shown
above. (Hla) and (Hlb) bracket the range of values for unanalyzed basalts in equilibrium
with olivine only at 1300°C from Hiyagon and Ozima (1986). (Kl) molten enstatite at
IS00°C from Kirsten (1968).
(b) Summary of noble gas solubilities in synthetic iron-free melts from this study. Range
from the authors in (a) is dashed in: (Bl) DJM IDI and (B2a) DIM 2DI(i) IV at 1300°C.
(B2b) DJM 2DI(i) MT; (B3a) DJM 2DI(ii) V; (B3b) DJM 2DI(ii) VI; (B4a) DJM FOSB V;
(B4b) DIM F05B VI; (BS) DJM 7AN MT at 1332°C.
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Figure 12. Summary of Ar solubility measurements for all experiments except
for V and VI. Inset shows samples on expanded scale; revlrate category plots the
reversal control an2 and the average solubility in anS from the rate study. Error
bars are shown in the cases where errors are not within the symbol size. Key to
samples: (ani) AN 4079; (an2) AN 137041; (an3) AN HO 228; (an4) AN 117779; (anS) AN WU 617; (fo) FO 12243; (dit) OI R18684; (di2) OI M2506; (dI3)
OI 122742; (spl) SP 11-4877; (sp2) SP B12099. Note some values for anS and
fo directly overlie. Samples AN HO 228 and FO 12243 have distinctly higher
solubilities than the others.
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DISCUSSION OF NOBLE GAS SOLUBILITIES
Minerals

Siting 0/ Noble Gases in Minerals
The distinct behavior of samples AN HO 228, FO 12243, and DI 122742 indicates that
a property unique to individual samples can influence poble gas solubility. The solubility
of noble gases in minerals is a complex issue in which the relatively predictable behavior of
ionic trace elements is not applicable. Noble gases can be sited in: (a) point defects
(cation and/or anion vacancies), (b) line and planar defects (microcracks and crystal
dislocations), or (e) interstitial sites. While it is clear that we cannot determine explicitly
the siting of noble gases in minerals, our data suggest siting in lattice vacancy point defects
for a number of reasons:

Solubility Variation andPoim Defects

These results require a solubility mechanism that can vary significantly among samples
with almost identical major element compositions, and in some cases, geologic occurrence.
Point defects provide such a mechanism because they can vary over orders of magnitude in
similar samples. At our experimental temperatures, intrinsic statistical equilibrium point
defects are probably numerous enough to account for most of the data in Figure 12. For
example, the ratio of Mg vacancies to available Mg sites in MgO at 1300°C can be
estimated at 10- 10 from Tilley (1987) or 1.1 x 10-7 from Lasaga (1981).
The number of intrinsic Schottky or Frenkel defects is only easily calculated for simple
AB lattices. MgO at 1300°C has about 6.0 x 1015 Schottky defects per cm-3 (Lasaga,
1981), or 1.2 x 1016 total vacancies. Lasaga (1980) finds that Schottky defects dominate
in forsterite, and that the average defect formation energy for the various Mg and 0 sites is
6 eV. Although it is a simplification, and will underestimate the possible number of
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defects, the defect system in pure forsterite can be treated as consisting only of Mg and 0
vacancies. In this case the number of intrinsic Schottky defects per cm3 crystal at 13000 e
is approximately 3.6 x 1012•
The average of the total concentrations of all the measured noble gases (Ne + Ar + Kr

+ Xe) in the FO 12243 analyses is 1.7 x 10-4 ccSTP/gm which is equivalent to 1.4 x 1016
moleculesSTP per cm3 crystal. This is greater than the forsterite defect estimate, however
we have considered the upper limit for solubility measurements. The average total
concentration for AN WU 617, for example, is 2.2 x 1014 moleculesSTP/cm3 • There is
also no requirement that each vacancy contain but a sll,gle noble gas atom.
Also to be taken into account are defects introduced by trace element substitution,
which even at 13000 e will be important in these natural minerals. In fact, the results for
AN HO 228 or DI 122742 cannot be explained with a defect solubility mechanism unless
these samples are considered to have a greater number of non-intrinsic defects than the
other anorthites and diopsides. The most important consideration is the Fe 3+/Fe 2+
equilibrium.
Heubner and Voigt (1988) have studied the electrical conductivity of diopside USNM
R18682 at 800-1300 oe and 1 bar pressure. This sample is from the DeKalb, NY suite
containing also DI R18684. They found that R18682 acted like pure diopside. The data
were consistent with a reaction mechanism whereby oxygen vacancies control the
conductivity; bulk chemical diffusion would then be favored by reducing conditions.
Results from a diopside with a greater Fe content suggested that oxygen vacancies are
present but are not dominant. It was observed that R18682 reacted rapidly to changes of

fD2 in the furnace, indicating that migration of oxygen or oxygen vacancies is a relatively
rapid process, observable on the time scale of hours.
This is interesting with respect our results, since many aspects of the experimental
conditions were similar, and noble gases could be envisioned to enter a lattice with such a
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mechanism. DI R18684 was also observed to have some of the lowest overall noble gas
solubilities, with is consistent with the relative purity of this sample seen by Heubner and
Voigt (1988).
Oxygen vacancies are also calculated to appear in Fe-bearing olivine at both high and
low fCh by Hirsch and Shankland (1989). Premliminary results indicate that the threshold
concentration above which Fe plays an important role in determining defect concentrations
is dependent on both fCh and temperature.
Interstitial Sites

Noble gases may also be in interstitial locations, but the data do not support the
position that such sites are the major locations controlling solubility. It is difficult to
explain the solubility variation, as interstitial sites should not vary greatly among nearly
identical mineral samples. Furthermore, there is no correlation with solubility and mineral
density--in fact the highest overall solubility was observed consistently in the forsterite,
which has the least open mineral structure. There is also no noble gas fractionation based
on size. For example, mechanisms which require oxygen anion interstitials are often
discarded in discussions of diffusion data, as these anions are thought too large to be
interstitially accommodated. Similarly, purely interstitial siting for noble gases would
predict that the solubility of Ne would be the greatest.

Mass Spectrometric Step Heating

The two-step heating procedure for some of the noble gas analyses shows that the gas
atoms are held in very retentive sites. Very little Ar is released at the 800°C step (Table 5),
and the samples must be fused to extract the majority of the gas dissolved in the experiment
at 1300°C or 1330°C. This observation argues against siting at surfaces, grain boundaries,
or microcracks as these sites are expected to be characterized by a lower temperature
release. For example, the major release of trapped noble gases in natural minerals occurs
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just below the temperature of a major structural change such as melting, dehydration, or
graphitization (Ozima and Podosek, 1983). In KIAr and 40 Ar/39 Ar dating studies,
feldspars typically lose gas at 1200DC, while biotite degasses at 800-900DC. For biotite and
amphibole heated in vacuum, Gaber et al. (1988) found that Ar loss was controlled strictly
by irreversible structural changes at 6oo-800D C. Loss by volume diffusion could occur
only under hydrothermal conditions. Takaoka and Ozima (1978) and Kurz etal. (1987)
showed that noble gases, including He, were not released from inclusion-free diamond
until graphitization at 2000DC, strongly suggesting a lattice siting.
Contrastingly, in laboratory compressed rocks which became dilatant, Honda et al.
(1982) found that microcracks promote significant low temperature degassing of He and
Ar. The authors hypothesized that during compression, noble gases trapped in lattices are
liberated into microfractured regions, and can then migrate easily to free space. Similarly,
Parsons et al. (1988) attributed low temperature Ar loss in plutonic alkali feldspars to
turbidity of the samples, which develops from interaction with deuteric or hydrothermal
fluids. Optically, the turbidity is thought to be caused by sub-micron channels or
micropores. Other structural changes which have been invoked to account for Ar loss,
such as coarsening of perthites and orthoclase-microcline transformation, are connected to
turbidity because all these phenomenon are caused or facilitated by fluid interactions.

Transmission Electron Microscopy
Anorthites AN 4079 and AN lio 228, diopside DI 122742, forsterite FO 12243, and
spinels SP 11-4877 and B12099 were thoroughly examined with the JEOL JEM 2000-FX
Transmission Electron Microscope (TEM) at the Optical Sciences Center, University of
Arizona Samples were prepared as powders entrained in a carbon film, and imaged at 200
ke V at magnifications up to 700,000. For each mineral, starting material as well as
material that had been run in a partitioning experiment was analyzed. Initial investigations
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were done with the assistance Dr. Eleanour Snow, University of Arizona Dept. of
Geosciences, in order that I become familiar with the appearance of typical and atypical
grains.
None of the samples revealed any anomalous microstructures or dislocation densities
either before or after a partitioning experiment. Illustrative before and after pairs for each
mineral are shown as Figure 13. The magnifications in these photos are much greater than
is necessary to identify typical dislocations, fluid inclusions, and microfractures (c.f.
Lasaga, 1981 pp 312-314; Durham et al. 1985; Green, 1985; Wanamaker and Evans,
1985), although they cannot rule out small edge dislocations or stacking faults in unstudied
material. Additional photographs can be found in Appendix IV.
It has been suggested that noble gases might enter the mineral grains via surface cracks
which are subsequently annealed during the 18-day experiments. The TEM imaging of the
materials that had not been run showed no such cracks. This hypothesis is also not
supported by the rate study. The two- and four-day samples of AN WU 617 did not have
the benefit of a long annealing, yet do not show a decrease in Ar solubility as compared to
the longer-run samples. In addition, such an obvious trapping mechanism would not yield
the observed mixed noble gas solubility trend, but rather a pattern that reflected the
composition of the gas in the furnace.

EXAFS Analysis
Combes et al. (1990) report Extended X-ray Absorption Fine Structure (EXAFS)
analysis of Kr in anorthite AN 11-7779, diopside 01 122742, and spinel SP B12099.
Krypton was dissolved in normal 10 Jlffi powder starting material at 2 kb and 1100°C or at
5 kb and 1070°C. We employed the argon medium pressure vessel of J. R. Holloway at
Arizona State University with Kr substituted for some of the Ar. At high concentrations

79
(hundreds of ppm), Kr is randomly distributed in the mineral lattices. There is no
preferred site such as a specific cation or anion vacancy or a particular interstitial site.

Conclusion

Siting in lattice vacancy point defect sites is the best explanation for the solubility
variation observed in this study. While some siting in interstitial sites cannot be ruled out,
such sites do not appear to control solubility. The variation in solubilities exhibited by
different samples of the same mineral composition is consistent with differences in either
extrinsic point defects or small planar defects between the samples.
The hypothesis that noble gases occupy defect sites agrees with predictions by Ozima
and Podosek (1983), but disagrees with those of Hiyagon and Ozima (1986). The latter
authors found little difference in partitioning at 1 bar and at high pressure (2-15 kb), hence
concluded that conditions during crystal growth do not affect partitioning, and that noble
gases were sited interstitially. The complicated results from this study indicate that this
conclusion is probably premature. More extensive investigations are clearly necessary.

