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ABSTRACT 

This dissertation presents results from experiments 

measuring the silicate-melt solubility of iodine conducted 

at one atmosphere and the mineral/melt partitioning behavior 

of iodine, argon and xenon conducted at one atmosphere and 

15kbars. The solubility of iodine in silicate melts is 

strongly correlated with the molar volume and the degree of 

polymerization of the melt. Results of mineral/melt 

partitioning studies show that iodine is at least ten times 

more incompatible than xenon. The values of argon 

mineral/melt partition coefficients determined in this study 

fall in the low range of those determined in previous 

investigations. 

These results, along with other parameters are used to 

assess the timing and extent of early mantle outgassing for 

the Earth and Mars. If outgassing alone is responsible for 

the xenon isotopic composition of the mantle source of the 

mid-ocean ridge basalts, then the mantle outgassed 99 

percent of it's volatiles within the first 100 million years 

following the nucleosynthesis process, which preceded the 

formation the solar system. Furthermore, the mantle 

experienced a nearly 100 percent molten state sometime 

during this period. 



11 

Straight forward early outgassing cannot explain the 

isotopic composition of the martian atmosphere. A two-stage 

outgassing scenario can explain it, but requires the 

existence of an as yet unsampled mantle reservoir. 

Alternatively, water solubility fractionation very early in 

martian history may have played a significant role in 

determining the isotopic composition of the present-day 

martian atmosphere. 



CHAPTER 1 
INTRODUCTION 
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This dissertation is a study in iodine and noble gas 

geochemistry from an experimental approach. The primary 

motivation is to further our understanding of the formation 

and differentiation of the terrestrial planets. While the 

focus of this study is on the geochemical behavior of the 

129 I /129xe parent/daughter radiogenic decay process, it is 

set in the context of the broader subject of noble gases in 

the early solar system, and their evolution in the early 

planets, especially regarding the formation of the 

terrestrial planet atmospheres and the volatile histories of 

their interiors. 

The noble gas compositions of atmospheres, crusts, and 

mantles provide important constraints on the volatile 

histories of the terrestrial planets. The noble gas 

compositions of the terrestrial planet atmospheres have been 

used to constrain their bulk compositions (e.g. Dreibus and 

Wanke, 1987; Donahue and Pollack, 1983). Earth, Mars and 

Venus differ substantially in their atmospheric inventories 

of noble gases. These abundances have often been assumed to 

represent differences solely in their bulk inventories of 

noble gases in each of these planets -- reflecting different 
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starting abundances for each. Intervening processes between 

accretion and atmosphere formation can affect the 

atmospheric compositions, causing them to differ from bulk 

planetary compositions. Examples of such processes include 

partial melting, crystallization, crystal fractionation, 

impact melting from large and giant impacts, solubility 

fractionation during magma outgassing, and loss or gain of 

volatiles from the atmosphere following mantle outgassing. 

Thus, to assign significance to the abundances and isotopic 

compositions of the noble gases of the terrestrial planet 

atmospheres in the context of planet formation, it lS 

necessary to sort out the possible effects of such 

processes. 

HISTORICAL BACKGROUND 

Following the discovery of helium in the solar spectrum 

by Jansen in 1868, the existence of the other noble gases 

took another thirty years to establish (Correns, 1969). The 

discovery of argon followed in 1894 by Rayleigh and Ramsey; 

neon, krypton and xenon were reported in 1898 by Ramsey and 

Travers, and radon in 1900 by Dorn. It wasn't until 1895 

that helium was detected in a terrestrial sample, in the 

mineral cleveite by Sir William Ramsey. More than forty 

years later, the first compilation of noble gas abundances 
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in the Earth's atmosphere was published by Paneth (1939). 

Rayleigh (1939) first determined neon and argon content in 

Earth rocks, ranging in composition from granites to 

dunites, and found the neon/argon ratio in those rocks to be 

within a factor of two of that for the Earth's atmosphere. 