Noble Gas Solubility Trend
Noble gas solubility shows a clear trend of increasing solubility with increasing noble
gas atomic number for all the minerals in this study. Some periodic properties of the noble
gases that also show such a trend are given in Table 10. Of these, we most concerned with
the polarizability, since noble gases will not be ionized and are not expected to contribute
significantly to covalent bonding in geochemical environments. They also have no
permanent dipole moments, therefore potential solubility mechanisms must involve
induced dipole interactions, which are governed by an atom's electronic polarizability.
Two of these are the weak inverse r6 dependent dipole/induced-dipole and induceddipole/induced-dipole interactions.
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Jnduced-dipole/induced-dipole interactions, for example, are commonly used to model
noble gas solid structure and surface adsorption. Such weak forces cannot be responsible
for our results at 1300°C. It is fundamental to noble gas mass spectrometry that
contamination in the form of surface adsorbates can be removed quantitatively by bakeouts
in the range of 100-200°C.
The interaction of a lattice vacancy defect and a noble gas atom may be simply
described by the monopole/induced-dipole interaction:

E

= -q12a2/2r4

where ql is the charge on the site, «2 the noble gas polarizability, and r the distance
between the monopole and the gas atom. This interaction is much more energetic than the
inverse r6 interactions, and is stable at high temperature. The energy E of aXe atom 3 A
from a +2 site is 137 kJ/mole. The maximum temperature of stability for this interaction
can be estimated by dividing E by the Bolztmann constant: Elk = 1.64 x 1()4 OK.
The actual interaction energy will be lower, because the charge on the site will be only
partial. In an ionic lattice defects often occur in pairs. A vacancy would be accompanied
perhaps by the nearby substitution of an M3+ for an M2+ cation, and the hole and the
cation have a significant coulombic attraction for one another. More importantly, the
lattice will adjust in the vicinity of the defect:
The polarization P of a crystal with N ions (i) in the formula unit can be written as

P = Na totEloc
where

<Xwt = Lai, E 10c is the local electric field, and polarizability is scalar.

Further, ai = a e + ad.
The term a e is the electronic polarizability, which describes the interaction of ion i with an
oscillating electric field. The term ad is the displacement polarizability, which describes
the induced dipole moment due to the relative displacement of an ion from its nonnallattice
position. This displacement is in response to the static electric field generated by the
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charged vacancy. ad is an important term in the total polarization value for a crystal, and
details for silicates can be found in Lasaga (1980) and Cygan and Lasaga (1986).
It is possible that a noble gas atom can also interact with this field, thus the greater

polarizabilities of the heavier noble gases would account for their enhanced solubility.
Even if noble gases ultimately reside in interstitial sites or planar defects after quenching,
vacancy/induced-dipole interactions may nevertheless be important for the solution and
diffusion of noble gases during our experiments.

Summary
It is hypothesized that noble gases are sited in lattice vacancy defects. Gases are held
in random, retentive sites, and there is no evidence that these sites are line or planar
defects. Furthermore, samples of the same mineral composition such as AN HO 228 and
AN WU 617, which differ markedly in their noble gas solubility, are indistinguishable in
TEM images. This hypothesis could be further tested by investigating the solubility of
noble gases in minerals over a controlled range of temperatures and oxygen fugacities.
The observed trend of increasing solubility with increasing noble gas atomic number
may be related to the similar trend of increasing polarizability. Siting in defect sites would
then be described by "monopole"/induced-dipole interactions between the mineral lattice
and the noble gas atom.

Melts

Influence of Melt Structure on Noble Gas Solubility
Lux (1987) found that He solubilities in silicate melts were systematic functions of melt
density. She was able to fit her data and those of Mulfinger and Scholze (1962) with a
simple linear equation; these trends were then extrapolated to predict the average
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solubilities for all the gases in melts in the density range 2.1-2.7 gm/cm3. Since the
predictive equations have large uncertainties, and are based on limited data, it is not known
whether the relationship is truly linear.
The densities of our melt compositions DJM 7AN and DJM 2DI(i), calculated from
Lange and Carmichael (1987) are 2.635 and 2.601 gm/cm3 at 1300°C, respectively. By
the same method, the density of Lux's tholeiite basalt is 2.658 at 1300°C and that of molten
end-member enstatite is 2.598 at 1500°C. [The tholeiite composition can be found in Table 4.]
Kirsten (1968) did not give the composition of the natural enstatite used in his experiment,
but did mention that it contained some iron. For a natural orthopyroxene to be called
enstatite, it must contain less than 10 mole percent FeSi03. At 1300°C, an orthopyroxene
melt with 10 mole percent FeSi03 has a density of 2.664 gm/cm3. Lux predicted an
average Ar solubility for melts of density 2.6 gm/cm3 of 9.6 x 10-5 ccSTP/gm-atm, which
is naturally similar to her tholeiite solubility and considerably higher than Kirsten's results
would predict (see Fig. 11). Melt densities calculated at appropriate experimental
temperatures for a number of basalts are plotted against Kr solubility in Figure 14a. There
is no clear correlation between these variables for all the data. Plots for any of the other
gases also show no correlation--Kr was chosen to avoid biases from our Ar corrections.
In the formulation used by Lux (1987), AG of solution is determined by the energy
required to just overcome the surface tension of the solvent. The mechanism of solution is
envisioned as the creation of "holes" in a liquid. Thus, solubility may be more directly
related to molar volume than to density. If we do not normalize by the GFW's of the oxide
components in the density calculation, we obtain instead the total molar volume of the melt
These values in cm3mol- 1 at the above temperatures are as follows: tholeiite,25.17; DJM
7AN,22.72; DJM 2DI, 22.31; En 100, 19.43; En90' 19.32. Note that the substitution of
10 mole percent FeSi03 in the orthopyroxene melt changes it from the least dense melt
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under consideration to the densest, but the change in the total volume is insignificant. The
calculation supports volume rather than density sc~ing, as indicated in Figure 14b.
Lux (1987) modelled noble gas solubilities in her melt series by the equation K j

=a

exp(-br2) where a and b are constants and r is the gas kinetic radius. The constant a is
the same for all liquids studied, however b increased moderately [0.869 to 1.14 (±O.048)]
from leucite basanite to ugandite. This indicates that solubility of all gases decreases as a
liquid becomes more mafic. She also found that in terms of relative solubility, the larger a
noble gas atom the more its solubility will be affected by the properties of the liquid
solvent. While this latter conclusion is intuitively satisfying, it is not in agreement with our
data (Table 11).
A source of this disagreement may be our somewhat lower Ne andAr solubilities
Returning to Figure 11, all the silicate melts have a pattern of decreasing dispersion in the
solubility values with increasing atomic mass. It appears here on a linear scale that
differences in solubility among the compositions are most pronounced for Ne, less so for
Ar etc. This dispersion is marked for Ne, and it can be seen that our solubility patterns are

flatter than others, especially those of Lux (1987).
The major technical difference between our study and the others is the composition of
the atmosphere. [possible loss of gases has already been addressed in Results.]. We did not use
He, nor did we gas-mix with major atmospheric components (i.e. C02, CO, 02, N2). The
other authors used gas mixes containing 10 to 1000 times less Ne than ours. Kirsten
(1968) is an exception: he ran in pure He, Ne, and Ar at pressures up to 0.55 bars, or a
mixture containing 0.18 bars of each. Kirsten, Iambon et al., and Lux found that plots of
solubility vs. noble gas partial pressure were linear, with slopes of the lines decreasing
with increasing atomic number. In particular, the slopes for He and Ne are much steeper
than the plots for the other gases: small variations in the partial pressure will translate to
large variations in the solubility. There is no reason to suspect that our experiments
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exceeded Henrian pressure regimes. Our results more likely indicate that there are yet
subtleties to the relationship between noble gas solubility and melt structure.

Specific Effects of Melt Composition
The composition of a silicate melt at fixed temperature and pressure determines its
structure, which in tum influences noble gas solubility. The structure/composition relation
is a complex balance of many compositional variables, only some of which can be
discussed here. Lux (1987) found that noble gas solubilities increase with increasing Si02
and Al203 and decreasing CaO and MgO in the melt. White et al. (1989) quantified the
compositional dependence of Ar solubility at high pressures by examining 12 synthetic
melts in feldspar-quartz systems, and natural granite and olivine tholeiite. Highly
polymerized liquids (feldspars and granite) had the highest Ar solubilities, with the
exception ofCaAl2Si20S, which had a very low solubility. Adding Si02 to CaAl2Si20S
resulted in a rapid increase in the Ar concentration. Figure 15 shows the non-linear
increase in Ar solubility in all their melt compositions as a function of mole fraction Si02.
Adding CaO and MgO or CaMgSi206 component to SiOz or NaAISi30S depolymerized the
liquid and strongly decreased the Ar solubility. CaMgSi206 melt had the lowest solubility
of all the compositions investigated.
The lower solubilities in the synthetic melts from this study agree with this general
trend. The synthetic compositions are as rich or richer in Si02 than any of the natural
melts discussed, but are also much higher in MgO and CaO
Polymerization is quantified by the ratio of non-bridging oxygens to tetrahedral cations
in a melt, or NBO/T. NBOIT decreases as polymerization increases. Sites labelled QO,
Ql, Q2, Q3, and Q4 have 4, 3, 2, 1 and 0 nonbridging oxygens respectively. Oestrike and
Kirkpatrick (1988) have published an extensive NMR investigation of melt structures in
the An-Fo-Di system. All Al was observed in tetrahedral coordination. Since Al prefers
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the most polymerized sites, they assumed that it was wholly in Q4 sites. For melts of our
composition, the Si/(Si + AI) ratio in Q4 sites is 0.5. The average polymerization of the
remaining structure is Q2. One kgm of our DJM 7AN composition has about 8 moles Si,
3.8 moles AI, 3.7 moles Mg and 3 moles Ca. All the Al and about half the Si will then be
in Q4 sites, with about 2 moles M2+ cations needed to charge balance the Al in the fully
polymerized network. It can be assumed that the majority of these charge balancing
cations will be Ca2+, since it is observed that Mg2+ strongly prefers the sites with the
greatest number of NBO's (McMillan, 1984; McMillan et at., 1982; Mysen et at., 1982).
The remaining melt structure of average polymerization Q2 contains about 4 moles Si, 1
mole Ca and 3.7 moles Mg.
The Lux (1987) tholeiite composition contains about 8.3 moles Si, 2.6 moles AI, 1.7
moles Ca, and the sum of Fe2+, Mg, and Mn is 2 moles. Aluminum can again be assumed
to occupy Q4 sites based on the abundance of Ca alone. The SiI(Si + AI) is not known,
but is probably around 0.25 to 0.30 as calculated for natural basalts by Mysen et at.
(1982). An increase in average silica polymerization is expected because the major demand
for NBO's, namely Mg, is much less abundant. The remaining additional components in
the natural tholeiite all tend to increase polymerization as well. Most importantly, the basalt
contains 1.3 moles Fe3+ and 0.9 moles K + Na.
A major difference between the natural and synthetic compositions is the presence of
Fe 3+. This is also the major difference in the two groups in Figure 14a.. Among the
natural melts, our data and Kirsten's (1968) are more similar to those of Hiyagon and
Ozima (1986). Although Hiyagon and Ozima did not give melt analyses, the starting
material consisted of basalt (67 wt%) and harzburgite (33 wt%) powders, and experiments
were done at oxygen fugacities of 10-9 to 10- 10 bars, which is below the fayalite/quartzmagnetite buffer at 1300°C. These conditions produced a MgO-FeO-rich olivine basalt.
Melts investigated by Lux (1987) contained up to 10.26 wt % Fe203. Jambon et at.
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(1986) reported all Fe as FeO in their tholeiite since analyses were by microprobe only.
Ferric iron occurs as a network former in relatively oxidized silicate melts, provided that
M+ and M2+ charge balancing cations are present (see reviews in Dingwell and Virgo,
1987; 1988). The oxidation ofFeO also reduces the density of a given melt (Lange and
Carmichael, 1987).
Titanium and P in the natural basalts are also expected to increase the polymerization of
the melt (Ryerson and Hess, 1980; Dickinson and Hess, 1985; Ryerson, 1985; Mysen et

al., 1982). [The data for more complex Ca-Mg-Na- a1uminosilicate melts indicates that Ti occurs mostly
as separate Ti02 tetrahehdra and a1uminotitanate complexes, but some can substitute for Si in the
framework. The dissolution of Ti~ into a1uminosilicate melts tends to reduce AII(A1 + Si) of tetrahedral
units as well as NBO/T. The role of P20S is very similar: the dominant reaction is the following (Hess,
1977):
P-O-Si + Si-O-M

=

P-O-M + Si-O-Si

P-O-Si represents a phosphorous found in a tetrahedral coordination in the silicate network. It reacts with a
non-bridging oxygen to form a discrete phosphometaIlic complex and a bridging oxygen in the network,
thereby decreasing NBOIT.]

Lux (1987) also observed that the trend of increasing noble gas solubility with
increasing Si02 was not followed for the tholeiite and leucite-basanite basalt melts. The
leucite-basanite contains less Si02, Ti02 and Fe203 than the tholeiite but has greater
solubilities. The behavior may be explained by the greater amount of P20S and the very
high abundance of alkalis (2.78 wt % Na20; 7.43 wt % K20) in the former.
White et al. (1989) found evidence that increasing the AVSi ratio in the tetrahedral
framework decreases Ar solubility. Along the plagioclase joins and anorthite-quartz joins,
where NBOrr = 0 (fully polymerized), equivalent values of AVSi ratio yielded similar Ar
concentrations. Argon concentration also remains nearly invariant with constant AVSi ratio
in the alkali feldspars. These type of melts contain three types of rings: six-membered
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AI3+-only, six-membered Si4+-only, and four-membered with AIISi = 1. It is possible that
Ar preferentially enters the six-membered Si4+-only rings, because it is observed that Ar is

more soluble in highly polymerized liquids with low AIISi ratio. The low concentration of
Ar in anorthite liquid may reflect a low concentration of Si4+-only rings, which inhibits

solution. This behavior does not appear to extend to the basaltic compositions discussed in
this study (Table 12) There is no clear correlation between noble gas solubility and AIISi
for these melts.
In conclusion, the data and calculations indicate that natural basalts have greater molar

volumes and are more polymerized than the synthetic melts, so are expected to have greater
noble gas solubilities. Models used to predict

.

noble,,!ii:~

.,

solubility should take the

composition of the melt fully into consideration. It is suggested that the best method to
investigate noble gas solubility in melts is to systematically vary the compositions of
groups of similar melts, rather than to compare the results from greatly dissimilar
compositions.

Caption to photographs on Page 88
Images at 200 keY and 150,000 (x150K) magnifications.
50 nm scale bar is shown
clockwise from top left: AN 4079 before experiment; AN 4079 after experiment;
DI 122742 after; DI 122742 before.
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Caption to Photographs on Page 89
Images at 200 keY and 150,000 (xI50K) or 100,000 (xlOOK) magnifications.
50 nm scale bar is shown.
clockwise from top left: FO 12243 before; FO 12243 after; SP 11-4877 after;
SP 11-4877 before.
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TABLE 10. Periodic properties of the noble gases.
lE.(a)

atomic
number

polarizability
10-24 cm3

promotion E (b)

kJ/mol

He

2

2372

0.201

------------

Ne

10

2080

0.390

1601

Ar

18

1520

1.62

1110

Kr

36

1351

2.46

955

Xe

54

1169

3.99

801

molecule

(a) fIrst ionization enthalpy
6
S(
(b) ns2np
--+ ns2np
n + 1)S energy

kJ/mol
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Figure 14. Melt density (a) and molar volume (b) plotted against Kr solubility. Molar
volume shows a positive correlation for all the data, while density does not. Densities
calculated from Lange and Carmichael (1987) at 1300°C except where noted. Key to
figure: (*1) molten enstatite at 1500°C from Kirsten (1968). Solubility is an extrapolation
from the light noble gas data since Kr was not measured. (2) DJM 7AN; (3) average DJM
2DI(i); (4) average DJM F05B; (5) average DJM 2DI(ii); (6) tholeiite at 1400°C from
Iambon et al. (1986). Note that composition is given as FeO=Fe total. (7) ugandite; (8)
alkali-olivine basalt; (9) tholeiite; (10) leucite-basanite from Lux (1987).
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TABLE 11. Comparison of absolute (AKa_b) vs. relative (AKa_blKa) solubilities.
Example melts are as follows: Leucite basanite and ugandite bracket the range of
solubilities in basalts from Lux (1987); tholeiite is intermediate. Hlb is the upper limit
for olivine basalt from Hiyagon and Ozima (1986). DJM 7AN and DJM 2DI(i) IV are the
respective lower limit and representative value from this study.
a - leu-bas: b = uf:andite

a = leu-bas: b = 2DI(i)

gas

AK

AKlK

AK

AKlK

Ne

20.5

0.49

36.1

0.85

Ar

7.7

0.63

9.4

0.77

Kr

6.3

0.68

6.9

0.74

Xe

2.5

0.71

1.4

0.40

a = leu-bas: b = 7AN

a=HIb: b=7AN

gas

AK

AKlK

AK

AKlK

Ne

38.6

0.91

10.8

0.76

Ar

11

0.90

2.7

0.69

Kr

8.69

0.93

0.26

0.29

Xe

3.17

0.90

0.83

0.71

a = leu-bas: b - HI b

a = thol: b = 2DI(i)

gas

AK

AKlK

AK

AKlK

Ne

6.8

0.32

15.1

0.71

Ar

0.77

0.17

1.7

0.37

Kr

2.1

0.71

0.6

0.33

Xe

-0.16

-0.16

-1.1

-1.1
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Figure 15. Concentration of Ar vs. mole fraction of Si02 for all liquid compositions
investigated by White et af. (1989). Increasing Si02 enhances solubility dramatically.
Error bars have been omitted for clarity.
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TABLE 12. Oxide mole fractions and AlISi for selected basaltic melts. Compositions
arranged in order of decreasing noble gas solubility. (L) = Lux (1987);
(1) = Jambon et at. (1986); (K) = Kirsten (1968); (B) = Broadhurst.
melt

SiCh

A12QJ

Cao

MgO

Al/Si

leucite-basanite (L)

0.554

0.123

0.108

0.067

0.111

tholeiite (L)

0.559

0.089

0.117

0.100

0.0800

alkali-olivine (L)

0.505

0.097

0.139

0.137

0.097

tholeiite (1)

0.527

0.094

0.131

0.121

0.089

ugandite (L)

0.454

0.054

0.151

0.193

0.059

DJM 2DI(ii) (B)

0.535

0.064

0.174

0.227

0.059

DJMF05B (B)

0.526

0.089

0.174

0.211

0.084

DJM7AN (B)

0.486

0.116

0.179

0.219

0.119
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GEOCHEMICAL MODELLING

Partition Coefficients
Partition coefficents have been calculated from the total concentration data for minerals
and melts run in the same experiment, so that any uncertainties in the gas composition are
cancelled out. The patterns (Figure 16) have a clear trend of increasing compatibility with
increasing noble gas atomic number. The major difficulty with the absolute mineral/melt
partition coefficient values is that they are very often greater than unity, due to the low melt
solubilities and the surprisingly high mineral solubilities. Some values are given in Table
13. Only 01 R18684IDlM 101 in experiment II and SP B12099IDJM 20I(i) in IV yield a
set of partition coefficients where all values are less than unity. As discussed previously,
these samples are not considered representative of the data as a whole--the solubilities of
Kr and Xe are anomalously high in melt 101 and low in the spinel. It seems certain that

the partition coefficients for the noble gases cannot be described with the level of
specificity considered standard in ionic trace and minor element partitioning studies.