Cady and Cady (1945) first measured the neon, argon, krypton 

and xenon abundances in natural gas, where the abundance 

ratios (neon/argon; krypton + xenon/argon) were found to be 

fairly close to those of the atmosphere. 

Enough data concerning noble gas abundances had 

accumulated to allow Brown (1952) to note the enormous 

depletion and fractionation of the rare gases in the Earth's 

atmosphere relative to solar abundances. He was the first to 

suggest that the Earth's atmosphere was not primordial, but 

was secondary in origin, having formed from the degassing of 

the mantle. 

THE STABLE ISOTOPES OF THE NOBLE GASES 

The noble gases, helium, neon, argon, krypton, xenon 

and radon, occupy the group VIII column of the periodic 

table of the elements. All have completely filled outer 

electron shells and are, therefore, in general, chemically 

inert or "noble". There are 23 stable noble gas isotopes. 

All were produced in the processes of nucleosynthesis which 



provided the starting materials for the solar system. In 

addition, some have been produced by subsequent nuclear 
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processes. Helium has two stable isotopes: 3He and 4He. 

4He is produced by a-decay of 232Th and 235,238U. These 

decay reactions account for virtually all of the 4He found 

in the present-day Earth atmosphere as well as that escaping 

from the mantle. Most 3He in the solar system is 

primordial. A negligible amount of 3He is produced from 

neutron bombardment and a-decay of 6Li, mostly in lithium-

rich ore deposits. Neon has three stable isotopes: 2oNe, 

21Ne and 22Ne. 21Ne is produced by a-bombardment of 180 and 

neutron bombardment of 24Mg resulting from uranium and 

thorium decay. Argon has three stable isotopes: 36Ar, 38Ar 

and 40Ar. 40Ar is produced by ~-decay of 4oK, which is 

widely used as a geochronometer (e.g., Faure, 1977). 

Krypton has six stable isotopes: 78Kr, 8oKr, 82Kr, 83Kr, 84Kr 

and 86Kr. Xenon, with nine stable isotopes, has the largest 

"family" of all of the noble gases: 124Xe, 126Xe, 128Xe, 

129Xe, 130Xe, 131Xe, 132Xe, 134X and 136Xe. The heavy isotopes 

of xenon, 131-136Xe, are produced by spontaneous fission of 

now extinct 244pu (t1/2 = 82 m.y.), and ongoing fission of 

238U (t1/2 = 4.51 b.y.). This latter form of decay is the 

basis for the Xe-Xe dating technique (Teistma et al., 1975). 

129Xe is produced through the decay of now extinct 129r (t1/2 

= 17 m.y.). This decay process is the focus of much of this 

dissertation. 
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ABUNDANCES OF NOBLE GASES AND OTHER VOLATILES IN 

THE SOLAR SYSTEM 

The volatile budgets of the terrestrial planets, past 

and present, are important in understanding their formation 

and evolution. Volatile elements such as hydrogen, carbon, 

nitrogen, as well as the noble gases, are depleted and 

fractionated relative to silicon compared to solar 

abundances (Donahue and Pollack, 1983). These facts point 

to the conclusion that the atmospheres of the terrestrial 

planets are not primordial, but rather developed during or 

after planet formation. 

Figure 1.1 shows the noble gas abundances for the 

terrestrial planet atmospheres, the Sun and several groups 

of volatile-rich primitive meteorites. The most noticeable 

feature of this plot is that all of the planetary 

atmospheres and meteorites plotted differ in similar fashion 

from solar composition. For all reservoirs plotted, there 

is a trend of increasing depletion relative to that of solar 

from krypton to argon to neon. This trend suggests a mass

dependent fractionation of solar composition for these 

elements. This trend is not, however, seen in the case of 

xenon for the terrestrial planet atmospheres, where lower 

xenon/krypton ratios are found than one would expect from 
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Figure 1.1: Noble gas abundance ratios for the terrestrial 

planet atmospheres and primitive meteorites normalized to 

Solar; Modified from Pepin (1985). Data are from references 

cited therein. 
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extrapolation of the aforementioned mass-dependent 

fractionation. This lower xenon/krypton ratio, especially 

for the Earth, is sometimes referred to as the "missing 

xenon" problem. The missing xenon problem appears to exist 

for Mars as well. The xenon datum plotted for Venus shows 

it to have a solar-like xenon/krypton ratio. However, the 

abundances of both krypton and xenon for the venusian 

atmosphere are in dispute. The krypton abundance may be 

higher and the xenon abundance may be lower on Venus, in 

which case a missing xenon problem may exist for Venus as 

well. 

A note on terminology: the noble gas abundance pattern 

for CI chondrites is often referred to in the literature as 

the "planetary component", based on the similarity of the 

relative abundances of neon, argon and krypton in these 

meteorites and the Earth's atmosphere (often referred to in 

the literature as the "terrestrial component"). Pepin 

(1989) suggested strongly that the usage of the term 

"planetary component" to refer to this meteoritic component 

be dropped. He argued that the genetic relationship between 

the meteorites and the planets implied by such usage is, at 

best, misleading, and, at worst, wrong. Furthermore, 

confusion is generated by the fact that none of the 

terrestrial planet atmospheres, in detail, display such a 

pattern. So, following Pepin's (1989) suggestion, the term 

"planetary component" is not used to refer to the CI noble 



gas composition in this dissertation; The word "planetary" 

is used herein only in its generic sense. 
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Comparing the atmospheric inventory of the Earth with 

primitive meteorite and solar abundances, the noble gases 

are severely depleted compared with other volatiles, and are 

highly fractionated. The relative abundances of the lighter 

noble gases are lower than solar and nebular abundances. 

The 2oNe/ 84Kr ratio for the Sun is lOs, compared to 23 for 

the Earth. 

There are curious discrepancies in the relative 

abundances of volatile species when comparing inventories of 

each of the terrestrial planets. Comparing Venus to the 

Earth, there appears to be roughly the same abundance of 

carbon and nitrogen (Venus:Earth = 0.6 to 1.7); but water is 

severely depleted on Venus compared with the Earth. Water 

may have been lost via photo dissociation in the upper 

atmosphere and subsequent loss of the liberated hydrogen to 

space (Kasting and Pollack, 1983). So, from the major 

volatile species, a picture of the Earth and Venus roughly 

as twins, with the same starting inventories and similar 

outgassing histories, emerges. The noble gases, however, 

cloud this seemingly consistent picture. The overall noble 

gas abundances are higher by an order of magnitude on Venus 

than they are on the Earth. In addition, the abundance 

patterns are not the same. The abundances of neon and non

radiogenic argon are problematic, with the abundances for 
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Venus being 50 to 100 times that for the Earth. In 

contrast, the krypton abundance is only slightly greater for 

Venus compared to the Earth, and the xenon abundance for 

Venus, while not well characterized, appears to be only a 

few times greater than for the Earth. 

In comparison to the Earth's atmosphere, the martian 

atmosphere has lower abundances of the non-radiogenic noble 

gases by a factor of about 150. Similar depletions are 

deduced for C02, N2 and water. The primordial noble gas 

abundance pattern for Mars is very similar to that for the 

Earth, except for xenon, which is relatively higher for 

Mars. Therefore, one might draw the conclusion that Mars 

and the Earth received similar volatile materials but that 

Mars received less of them and/or was less thoroughly 

outgassed than the Earth. This picture is at odds, however, 

with the view of Mars as being a volatile-rich planet. 

Estimates of moderately volatile (e.g., potassium and 

sodium) and volatile elements (halogens) for the martian 

mantle based on examination of the SNC meteorites show it to 

be volatile rich (Driebus and Wanke, 1987). Furthermore, 

ample evidence exists for widespread liquid water erosion on 

Mars in the past (e.g. Carr 1987). The present inventory of 

water, C02 and nitrogen for Mars is likely only minimally 

represented by the atmospheric content of these substances. 