Constraints from Isotopic Systematics
Introduction

Since our data do not indicate that noble gases are uniformly incompatible, it seems
prudent to review some isotopic constraints on terrestrial planet degassing. There is no a
priori reason demanding that noble gases other than He act as incompatible elements in

.

mantle melting processes. Early catastrophic degassing may be largely responsible for the
present terrestrial planet atmospheric abundances of primordial volatiles. Strictly,
radiogenic Ar and Xe are the only parts of the atmospheres that need to be accounted for by
magmatic transport. According to the models reviewed below, accounting for these
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radiogenic component abundances does not require more than moderate amounts of
planetary degassing.
It must also be kept in mind that of the primordial noble gases, only 3He has been
unambiguously determined to be fluxing from the mantle today. The 3He/4He ratio of the
atmosphere lies between the lower values measured in MORB and om and the higher
values measured in the continental crust. In contrast, the 40Ar/36Ar ratio measured in all
basalts and xenoliths is much higher than atmospheric, often ranging above 105.
Arguments that the relatively lower 40Ar/36Ar ratios occasionally reported in hot-spot
volcanics are representative of an undegassed lower mantle are just as convincingly
explained by atmospheric contamination (Fisher, 1985; 1986; Ozima and Igarashi, 1989).
Similarly, the Xe isotopic composition of various mantle derived materials is mostly
indistinguishable from atmospheric. Small 129Xe and 131-136Xe enrichments relative to
atmospheric have been reported in xenoliths (Kaneoka and Takaoka, 1978; Kyser and
Rison, 1982) and diamonds (Ozima and Zashu, 1988). Enrichments in MORB have been
reported by Staudacher and Allegre (1982), Allegre et al. (1983; 1987), and Marty (1989),
but have not been observed by other investigators (c.f. Ozima and Igarashi, 1989).
The expected abundance of 40Ar in the terrestrial planet atmospheres is dependent on
the estimated K content of the bulk planets. Estimates of K concentrations in the Earth
(mantle + crust) are somewhat variable:
320 ppm (Turcotte and Schubert, 1988)
278 ppm (Allegre et al., 1987)
237 ppm (Wanke et al., 1984)
230 ppm (Sun, 1982)
180 ppm (Taylor and McLennan, 1985)
The minimum value is 77 ppm, or that which is required to account for the present
atmospheric 40Ar abundance; the maximum is the chondri tic value of 837 ppm. At face
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value, Ar degassing is probably at least 50% efficient. [The maximum value is actually 1.5
times the average CI value of Anders and Grevesse (1989); a renorrnalization is commonly done to account
for the high abundance of volatiles in the meteorites as compared to Earth (c.f. Taylor and McLennan,

1985). This maximum value is not widely accepted because it would produce too much heat from
radioactive decay.]

It seems logical to assume that the continental crust is efficiently degassed. In the crust

and highest upper mantle, degassing by diffusion is viable. Furthermore, magmatic
transport of the noble gases in near-surface melting events may be more efficient due to
three very important influences: (a) lower melt density; (b) magmatic fractionation and
production of more acidic melts; (c) the presence of reactive volatiles, mainly H20, C02,
H2S, CRt, in the melt. The solubilities of the noble gases are insignificant in comparison
with the solubilities of the reactive volatiles. Not only does the melt structure and
composition change, but it is clear that any fluid phase evolved from a melt would strip the
melt of noble gases. The equilibrium noble gas melt solubilities in this study and others
are also by definition liquid/vapor partition coefficients which show that noble gases are
highly incompatible elements in this system. Complete degassing of the continental crust
with an average K content of 0.91 % (Taylor and McLennan, 1985) can account for 31 % of
the atmospheric 40Ar abundance.
129Xe and 136Xe are the daughters of the short half-life isotopes 1291 (h/2

= 17 Ma)

and 244pu (82 Ma) respectively, so they can only constrain the earliest part of degassing
history. One problem with claims of 129Xe excesses in mantle-derived materials is that
they are not accompanied by the expected 136~e excesses. 131-136Xe are produced by
spontaneous fission of both 244pu and 238U. It appears that the Xe isotopic composition
of the Earth's atmosphere requires some input from extinct isotopes, but the Earth's Pu/U
ratio is not well known, so this conclusion might be in error. At face value, the fact that
the Xe isotopic composition of the mantle is not highly radiogenic and is nearly
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indistinguishable from atmospheric indicates slow degassing. The situation is neatly stated
by Ozima and Podosek (1983), pg. 287: "The amount of radiogenic 129Xe in air is less
than 0.5% of the the expected production. Even allowing for substantial uncertainty in the
Earth's I content, the inferred conclusion about degassing efficiency for 129Xe is quite
different from that for 40Ar, particularly since the parent 1291 is much shorter lived than
40K. It is in this sense that the remarkable aspect of excess 129Xe in air is not that it exists

at all, but that there is so little of it."

Isotopic Degassing Models--Recent Examples

Ozima and Igarashi (1989) modelled earth degassing with the KlAr system, updating
the work of Hamano and Ozima (1978). A two-stage atmospheric evolution was assumed,
with 40Ar/36Ar > 5000 and 80 ppm < K < 400 ppm in the present mantle. Argon transport
from the mantle to the atmosphere was at least as fast as K transport from the mantle to the
crust. The results show that initial "sudden" (catastrophic) degassing occurred before 3.8
Ga, and the fraction of degassing was> 77%. The remaining small fraction was degassed
continuously to the present. Argon degassing could even have been contemporaneous
with Earth formation, with the initially degassed fraction about 75%. If Ar partitions into a
melt less strongly than K, extensive catastrophic degassing is still required, but the limit on
its timing is widened to ~ 2.0 Ga.
Such a two-stage model has been proposed not only for Ar, but also for Xe.
(Bematowicz and Podosek, 1978; Ozima and Podosek, 1983). The amount of 136Xe in
the atmosphere is also much less than the expected production in the Earth. The observed
lack of Xe daughter products may be dismissed simply by assuming that the Earth accreted
after 1291 and 244pu had largely decayed. A simple two-reservoir continuous degassing
model produces poor results that do not agree with He and Ar systematics. A better model
assumes that most of the atmosphere formed catastrophically in a time frame such that most
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of the I and Pu had decayed. Only a small amount of the daughter gases were retained in
the mantle, thus the basic agreement of the atmospheric and mantle Xe compositions is due
to the fact that Xe evolution is basically complete. The efficiency of slow Xe degassing is
dependent on whether a reservoir enriched in Xe does or does not exist in the mantle.
[N one of these arguments can contend with the observation that coupled 129xe and 136Xe excesses are not
observed in mantle noble gases. So far, this problem has only be addressed by abandoning the assumption
that 244Pu makes an important ftssion contribution.]

It is also worth noting that the rate of continuous or "slow" degassing is likely to have
decreased with time. Allegre et al. (1987) calcuiate that 20% of atmospheric 130Xe was
lost from the mantle through slow continuous degassing, and the remainder
catastrophically. If the present-day 130Xe flux through the mid-ocean ridges is integrated
over 4.5 Ga, it yields only 1% of this 20%, indicating that MOR degassing was more
important in the past than today.
Allegre et al. (1987) argue that 46% the Earth's mantle is 99% outgassed, with this
outgassing occurring in the first 50 Ma of Earth history. The remainder of the mantle is
more or less pristine, and should be enriched in noble gases by more than a factor of 200.
Noble gases are considered to be unifonnly incompatible in mineral/melt and me1tJvapor
systems.

Their work is a geodynamic model which considers He, Ar, and Xe

simultaneously, in the context of a layered mantle model with transport of heat and He only
from lower to upper mantle. Further correlation with Rb/Sr, SmINd, and U-Th-Pb
systematics leads to the estimate that only 75% of the outgassed mantle is also depleted
today. 25% of degassed material is mixed into the present lower mantle: if the upper
mantle is 99.6% degassed, then the lower mantle is -17% outgassed, yielding the 46%
outgassing overall. Ocean island basalts sample the lower mantle but do not mix any of
this gas-rich material into the upper mantle beca.use they outgass directly to the atmosphere.
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The assumptions of a convectively and compositionally layered mantle and equal
degassing rates for all noble gases are critical to the many conclusions made by Allegre et
al. (1987). If these assumptions are accepted, then the mean of age the atmosphere is 4.4

Ga, the degree of partial melting to produce the atmosphere was 10%, and the creation of
oceanic crust was 200 times more intense in the past than today. Also, . . . 60% of the 4He
lost at the Earth's surface originates in the deep mantle, but no deep Ar or Xe is required to
explain the Ar and Xe fluxes at the surface. In fact, the upperllower mantle boundary is a

diffusional barrier for all gases except He.

[All~gre

et al. link this greater rate of oceanic crust

production to an overall greater rate of tectonic recycling in the past. Although details of these arguments
are beyond the scale of this work, it is noted that this conclusion is in direct contradiction with geophysical
observations mentioned in the Introduction. Ullrich and Van Der Voo (1981) computed the minimum
velocities of four continental plates on the basis of apparent polar wandering curves. They found no
evidence that plate velocities have decreased significantly since the Archean. Numerical modelling
(Christensen, 1984) of convection in a medium like the mantle (with a strong temperature dependence of
viscosity) showed a much weaker dependence of heat flux and surface velocity on Rayleigh number than in
constant viscosity cases. The implication is that increased viscosity of the mantle due to secular cooling
has little effect on plate speeds and thus the characteristic time scale for tectonic processing.]

Turcotte and Schubert's (1988) geodynamic model considers both types of mantle
convection, and the highest estimate for Earth's K concentration. Complete noble gas
incompatibility is again assumed. They estimated the percentage outgassing of Venus,
Earth, and Mars based on the respective 40Ar and 4He atmospheric concentrations; parent
isotope concentrations are calculated for Earth and extended to Venus and Mars. In the
case of a layered mantle model, the 40Ar in Earth's atmosphere can be generated from
complete outgassing of the crust and upper mantle plus 7% of the lower mantle. For a
non-layered model, 23-33% degassing of the whole mantle is required. The 4He flux can
be derived by complete steady-state degassing of the upper mantle (layered model), or 9%
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degassing of the whole mantle. Assuming a crust and upper mantle thickness equivalent to
Earth's, 40Ar on Venus can be generated by outgassing of 28% of the upper mantle, 8.5%
of the whole mantle, or just 6 km of an enriched crust. The 4He value is suspect due to the
inability to calculate accurately the Venusian He loss rate, but requires 90% degassing of
the upper mantle or 28% degassing of the whole mantle. No specifics are given for Mars
other than the 40Ar in the Martian atmosphere can be derived from the degassing 640 Ion of
crust with a K concentration equal to that of Earth's crust. It is interesting that degree of
outgassing is Mars < Venus S Earth, which does not coincide with the trend of noble gas
abundances.
Zhang and Zindler (1989) performed a total inversion of isotopic parameters for a
closed Earth (undegassed mantle is equivalent to degassed mantle plus the atmosphere).
Degassed mantle is represented by the MORB source; undegassed mantle is calculated
from om data. They made the 'specific assumption that degassing is controlled only by
equilibrium noble gas melUvapor partitioning. This led to the result that for primordial
isotopes Xe is degassed faster than Ar, and Ar faster than He. The mean degassing times
are as follows: 130Xe = 21±7 Ma; 36Ar = 56±19 Ma; 3He

= 310±140 Ma;

40Ar = 1.5

±D.5 Ga; 4He = 0.8 ±Ga. A minimum of 50% of the mantle has been 99.9% degassed
for 130Xe, with other degassing amounts ranging through the isotopes as above to 88.8%
for 4He. This model again concludes that early catastrophic degassing was largely
responsible for the atmosphere. Calculated present-day 3He and 36Ar degassing rates are
in agreement with other authors, but the model can neither reproduce nor account for the
13OXe/36Ar and 3He/36Ar ratios in the atmosphere.
There is a growing body of evidence that the Earth's interior is enriched in solar-type
Ne, thus has a different Ne isotopic composition than the atmosphere. The best evidence
comes from the high 20Ne/22Ne ratios relative to atmospheric measured in diamonds
(Ozima, 1989; Ozima and Igarashi, 1989; see also Previous Investigations).
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2ONe/22Ne enrichments have also been reported in MORB (poreda and di Brozolo, 1984;
Sarda et al., 1988; Marty, 1989). Essentially, the mantle appears to have a Ne endmember component that is entirely solar. Marty (1989) finds that the difference between
air and mantle Ne is so great that it precludes a common origin for these reservoirs. The

difference may be explained by mass fractionation during hydrodynamic escape of an early
H-rich atmosphere. Alternatively, air Ne may be a mixture of planetary (59%) and solar
(41 %) components, which have remained distinct since accretion. The early Earth
atmosphere was then of "planetary" (= chondritic meteorite) composition, due to late
accretion of gas-rich material or to the dissipation of the solar nebula, while the interior
was (and still is) of solar composition. The 41 % solar component has been added to the
atmosphere by volcanic degassing, and thus gives a maximum value for non-catastrophic
degassing. Incorporation of results for Xe also indicate a necessity to consider distinct
sources for atmospheric and mantle gases.