The polar deposits and megaregolith possibly contain far 

greater amounts of these volatiles, and noble gases may be 
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trapped in ices in these non-atmospheric reservoirs (Fanale 

et al., 1978). 

NOBLE GAS ISOTOPIC ABUNDANCES IN THE SOLAR SYSTEM 

The isotopic abundances of the noble gases in known 

solar system reservoirs tell a more complex tale than the 

relative elemental abundances discussed above. Venus' 

2oNe/ 22Ne ratio is more than 2s above the Earth value (8.5 ± 

0.7 cf 9.80 ± 0.08). The martian ratio (10.1 ± 0.7) is 

within error of the Earth value. A three-isotope neon plot 

is shown in Figure 1.2. The relative abundance of the 

Earth's atmospheric neon lies on a mass fractionation line 

from the relative solar abundance, as does meteoritic neon. 

Unlike other non-radiogenic noble gases, the neon isotopic 

abundance ratios in the Earth's interior are distinctly 

different from atmospheric. 2oNe/ 22Ne ratios in mantle 

materials approach the solar value. Elevated 21Ne/ 22Ne 

ratios are attributable to nucleogenic processes in the 

mantle, viz. a-bombardment of 180 and neutron bombardment of 

24Mg resulting from uranium and thorium decay. Data for 

ocean island basalts (OIBs) from Loihi and Kilauea have 

lower 21Ne/ 22Ne than those for Mid-Ocean Ridge Basalts 

(MORB). Honda et al. (1991) proposed that the mantle neon 
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Figure 1.2: Neon three-isotope plot (after Honda et ai., 

1991; data from references cited therein). Values for 

solar, terrestrial atmosphere (Air), MORBs (large and small 

open squares), OlBs (Loihi and Kilauea basalts -- open and 

filled circles, respectively -- shown without error bars in 

a and with error bars in b), are plotted. Mass 

fractionation line for air (mfl) , and correlation lines for 

MORB and OlB (L-K) are also shown) . 



is a mixture of solar, atmospheric and nucleogenic 

components. 
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There is evidence that the martian atmosphere and some 

portion of the martian mantle differ significantly in their 

38Ar/ 36Ar ratios. From studies of trapped gases in SNCs, the 

martian atmospheric 38Ar/ 36Ar ratio is deduced to be 0.278 

(Swindle et al., 1986), the highest known among the 

terrestrial planets, and, except for spallogenic components 

in some meteorites, the highest known in the solar system. 

There is a strong correlation between the 38Ar/ 36Ar and 

4oAr/ 36Ar ratios in the SNCs, with the highest 38Ar/ 36Ar 

ratio corresponding to the highest 4oAr/ 36Ar ratio. The 

4oAr/ 36Ar ratio for trapped martian gases in EETA 79001 (a 

shergottite) has been measured as high as 2400 (Becker and 

Pepin, 1984). The lower 4oAr/ 36Ar component in these rocks 

(as low as 131 -- Bogard and Johnson, 1983) is lower than 

the terrestrial value (295), and so is likely not 

terrestrial contamination. This lower value, therefore, may 

be of martian mantle origin. If so, the corresponding 

38Ar/ 36Ar ratio of this martian reservoir appears to be about 

the same as that for the Earth. In contrast, the 38Ar/ 36Ar 

ratios of the Earth's atmosphere and mantle-derived rocks 

are identical (= 0.188) (Ozima and Igarashi, 1989). So, 

unlike the Earth, there maybe a martian mantle reservoir 

that differs in its 38Ar/ 36Ar from the martian atmosphere. 

The 38Ar/36Ar ratio for the venusian atmosphere (= 0.180 --
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Donahue, 1986) is similar to that for the Earth, the solar 

wind and CI chondrites (Pepin, 1989). So, while 2oNe/ 36Ar in 

meteorites and terrestrial planet atmospheres are very 

similar, the isotopic abundances of neon and argon vary in 

some cases. This variation implies that the similar 

elemental ratios may be a coincidental result of 

fractionating and mixing processes. 

Krypton isotopic abundances for CI chondrites, Mars and 

the Earth are shown in Figure 1.3. Also shown are curves 

representing simple mass fractionation. The krypton 

spectrum of all three can be generated by mass fractionation 

of a single parent. Pepin (1989) suggested that this parent 

has a solar composition. The atmosphere of the Earth and 

mantle-derived materials have essentially identical relative 

abundances of krypton isotopes. 

A similar story is told by the xenon isotopic 

abundances (Figure 1.4) . The xenon composition of the 

martian atmosphere can be accurately reproduced by the mass 

fractionation of CI chondritic xenon (Swindle et al., 1986) 

except for 129Xe. The excess of 129Xe relative to other 

xenon isotopes in the martian atmosphere is discussed at 

length later in this chapter and in the Mars discussion 

section. For the Earth, the xenon spectrum can be produced 

by mass fractionation of CI xenon without its nucleogenic 

heavy isotope xenon. The present-day CI and terrestrial 

xenon subsequently acquired their nucleogenic and 



300 

200 

100 

-100 

XENON 

MEASyRED COMPOSITIONS 
• CI Chondrites 

cI Mars (E:TA 79001) 

e Earth 

(f 
I 

• 

Figure 1.3: Krypton isotopic compositions in CI chondrites 

and atmospheres of Mars and the Earth (after Pepin, 1989; 

data from references cited therein). dMKr is the perrnil 
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Figure 1.4: Xenon isotopic compositions in CI chondrites 

and atmospheres of Mars and the Earth (after Pepin, 1989; 

data from references cited therein). dMXe is the permil 

deviation of the MXe/ 130Xe ratio from the ratio in the 
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fissiogenic xenon after this fractionation (Pepin, 1989). 

Except for radiogenic isotopic abundances, the atmosphere of 

the Earth and mantle-derived materials have essentially 

identical relative abundances of xenon isotopes. 

NOBLE GASES AND PLANET FORMATION 

In trying to determine how early planetary processes 

affected the present abundances of volatiles of the 

terrestrial planets, the first question that should be 

considered is: How did volatiles become incorporated in the 

terrestrial planets in the first place? The answer to this 

question lies in sorting through competing theories of 

planetary accretion. The abundances of noble gases in the 

terrestrial planet atmospheres, along with the budgets of 

other volatiles in these planets, must be addressed in any 

theory of planetary accretion. These theories can be 

grouped together into either "gas-rich" or "gas-poor" 

accretion categories. 

In the gas-rich accretion theories, accretion occurs in 

the presence of primordial gas. In one version, the 

terrestrial planets initially formed as giant gaseous 

protoplanets, analogous to the present-day jovian planets 

(e.g. Cameron et al.,1982). The gaseous proto-planets 

formed by gravitational collapse in minor instabilities 
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sweeping up the available local nebular gas, wholesale at 

the same time as the Sun was forming. This requires the 

solar nebula to contain an extra solar mass in addition to 

the material that formed the Sun. At a later stage, most of 

the gaseous envelopes were removed from the terrestrial 

planets by a vastly enhanced solar wind. This type of 

scenario can account for the gradient of neon and argon with 

distance from the Sun. From a geochemical point of view, 

there is a fundamental problem with this explanation, in 

that the depletion of noble gases relative to other 

volatiles, and the departure of relative abundances and 

isotopic ratios from solar, cannot readily be explained. 

Furthermore, the fact that the 36Ar/ 20Ne ratio is similar for 

all of the terrestrial planets and carbonaceous chondrites 

(100 times solar) despite the different sizes of the planets 

and their distance from the Sun is a very serious problem 

for this type of model. The gaseous protoplanet idea has 

also been seriously challenged on physical grounds (e.g., 

Pollack, 1985). For these and other reasons, this category 

of accretion models has been largely abandoned. 