Partial Melting Calculations
Since the partition coefficients determined in this study are generally near or greater
than unity, the extent of modelling calculations that can be done is limited. Nevertheless, a
formal calculation of whether the terrestrial planet atmospheres could have formed from
partial melting of a chondritic source has never been presented. Such a calculation is
required, for example, as a step in ruling out the hypothesis that the inner solar system was
originally very homogeneous.
In order to see the effect of our partitioning trend on the melting of a planetary mantle,

the two partition coefficient sets that were below unity were selected. These sets represent
lower limits to our data, but still indicate that Ar through Xe are moderately incompatible at
best. The values for a single mineral are sufficient to represent a variety of mantle bulk
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compositions, since noble gases are not sensitive to mineral structure or composition in the
same manner that ionic species are.
The following discussion assumes that volcanism is the major planetary degassing
mechanism, and that the terrestrial planets originally had similar, chondrltic noble gas
abundances. The C3V noble gas abundance pattern (Fig. 3) was taken as the starting
composition., and the partition coefficient values that were used are denoted in Table 13.
Equilibrium batch melting results are shown in Figures 17a and 17b. The two partition
coefficient trends yield nearly identic~ results. At low degrees of partial melting the liquid
becomes strongly enriched in Ne only, absolutely contrary to the planetary trends. At
higher degrees of partial melting the liquid trend follows the meteoritic trend almost
exactly. The salient point is that the distinctive Kr/Xe fractionation in the planetary
atmospheres is not reproduced. Krypton and Xe do not partition differently enough that
they can be fractionated so steeply. This process cannot produce the observed trends for
the planets.
Absolute abundances are also pose problems, especially in the case of Mars.
Assuming that noble gases will always be enriched in the melt, it is impossible to produce
the concentrations observed in the Martian atmosphere by equilibrium melting of the C3V
source. While it is true that other types of chondrites have lower volatile concentrations
(Anders and Owen, 1977), this would imply that a different population of planetesimals is
needed to form each terrestrial planet atmosphere. Also, there is no chondritic trend as low
as the Martian atmosphere trend.
Suppose that Mars' low noble gas atmospheric concentrations are due to a low degree
of outgassing. Although Mars appears to be relatively undegassed, it is difficult to
attribute the Martian abundance patterns to this phenomenon alone (Lewis and Prinn,
1984). As an approach to producing low absolute abundances, we consider incremental
melting, in which a single source area is repeatedly remelted. There is abundant evidence
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that this is a reasonable model for Mars, which appears to lack plate tectonics and may
therefore have limited convective transport and mixing in the mantle. (See summaries by
Carr, 1984; Lewis and Prinn, 1984). The following observations are consistent with this
view:
(a) existence of extensive ancient cratered terrane
(b) no evidence of lateral crustal motion, or arcuate ridges and trenches

(c) large immobile volcanic edifices with long eruptive histories
If the increments accumulate in the atmosphere, the result is rather similar to
equilibrium batch melting, as the partition coefficients do not change with each step.
Alternatively, suppose that Mars developed and lost an early atmosphere, perhaps by
impact erosion (Melosh and Vickery, 1989). There is evidence that Mars was once more
volatile-rich:
(a) ancient valleys, channels, layered deposits, and scoured plains
(b) clay minerals on surface

(c) residual polar ice caps
(d) very high 40Ar/36Ar and 129Xe/ 132Xe ratios in the atmosphere (Owen etal., 1977)
The present atmosphere may then represent a slow accumulation from later igneous events
which sample a depleted source area. Calculations with a large range of partition
coefficients show essentially the same behavior: after 3 or 4 increments Ne (and in some
cases Ar) are completely stripped from the source area while the concentrations of Kr and
Xe have dropped only modestly below chondrltic. A fourth increment sample calculation
is shown in Figure 18.

An atmosphere composed of these later increments would

resemble the Martian atmosphere in neither abundance ratios nor absolute abundances.
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Conclusion

Although the partition coefficients derived from this study are surprisingly high, the
partition coefficient trend is very consistent. Applying this trend to reasonable melting
models shows that is unlikely that the volatile abundance patterns for the terrestrial planets
were derived from partial melting of a common chondritic source. The partition
coefficients do not effectively fractionate Kr relative to Xe, thus the "missing Xe" in the
planetary atmospheres cannot be attributed to partial melting. In fact, this Xe may never
have accreted to the terrestrial planets.
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TABLE 13. Noble gas solidlliquid partition coefficients. Values calculated from
mineral and melt total gas concentrations within a given experiment

exper.

mineral

melt

Dsf)

Ne

Ar

Kr

Xe

N
N
N
N
N*

DIR18684
DIM2506
DI122742
SP 11-4877
SP B12099

2DI(i)
"
"
"
"

0.013
0.033
0.14
0.034
0.088

0.26
0.15
0.84
1.3
0.040

0.38
0.31
2.3
2.0
0.63

3.2
3.3
3.3
1.8
0.61

V
V

DI122742
FO 12243

2DI(ii)
F05B

0.105
2.7

0.19
6.7

5.9
45

47
90

VI
VI

DI122742
SP 11-4877

2DI(ii)
F05B

0.37
0.073

0.63
0.33

2.4
0.73

4.0
1.2

11*

DIR18684

IDI

0.003

0.37

0.43

0.75

*Values used in calculations. Melt DJM IDI contained a small proportion of crystals,
however this partition coefficient trend is given because it is one of the few that has all
values less than unity.
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Figure 16. Noble gas partition coefficient trends for (a) experiment IV
and (b) experiments V and VI. All partition coefficients calculated from
melt DJM 2DI(i) in (a). In (b), values for DI 122742 calculated from melt
DJM 2DI(ii); those for FO 12243 and SP 11-4877 from DJM F05B. The
patterns generally reflect the total gas concentration data. Partition
coefficients increase with increasing noble gas atomic number, and are
greater than unity for at least Xe. The trends for the VI spinels show a
downturn in the Kr/Xe ratio, reflecting the same trend in the total gas
concentrations. SP B12099 in IV is the only sample that yields a set of
partition coefficients that are all less than unity.
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Figure 17. (a) Equilibrium batch partial melting of a C3V chondri tic noble gas source.
Partition coefficients from SP B12099 in IV; starting material source composition shown
in Figure 3 and listed in text. Concentrations in the liquid shown at several degrees of
partial melting. These partition coefficients cannot significantly fractionate the source
composition. (b) The same figure for partition coefficients from OI R18684 in II, for
illustration only. The melt OJM lOI in II had a small proportion of crystals, which
allowed these partition coefficients to be less than unity.
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Figure 18. Incremental batch partial melting of a C3V chondritic noble gas source. The
noble gases in the melt are removed after each melting episode The figure plots the
concentration in the melt after the fourth increment of either 5 or 10% partial melting.
Partition coefficients same as 17(a). Other than a significant Ne depletion, the source
concentration has changed little.
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IMPLICATIONS FOR THE ORIGIN AND EVOLUTION OF THE
TERRESTRIAL PLANET ATMOSPHERES
Introduction

The results of this study as well as the other investigations that have been discussed in
this dissertation converge on the idea that magmatic transport of volatiles may not be an
efficient, all-purpose means for producing a terrestrial planet atmosphere. Regardless of
assumptions made about bulk composition, mantle convective style, and tectonic
processing rate, it cannot be demonstrated that the lower mantle has been substantially
degassed. If the interior is degassed, then accretionary and/or giant impact degassing is
implied.
A theme in this discussion has been the link between hot spot volcanic activity and
large scale mantle convection, and the importance of that link to degassing of the lower
mantle. This topic will be readdressed semi-quantitatively here for Earth, in order to
estimate a maximum amount of steady-state lower mantle degassing that could occur over
Phanerozoic time. The degassing rates during Proterozoic and Archean times are estimated
to be as great or greater than that of the present.

Also considered is the maximum amount of degassing which could have occurred via
the generation of oceanic crust by melting at the MOR. These discussions are extended
only tentatively past 3.8 Ga because the Earth's tectonic style is unknown, and we enter
the rcJlm of accretionary impacts.
Although the tectonic styles of Venus and Mars are not well known, it is unlikely that
they are more complex than Earth's. It seems reasonable that Earth's noble gas tectonic
flux is an upper limit for these other planets. This section will also address which
mechanisms could be responsible for the differences in the noble gas inventories for the
three planets, and whether or not these differences are primordial.
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Steady-State Magmatic Degassing

White and McKenzie (1989) attribute all worldwide occurrences of volcanic continental
margin and flood basalts to rifting above large scale upwelling mantle plumes. The
igneous rocks are generated by decompression partial melting of the anomalously hot
asthenosphere as it rises beneath the thinned and stretched lithosphere. Essential features
of the model are as follows:
(a)

Hot spots comprise a narrow (150-200 km wide) central plume of rising mantle

with abnormally high temperatures.
(b)

The convected material spreads out under the plate to form a mushroom-shaped

head of asthenosphere with temperatures raised typically 100-200°C above normal. The
lateral extent of this mushroom head is 1000-2000 km in diameter.
(c)

Dynamic uplift OCCUi'S above the head to a maximum of 1000-2000 m.