The gas-poor category of accretion theories descend 

from the planetesimal hypothesis of Safronov (1969). In 

this case, the solar nebula contains only a few percent more 

mass above that which goes to make the Sun, and large-scale 

gravitational collapse of planetary bodies is not possible. 

It starts with a hot solar nebula which proceeds to cool. 
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As it cools, solids condense and settle to the mid-plane of 

the nebula while pressure and turbulence keep the gases in 

an extended envelope. Due to small-scale instabilities, the 

rocky grains then coalesce into planetesimals a few 

kilometers in diameter. The planets are then formed from 

the planetesimals via collisional accretion. While the 

jovian planets grow large because of the condensation of 

ices along with rocky material, eventually becoming large 

enough to sweep up nebular gas, the terrestrial planets 

acquire a far smaller volatile budget in this type of 

accretion. Much of the present debate on volatile 

acquisition by the terrestrial planets centers on the 

accretion stage in the planet building process. 

The occurrence of a volatile-rich veneer at the end of 

accretion has been suggested to explain the volatile budgets 

of the Earth and Mars (e.g. Anders and OWen, 1977). This 

does not appear to work for Venus where the noble gases are 

radically different in their abundances from the Earth, but 

the carbon and nitrogen abundances are similar. This 

discrepancy could be construed as fatal, at least when 

attempting to explain Venus' volatile inventories, since 

late stray objects would have similar probabilities of 

colliding with the Earth and Venus. 

Grain accretion has been proposed (Pollack and Black, 

1979) in a solar nebula environment with a large pressure 

gradient but small temperature gradient in the region where 
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the precursors of the terrestrial planets formed. This 

would explain the order of magnitude increases of 20Ne and 

36Ar from Mars to the Earth to Venus since the incorporation 

of the rare gases by adsorption would be expected to be 

sensitive to pressure. Carbon, nitrogen and water would be 

incorporated chemically and would therefore be far less 

sensitive to pressure. There are, however, some problems 

with this outlook. Relatively high differences in velocity 

would have developed between large and small objects due to 

the pressure gradient. Under such conditions accretion may 

not be possible since high speed collisions would tend to 

cause fragmentation, rather than coalescence of 

protoplanetary objects (Wetherill, 1981). Furthermore, 

exchange of planetesimals among feeding zones would have 

reduced the compositional differences among the planets, 

rather than enhance them. 

In the solar wind augmentation model (e.g. Donahue et 

al., 1981), the early stages of accretion proceed according 

to the grain accretion model. Following the dissipation of 

solar nebular gases, volatiles are implanted into accreting 

grains by the solar wind. This secondary implanted 

component is especially impvrtant for Venus due to its 

proximity to the Sun. This model balances a planetary 

component with a solar one and, for the most part, works. 

As for most of the accretional theories, the mixing of 

planetesimals among feeding zones is also problem here. 
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Another scenario has been proposed (Hayashi et al., 

1985) which is, in a sense, intermediate between the gas

rich and gas-poor theories. In this scenario, accretion of 

the planetesimals to form the terrestrial planets occurred 

in the presence of nebular gas, but not in the large amount 

needed for the gaseous proto-planet theory. This idea is 

based on physical modeling, showing that accretion in a 

vacuum is too slow to produce the planets in a reasonable 

amount of time (Hayashi et al., 1977). With gas drag, the 

planetesimals could have accreted to form the Earth within 

107 years of the condensation of the solar nebula (Nakagawa 

et al., 1983). On this time-scale, the presumed T-Tauri 

stage of the sun (Ezer and Cameron, 1965) would have 

occurred after the formation of the terrestrial planets. A 

primary atmosphere on the order of 50 atmospheres would be 

accumulated under such conditions (Hayashi et al., 1977), 

which would have been dissipated during the T-Tauri stage of 

the Sun (Sekiya et al., 1981). 