(d)

If the continental lithosphere rifts across the thermal anomaly crated by the hot

spot, passively upwelling asthenosphere generates large quantities of partial melt by
decompression as it rises to fill the space created by the thinning lithosphere. Once the
lithosphere has been thinned in excess of about a factor of 5, it breaks completely to
generate a new oceanic spreading center.
(e)

The melt segregates quickly and rises upward until it is accreted to the overlying

crust: most is underplated or intruded into the lower crust. Part of the melt may penetrate
the surface. If the rift has passed across the central mantle plume, huge quantities of melt
are fed directly to the surface. Also, the thermal anomaly is especially large at the onset of
a plume, which contributes to excess magmatism at the initiation of a rift.
The authors estimate that the present total rate of growth of the continental crust by melt
production above rifted regions is 0.4 km3/yr. This implies a relatively high rate of crustal
growth in the Phanerozoic (Reymer and Schubert, 1984; Taylor and McLennan, 1985),
and a very large amount of continental underplating. The depth of origin of the mantle
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plumes is not specified. In a whole mantle convection model, the plumes may originate at
the core/mantle boundary, thus will contain and transport a maximum amount of lower
mantle material.
White and McKenzie (1989) further propose that the melt in these zones of elevated
temperature (-1480°C) is produced at a depth of 10 km, and contains 18% MgO. The
density is approximately 3.0 gmlcm3 , and the degree of partial melting does not exceed
30%. [According to these authors, inrmite stretching of the lithosphere at normal temperatures (-1280°C)
produces melt with the composition of MORB. As the temperature is increased up to 1480°C, the
percentage ofMgO increases systematically from 10 to 18%, and the percentage of Na20 simultaneously
decreases. Thinning of the lithosphere by a factor of two above asthenosphere at 1480°C produces alkali
basalts, passing to tholeiitic basalts as the stretching is increased further.]

The maximum amount of Ar that could be transported to the atmosphere by these hot
spot melts can be calculated with the following assumptions: (1) the noble gas abundance
in the thermal plume basalt is controlled only by the melt solubility; (2) thermal plumes are
generated deep in the lower mantle; (3) all Ar in the melts is degassed to the surface.
The concentration of Ar in the melt at 10 km (3 kb) is calculated to be 0.102 ccSTP/gm
by extrapolating the White et al. (1989) 9 kb results for either tholeiite basalt or molten
diopside. These concentrations were achieved in a 100% Ar-saturated system at high
pressure; the low partial pressure of Ar in the Earth effectively reduces this value to about
10-5 ccSTP/gm. [Studies of fluid inclusions in mantle xenoliths (Andersen et al. 1984; Pasteris, 1987;
Ozima et al. 1989) show that CO2 dominates the fluid composition, followed by H20.

Minor

components are He, N2, Ar, H2S"CO, and S02' The concentration of Ar in the fluid is no more than 100
ppm. C02 is also the dominant volatile component in the MORB glass vesicles which have been analyzed
for noble gases.]

The total mass of underplated, intruded, and erupted basalt (p = 3.0 gm cm-

3) produced over 3.8 Ga is 4.5 x 1024 gm. If all the Ar available partitioned into the

liquid, then this melt would contain 4.6 x 1019 ccSTP Ar. Already, this is smaller than the
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volume of 40Ar that is currently present in the Earth's atmosphere, 3.7 x 1022 ccSTP
(Ozima and Podosek, 1983). Moreover, only a smaIl fraction of the basalt will be erupted
on the surface, and Ar does not appear to partition strongly into the melt.
The Earth's heat flow budget also constrains the mantle plume model. It is likely that
the mantle is predominantly internally heated, but the necessary assumption that the mantle
plumes arise from at or near the core/mantle boundary does requires some heating from the
core. Plumes are the signature of heat from below, carrying about 60 to 80% of the heat
supplied through the bottom convective boundary. Davies (1988) estimates that this
amount of heat is no more than 10% of the Earth's total heat flow. Bercovici et al. (1989b)
are best able to reproduce the observed number and distribution of hot spots on Earth in
whole mantle convection models with 80% internal heating. Large degrees of internal
heating do not favor large amounts of plume magma generation, because the temperature
contrast between the plume and asthenosphere in the melting area will not be as great.
Recent high pressure experiments on the melting of iron (Williams, 1987) imply a
much higher core/mantle boundary temperature than previously believed, and hence a
greater component of basal heating. The catch here is that this basal heating implies
significant amounts of remnant accretionary heat and/or radiogenic isotopes in the core,
specifically K. In this case the bulk Earth abundance of K would be nearer the 837 ppm
chondritic value, and the 40Ar in the present atmosphere would be an even smaller
percentage of the expected production.
Presently, the overwhelming amount of magma generation occurs at the MOR. The
maximum amount of degassing that could have occurred via MORB production can be
roughly calculated with an estimate of the cumulative production of oceanic crust. Chase
and Patchett (1988) give aD estimate of 6.4 x 1026 gm from 4.55 Ga to the present. White
et al.'s (1989) results for 12 kb are more appropriate in the case of MOR melting (Presnall
and Hoover, 1987). The average solubility at this pressure for tholeiite and molten
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diopside is 4.1 x 10-5 ccSTP/gm, yielding 2.6 x 1022 ccSTP Ar. This is not far from the
Earth's atmospheric budget of 3.7 x 1022 ccSTP. If the fraction of Ar in the mantle fluid
phase is as high as that of the atmosphere (9.34 x 10-3), then the cumulative Ar production
is 2.4 x 1()24 ccSTP.
The amount of Xe in mantle fluids is not known, but an upper limit is again the mixing
ratio in air (8.7 x 10-8). Based on our results and those of Table 3, the Xe melt solubility
is about 4x lower than that of Ar. 6.4 x 1026 gm of melt could then produce 5.7 x 1018
ccSTP of Xe, which is greater than the atmospheric inventory of 3.45 x 10 17 ccSTP.
These calculations are encouraging, but are surely overestimated. We have assumed
that (a) Ar is completely extracted by the melt, (b) the cumulative mass of oceanic crust
continually degasses the same amount of noble gases, and that this amount is "new" to the
system, and (c) extrapolation of MOR processes to 4.55 Ga is valid. Results from this
study allow us to address point (a): the average Ar partition coefficient in Table 13 is 1.1,
which indicates that whatever the degree of melting, the Ar concentrations in the liquid and
solid phases are about equal. In other words, about 50% of the Ar in the source is
extracted by melting. The average Xe partition coefficient is 15.6. The maximum Xe
enrichment in a melt then approaches lID or 0.064. Point (b) is highly unlikely given that
the MORB mantle is overwhelmingly considered to be both depleted and degassed, and
that recycling of both oceanic crust and volatiles is occurring to some degree or another.
Discussion of (c) is beyond the present scope, so the point here serves as a caveat
It appears that our results also call for catastrophic degassing, although for somewhat
different reasons. The effect of our partitioning behavior on the isotopic models would be
a definite increase (i.e. moves closer to the present, so degassing takes longer) in the
predicted mean ages for outgassing. There is also potential for change in the relative rates
of degassing--this would have to be tested explicitly for a given model. For example, the
observation that 130Xe/36Ar in the atmosphere is lower than that of the depleted mantle,
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while 129Xe/130Xe is virtually indistinguishable is explained if Xe degasses more slowly
than Ar--slow enough that Xe isotopic evolution is mostly complete. The small 129Xe
enrichments that have been reported in MORB may be attributed to heterogeneity of the
mantle, or perhaps the fact that 1291 is more incompatible than 129Xe (Musselwhite et al.,
1989), and was quickly transported to the MORB source area, where it decayed. The
choice of a whole-mantle convection model will also relax the restriction that the
catastrophic degassing occur with the fIrst .... 100 Ma of Earth history. In addition, since
noble gases will be fractionated by partial melting events, the use of mean degassing ages

to estimate past rates of tectonic activity (Allegre et al., 1987) is not strictly correct
We instead require an early Earth with vigoroas convection and large degrees of partial
melting in order to degass at least the MORB source mantle. Under such conditions, the
noble gas relative abundances in the source must be nearly equivalent to those in the
present atmosphere. These large degrees of melting may be further self limiting, as they
might be expected to produce high MgO komatiitic-type magmas. The Results and
Discussion sections have shown that such melts will have low noble gas solubilities.

In summary, neither isotopic systematics, steady-state magmatism, or noble gas
partitioning behavior provide compelling evidence that the Earth is substantially outgassed
of its primordial or even its radiogenic volatiles.

Comparison of the Terrestrial Planets
In the Geochemical Modelling section it was concluded that it is unlikely that the
terrestrial planet atmospheres we.re derived from partial melting of a common chondri tic
source. A corollary of this is that the presently obseJ;'Ved variation in the absolute
abundances of the noble gases between the terrestrial planets reflects different initial
abundances, not different degrees of partial melting.
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Referring back to Figure 3, the atmospheric noble gas concentrations of Mars are two
orders of magnitude lower than those of Earth. If this is attributed to an extremely small
degree of equilibrium melting on Mars, then its atmosphere should consist entirely of Ne.
Repeated melting of a source area cannot produce Mars' atmosphere either. Mars'
40Ar/36Ar and 129Xe/ 132Xe ratios of 3000 and 2.5, respectively (Donahue and Pollack,

1983; compare to Earth at 295.5 and 0.93) are also not in agreement with the isotopic
models, which would attribute such radiogenic enrichments to large degrees of outgassing
(i.e. magmatic activity).

Comparing Venus and Earth, calculations with our partition coefficients cannot
produce the much higher abundances of Ar, Kr, and Ne on Venus by a larger degree of
melting because these gases remain at almost constant concentration levels in the melt
throughout a reasonable range of degrees of partial melting. If volcanic outgassing was
mostly responsible for the terrestrial planet atmospheres, then the initial volatile
abundances followed the pattern Mars < Earth < Venus. This is consistent with a relatively
quiescent inner solar system during the last stages of accretion, but disagrees with Dreibus
and Wanke (1987).
Alternatively, roughly equal primordial volatile abundances among these planets could
have been modified by catastrophic processes. Impact degassing is an appealing method
for stripping Mars of an early denser atmosphere (Walker, 1986; Ahrens et al., 1989;
Melosh and Vickery, 1989). Cometary impacts are almost equally appealing as a means of
enhancing the Venusian atmosphere relative to Earth (Grin spoon and Lewis, 1986; 1988).
If the impact flux during the latest stages of accretion was very high, then there could have

been nearly continual atmospheric gain and loss, which gradually slowed as accretion
slowed. With such an -impact flux., effective removal of volatiles from the growing planets
is necessary since only small percentage of volatile-rich material is required to account for
the present planetary' atmospheres (Anders and Owen, 1977; Dreibus and Wanke, 1987).

117
The final atmospheres could represent a mixture of many different types of impactors, or
could reflect the influence of only a few large objects.
Loss of gases during the accretion period may have been by hydrodynamic escape in
addition to impact degassing. Hydrodynamic escape can result in isotopic fractionation
(Hunten et at., 1987), thus reconciling the observation that the terrestrial planet atmosphere
noble gas isotopic ratios do not match each other or the average of chondritic meteorites.
The non-radiogenic components of the atmospheres of these planets were then in effect
determined by the accretionary process alone, just as the planetary masses and densities
were. Subsequent volcanic outgassing was relatively minor: perhaps involving only the
recycling of volatiles through melting at the mid-ocean ridges and subduction zones on
Earth, and the melting of localized crust and/or mantle areas on Mars and Venus. The
radiogenic components of the atmospheres were mostly degassed early, with subsequent
accumulation occurring by crustal degassing. The solid planets were able to retain separate
volatile reservoirs in the atmosphere and mantle, or even in the atmosphere, crust, upper
mantle, and lower mantle. This is agreement with our results as well as some of the Earth
isotopic models, in particular Marty (1989).

In conclusion, primordial heterogeneity probably exists between the terrestrial planets
as well as within each planet itself. Portions of the solid planets may differ from the
atmospheres because they are undegassed--however even if these portions were degassed
they may not produce a noble gas phase that matches the atmosphere either compositionally
or isotopically. Furthermore, it is unlikely that the differing terrestrial planet atmospheres
were derived from the application of a single mechanism on a common chondritic source.
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CONCLUSIONS

(a) We have developed an alternative technique to determine the partitioning and
solubility behavior of noble gases in mineral/melt systems. Natural end member minerals
(anorthite, diopside, forsterite, spinel) and synthetic silicate melts known to be in
equilibrium were held in separate crucibles in a one bar flowing noble gas atmosphere.
Experiments were run for 7 to 18 days at either 1300 or 1332°C, in Ar only or a mix of
Ne, Ar, Kr, and Xe. The gas concentrations were measured by mass spectrometry. A rate
study and a reversal for Ar showed that solubility equilibrium was established within 2
days.
(b) The noble gas soluY:.ilities in the minerals were surprisingly high, but were not
correlated to minerai structure, as is the case with ionic trace elements. Three samples
were especially distinct in their behavior. The results are best explained by siting in lattice
vacancy defects.
(c) Noble gas solubility in the minerals increases with increasing noble gas atomic
number. This trend is likely to be related to the similar trend of polarizability. Siting in
defect sites would then be described by "monopole"/induced-dipole interactions between
the noble gas atom and the charged lattice vacancy.
(d) In contrast, noble gas solubilities in silicate melts decrease with increasing atomic
number. Solubility is directly proportional to melt molar volume. Melt total gas
concentrations were surprisingly low--on the order of or considerably lower than
concentrations in coexisting minerals. Melt solubility trends agree with data from previous
authors, but tend to overlap the low end of the solubility range defined for natural basalts.
The lower solubilities in the synthetic compositions are likely to be related to the higher
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MgO and CaO concentrations and lower degree of polymerization and Fe3+ concentration

in the synthetic vs. natural melts.
(e) The variation in mineral solubilities affects greatly the absolute values of the partition
coefficients, but not the partition coefficient patterns. These patterns show a clear trend of
increasing compatibility with increasing noble gas atomic number. The extent of
geochemical modelling is limited by the fact that the partition coefficient values are very
often greater than unity. Results from equilibrium partial melting calculations show that
the atmospheres of the terrestrial planets cannot have formed from batch or incremental
melting of a common chondritic source.
(I) When the results of this study are examined along with (1) constraints from noble gas

isotopic models and (2) estimates of hot spot and MOR activity, there is no compelling
evidence that the Earth is substantially outgassed of its primordial or even its radiogenic
volatiles. The partition coefficient trends from this study would increase the mean ages for
degassing predicted by isotopic models.
(g) If volcanic degassing was mostly responsible for the terrestrial planet atmospheres,
then the initial volatile abundances followed the pattern Mars < Earth < Venus.
Alternatively, roughly equal volatile abundances could have been modified by catastrophic
processes. Then the atmospheres of the planets were determined almost entirely by the
accretionary process. With respect to volatiles, primordial heterogeneity probably exists
between the terrestrial planets as well as within each planet itself.
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APPENDIX I

Chronological Listing of Experiments

~

(28 Feb-20 Mar 1987) Anorthites AN 4079, 137041, HO 228, 11-7779, WU

617 and two DJM 3AN melt aliquants were run for 20 days in a 1 bar Ar atmosphere. The
gas is 99.95% purity and supplied by the University of Arizona Gas Stores. The flow rate
was 160-170 cc/min. The quenched melt was not examined, but it was later determined
that DJM 3AN did not fuse completely during the experiment. In the fIrst experiments, we
were concerned with atmospheric contamination and Ne loss from the samples, so the
glasses were sent to St. Louis unopened. This minimized the glass surface area, but
unfortunately did not allow us to determine that melts were not fusing completely.
AN BY-I (31 Mar-18 Apr 1987) Samples of AN 137041 and glass DJM 3AN
ground to powder were exposed to 20 bars Ar at 1200±12°e for 48 hours in an Ar-medium
pressure vessel by J. R. Holloway at Arizona State University during March 1987. The
samples were quenched in the vessel and each split into two aliquants. One pair was
reserved, and the other was run for the 18 day period above at 1300°C in Ar at 1 bar
pressure, accompanied by a control pair prepared in air. A new tank of Ar was used, and
the flow rate was 160-170 cc/min.
The glass sample did not melt but rather recrystallized during the 20 bar run. None of
the glass samples fused completely at 13OO°C during the 18 day experiment; as a result the
20 bar glass sample did not appear to lose any gas in the reversal experiment. It was not
possible to examine the glasses, but it is likely that Ar was trapped in bubbles or inclusions
in minerals during the 20 bar step and then did not diffuse out during the reversal.

NGX-I (26 June-IS July 1987) AN HO-228, 11-7779, WU-617 and two aliquants
of melt DJM 3AN were run for 18 days at 13000 e in an atmosphere consisting of 5.00%
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Ne, 93% Ar, 1.00% Kr, and 1.00% Xe by weight (9.51,89.7,0.461,0.283 by volume).
The gas is a commercial 99.995% purity guaranteed analysis mix from ALPHAGAZ
Liquid Air Co., Denver CO, and supplied by the University of Arizona Gas Stores. To
conserve the expensive gas, the flow rate was reduced to 90 cc/min. The DJM 3AN melts
did not fuse completely during the experiment
The experiment was first run for 13 days (10-14 June), however a power failure at 4:37
25 June blew the furnace fuse. The samples cooled slowly in the presence of the gas, then
sat in air for over 24 hours while repairs were made to the furnace as well as the campus
underground electrical wiring. The experiment was reinitiated on 26 June with the same
samples.

NGX·II (11-29 Sep 1987) Samples of minerals AN WU-617, DI R18684, FO
12243, and melts DJM 3AN, DJM IDI, DM-84-2 were run at 1300°C in the mixed noble
gas atmosphere for 18 days. The flow rate was 90 cc/min. All melts grew crystals. DJM
IDI had only a small proportion of crystals which sank to the bottom of the crucible, but
results indicate that some of these crystals were in the analyzed aliquant

ARDI·I (25 Sep-11 Oct 1987) Five aliquants of AN WU-617 were placed in a large
capacity (2.5 in O.D.) furnace in a 99.95% Ar atmosphere at 1 bar. A new tank of gas was
employed. The samples were introduced with the furnace at 1300°C with the gas flowing
at a high rate to flush the muffle tube. The flow was 170 cc/min during the experiment.
The aliquants were removed one by one after 2, 4,8, 13, and 16 days, as described in the
text.

NGX.IU (30 Oct-18 Nov 1987) Mineral samples AN 4079, DI R18684, FO 12243,
SP 114877 and melts DJM 3AN, DJM IDI, DM-84-2 were run at 1300°C for 18 days in
the mixed noble gas atmosphere (90 cc/min). After this experiment was run, I received
material from some of the previous experiments that was not needed for the isotopic
analyses. The glasses were analyzed optically and with the electron microprobe. DM-84-2
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glass contained distinct, euhedral forsterite crystals that clearly grew in the melt during the
course of the experiment. DJM 3AN glasses had a feathery appearance, and were an
intimate mixture of melt and numerous tiny (5 J.1m) anorthite crystals. It was impossible to
determine whether the crystals grew during the course of the experiment or upon
quenching. DJM IDI glass was clear and homogeneous, but the material also contained
chips of a crystal-bearing wedge from the bottom of the crucible. Based on these results,
we decided that (a) the measured "melt" solubilities from the previous experiments would
not be considered valid data, (b) the "glasses" from NGX-III would not be analyzed, and
(c) due to the difficulty of measuring the composition of the inhomogeneous glasses with
the microprobe, new starting material should be prepared.

NGX.IY (29 May-18 June 1988) Mineral samples DI R18684, DI M2506, DI
122742, FO 12243, SP 11-4877, SP B12099, and melts DJM 7AN, DJM 2DI(i) were run
at 1300°C in the mixed noble gas atmosphere for 18 days (70-80 cC/min). The starting
material glasses were newly prepared for the experiment from ultrapure oxide powders
(Johnson-Matthey Puratronic). The oxide powders were fused above 1350°C, and the
vacuum fusion step was considerably shortened. Comparison of the glass compositions
after fusion in air, vacuum fusion, and the experimental run showed that while the
composition strayed little from the target, the starting material none-the-Iess grew crystals
during the 1300°C experiment. It was decided that the melts were too close to saturation at
1300°C, and future experiments should be run at a slightly super-liquidus temperature.

NGX.MT (21-28 June 1988) Two melt samples, DJM 7AN and DJM 2DI(i), were
run at 1332°C for 7 days in the mixed noble gas atmosphere. As this was an unanticipated
final usage of the first mixed noble gas tank, the noble gas flow was minimized (50
cc/min). The resultant glasses were clear, homogeneous, and free of crystals and bubbles.

NGX·Y (28 Feb-7 Mar 1989) Results from NGX-IV and the rate study indicated that
we should run experiments for a shorter time at a higher temperature. Mineral samples DI

123
M2506, DI 122742, FO 12243 (both standard 10 J.1m and 400 mesh aliquants) SP B12099,
and melts DIM 2DI(ii), F05B were run at 1332°C in the one bar mixed noble gas
atmosphere for 7 days. A new tank of the same noble gas mixture (5% Ne, 93% Ar, 1%
Kr, 1% Xe by weight) from the same supplier was started. The flow rate was 90 cc/min.
Glass starting materials were newly prepared from ultrapure oxide powders.
After the experiment the glasses were clear, homogeneous, and free of crystals and
bubbles. DI M2506 appeared to have partially melted during the experiment, so was not
analyzed. It was noted in some test experiments that DI 4113 from the University of
Arizona Mineral Museum fused completely at 1300°C. DI 122742 powder was packed
together but had no evidence of melt.
The gas mixing system furnace was rebuilt prior to this experiment. New furnace
heads were manufactured and installed, along with a new muffle tube, silicone o-rings, and
nylon supply hose.
NGX·VI (6-15 Apr 1989) Mineral samples AN 4079, DI M2506, DI 122742 (10
J.1m and 400 mesh), SP 11-4877, and melts DJM 2DI(ii), F05B were run at 1330°C in the
one bar mixed noble gas atmosphere for 8 days (90 cc/min). Prior to this experiment the
furnace was moved to a specially constructed support bench on the floor and new
thermocouple wiring was installed. M2506 again showed evidence of melt, and AN 4079
and DI 122742 were packed together.
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APPENDIX II
40 Ar/36 Ar Ratios in Experiments L\AN and AN RV-I
40Ar/36 Ar ratios were measured for each of the two heating steps in the Ar-only
syntheses L\AN and AN RV-I. The data, listed in Table A-IT 1, show an unexpected
pattern. The gas released from the anorthites in the 800°C step was only a small percentage
of the total gas abundance, but in four cases had a 40/36 Ar ratio significantly greater than
atmospheric (295.5). Several aspects of the problem are addressed below:
(a) There is no reason to suspect that the gas in the tank was highly fractionated, because
the total gas 40/36 Ar ratio differed little from atmospheric, and all L\AN samples were run
together. Such isotopic fractionation has never been observed to be a feature of the gas
tank and delivery system that we have employed (T. J. Bematowicz and F. A. Podosek,
personal communication).
(b) If the fractionation was related to diffusion, then the early-released gas would be
expected to be enriched in the lighter isotope (36Ar), whereas the opposite is observed.
(e) It is conceivable that the 40Ar enrichment was due to a natural radiogenic component,
however it is difficult to account for its preferential release at 800°C, when the samples
have been run at 1300°C for 18 days. This would indicate that very little gas was
exchanged during our experiments, a conclusion which is not supported by our results.
The 800°C volume, although small compared to the total measured gas volume, is large
compared to natural abundances (see text Table 2). Table 4 also shows that the mineral
starting materials are very low in K.
Prior to initiation of the experimental program we determined that the natural gas
abundances in our starting materials were considerably lower than the amounts measured
in the experimental samples. Unground 3-5 mm chips of diopside and spinel that had not
been run in an experiment were analyzed for Ar in the laboratory of Dr. Paul Damon, Dept
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of Geosciences, University of Arizona. Total Ar concentrations were 1.6 to 2.5 x 10-7
ccSTP/gm. These data are not as reliable as those from Washington University due to the

comparatively high blank levels, and should be considered upper limits only. The actual
abundance is as much as 10 times less than the quoted value. In addition, the process of
sample grinding would be expected to further reduce Ar concentrations by releasing gases
trapped in inclusions.
(d) DJM 3AN glasses run along with the anorthites do not show a high 40Ar/36Ar ratio.
They record a total 40/36 Ar ratio very close to atmospheric, with the 800°C ratio slightly
enriched in the lighter isotope. These glasses did contain a small proportion of crystals,
but we can be reasonably sure that the DJM 3AN glasses contain a sample of the ambient
gas isotopic composition during the experiments.
If the 40Ar enrichment in the 800°C step gas volumes is not due to 8, b, c above, it is
likely to be a feature of the mass spectrometric bakeout process (T. J. Bernatowicz,
personal communication). The samples are held in vacuum at 100°C for

~48

hours to

remove surface gas contamination. Partial gas loss from less retentive sites may also occur
during this time, and may be diffusion controlled. These less retentive sites then become
enriched in 40Ar, and this enrichment is reflected in the 800°C degassing step.
If this is not the case, then the 40 Ar enrichment indicates that this isotope is
incorporated preferentially into the less retentive sites in the anorthites. This would have
profound consequences for many isotopic studies, since the lower temperature extractions
from natural samples are routinely ignored in the interpretations of noble gas isotopic data.
The usual observed high radiogenic isotope concentrations in these extractions are thought
to reflect atmospheric contamination and/or trapped daughter products. Here we have
shown that a gas reservoir of atmospheric composition can it8elf be fractionated, thus
disregarding lower temperature components during interpretative discussion would be
invalid.
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TABLE All·t. Ar solubilities and 40Ar/36Arratios in anorthite and glass samples from

experiments AAN and AN RV-I, run at 13oo°C in 1 bar 100% Ar for 18 days. RVe =
reversal control sample; 20BRV = sample exposed to 20 b Ar and reversed at one bar;
20B = sample exposed to 20 b Ar. Analytica: error on concentration measurement is
±15%.

~x12~r,

sam12le

~xtractiQ!l

TeC)

MN

~Ar ~~STPl!ml
x 10-6

~ArL3!i.A!

AN 4079

800
1550
total

2.5
3.7
6.2

294.2±1.0
284.2±1.2
288.1±o.8

AN 137041

800
1550
total

0.42
2.4
2.8

291.9±8.5
279.9±2.2
281.6±2.2

ANH0228

800
1550
1550(rep)
total

0.25
79
1.7
81

317.1±2.4
289.4±o.2
298.5±3.1
289.6±o.2

AN 11-7779

800
1550
total

0.91
5.5
5.7

347±29
287.3±1.3
289.0±1.5

ANWU617

800
1550
total

0.24
6.0
6.2

376±26
295.6±1.3
298.0±1.5

AN 137041
RVe

800
1550
total

0.18
7.1
7.3

435±50
291.9±1.0
294.3±1.2

AN 137041
20BRV

800
1550
total

0.54
16
16

298.8±8.2
293.4±o.5
293.6±o.6

AN 137041
20B

1550

580

293.0±0.3

MN

DJM3AN
glass

800
1550
total

0.90
95
96

289.9±1.3
293.4±o.3
293.4±o.3

ANRV

DJM3AN
g-RVe

800
1550
total

0.61
109
110

281.2±2.6
296.7±o.3
296.6±O.3

ANRV
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APPENDIX III
Solubility Patterns of Melts + Crystals
Figure AIII-l shows the noble gas solubilities measured in some of the glasses which
grew crystals during the course of an experiment or upon quenching. Sample DM-842
contained large euhedral olivine crystals that clearly grew suspended in the melt during the
experiment. The DJM 3AN melts contained numerous small feathery crystals which may
have grown during the experiment, upon quenching, or at both times. DJM IDI and 2DI
each grew only a small proportion of crystals, which sank to the bottom of the crucible,
leaving a clear glass cylinqer above.
The solubility pattern is characteristically V-shaped. The sides of the V have shallower
slopes than the patterns for either minerals or melts alone. This shape is readily interpreted
as a superposition of the solubility trends for the mineral and melt fractions. The exception
is sample 2DI(i), which shows a strong peak at Ar. This sample was run in experiment
IV, but analyzed pJong with the final set of V and VI runs. The anomalous pattern seen
here was instrumental in determining that an analytical problem occurred in that fmal set
Some of these melts also have higher overall noble gas solubilities than the melts that
did not grow crystals. This may be attributable to gas inclusions in the minerals or
trapping of bubbles during quenching. Optical examination of the glasses did not reveal
any obvious bubbles--however in the case of all but DM-842, the numerous small crystals
made the images very confusing. It is possible that inclusions could have been overlooked
or were too small to resolve.
If inclusions were not present, then these experimental mistakes provide additional
evidence that the solubility of noble gases can often be higher in minl!rals than melts.
Surprisingly, the noble gas concentrations in the melts are enriched rather than diluted by
the addition of crystals.
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Fig. AIII-l
Solubilities in Melts + Crystals
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APPENDIX IV
Additional TEM Photomicrographs

Cation to Photographs on Page 130 clockwise from top left: AN 4079 after
experiment; DI 122742 before experiment; DI 122742 after; AN 4079 before.

130

A~i 4~7? AFT 3-89
~~~~ ~sq . 9KU Xl2g~

~
~~~t

Caption to Photographs on Page 131 clockwise from top left FO 12243 before;
FO 12243 after; SP 11-4877 after; SP B12099 before.

~-

...

-----

0 12243 BEF 3-89
~9~:3 200. 9KU X158K

S~ni!

132

APPENDIX V
Influence of Pressure on Noble Gas Partitioning

The hypotheses presented here that (a) noble gas solubility in minerals is controlled
by defect siting, and (b) noble gas solubility in melts is directly proportional to molar
volume and polymerization (mostly SiCh content) leads to the conclusion that noble gases
will become even more compatible with increasing pressure.
The number of defects in the minerals in the mantle will be at least as great and
probably significantly greater than the number in the minerals in this study. Minerals in the
mantle exist at high temperatures, and are expected to have a higher concentration of trace
elements than the relatively pure natural minerals from the study. We have shown that
defects can probably account quantitatively for the gas concentrations in our minerals
achieved in one bar noble gas, so the much smaller concentrations in the mantle should be
able to be accommodated in defects.
Increases in the density of the minerals could lower the mineral solubility
somewhat, especially if some gases are sited interstitially. However, in the region above
400 km in which silicate melts are though to originate, the phases will differ little from
shallow regions: olivine, clinopyroxene, orthopyroxene ± feldspar, spinel, garnet.

In contrast, the compressibility of silicate melts is significantly greater than that of
the solids. For example, the increase of density with pressure for tholeiite is greater than
that for olivine, and is has been predicted that such melts could become denser thart olivine
at about 16 GPa. Details of this argument and calculations of melt compressibilities are
reviewed by Herzberg (1987).
Regardless of the actual siting of noble gases in minerals, it is predicted that the
partition coefficients will increase with increasing pressure, because the relative solubility
in the melt will decrease. In ionic trace element partitioning studies, eqUilibrium
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partitioning during partial melting may be estimated by growing crystals in a melt, then
quenching. This is not acceptable for the noble gases, due to inclusions in the minerals.
Similarly, high pressure experiments done in noble gas oversaturated conditions could lead
to an overestimation of noble gas incompatibility as compared to the natural situation,
especially with the with the calculation method we have used here. In the absence of a
vapor phase, the low natural concentrations of noble gases may have little incentive to enter
a melt phase at high pressures.
It is suggested that the best method for investigation of noble gas partitioning at
high pressure would be to expose minerals to a high noble gas pressure, partially fuse
them, then measure the concentrations of the resultant coexisting melt and crystals with an
in situ technique such as PIXE. In this manner the natural melting situation is more closely
approximated.
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