In this scenario, then, the present-day atmosphere 

contains some remnant of the primary atmospheric noble gases 

and later degassed components. While argon and krypton 

would be completely lost during atmospheric dissipation, 

neon would remain due to its greater initial abundance and 

xenon because of its greater mass (Sasaki and Nakazawa, 

1988). This could explain the isotopic fractionation of 

xenon in the Earth's atmosphere, but the fact that the xenon 
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isotopic composition of the atmosphere and interior are 

identical (except for 129Xe) is a problem. In addition, 

some as yet unexplained mechanism is needed to account for 

the specific mixing of primordial and outgassed components 

to achieve the relative noble gas elemental abundances 

observed today. 

RADIOGENIC NOBLE GAS ISOTOPIC ABUNDANCES FOR THE 

EARTH AND MARs AND EARLY PLANETARY DIFFERENTIATION 

It was suggested by Brown (1947) that it might be 

possible to determine the time interval between the 

formation of the elements (nucleosynthesis) and the 

formation of the meteorite parent bodies if the daughter of 

an extinct radionuclide could be isolated in the meteorites. 

One of the best candidates was 129Xe, the daughter of 129r 

with a half-life of 1.7 x 107 years. After a few 

unsuccessful attempts to detect this anomaly in xenon 

(Wasserburg and Hayden, 1955; Reynolds and Lipson, 1957), it 

was reported by Reynolds (1960a) in the Richardton 

meteorite. He also observed that the relative proportions 

of the other xenon isotopes in both Richardton and Murray 

(Reynolds, 1960b) were significantly different from the 

isotopic composition of xenon in the Earth's atmosphere. 
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Thus was launched the science of Xenology (literally, "the 

study of the strange"). 

Butler et al. (1963) first reported excess 129Xe and 

fissiogenic xenon relative to air in C02-rich well gases 

from the Bueyeros field in Harding County, New Mexico. 

Wasserburg and Mazor (1965) and Bouloss and Manuel (1971) 

reported even higher excesses in these isotopes for the well 

gases. The latter study with its higher precision showed a 

more consistent and higher 129Xe excess (9.7% over air), as 

well as fissiogenic xenon excesses that corresponded to a 

mixture of 238U and 244pu spontaneous fission xenon. Phinney 

et al. (1978) presented higher precision xenon isotopic data 

confirming the excess in 129Xe, but found that the excesses 

of fissiogenic xenon isotopes have relative proportions 

which coincide with the spontaneous fission xenon spectrum 

of 238U, only with no 244pu component necessary. The 

uncertainties in the fission xenon component in this study 

placed an upper limit of 20% on the 244pu contribution to 

fissiogenic 136Xe. They also concluded that the trapped 

neon, argon, krypton and xenon are dominated by a component 

which is similar to that found in mantle-derived terrestrial 

samples; and an excess of 3He was considered to be evidence 

for primordial 3He in the source region of the well gas. 

The 129Xe/ 132xe ratio is enriched in MORBs and, hence, 

the MORB mantle source compared with the atmosphere and orBs 

(Allegre et al., 1983, 1986/87; Hiyagon et al., 1992). The 
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MORBs also show enhancement of the fissiogenic-heavy xenon 

isotopes compared with the atmosphere. The precision of the 

data is not sufficient to distinguish whether the 

fissiogenic xenon is from 238U or 244pu. OIBs and the 

atmosphere have similar xenon isotopic compositions. 

Staudacher (1987) compared noble gas isotopic abundances for 

MORBs with those for the Harding County well gases, and 

concluded that their source regions were the same -- the 

upper mantle of the Earth. 

Patterson et al. (1990, 1991) contend that the 

atmosphere-like isotopic compositions of neon, argon, 

krypton and xenon of the OIBs can be explained by 

atmospheric contamination of the erupting lavas. While 

their treatment of the OIB data show the plausibility of the 

air-contamination hypothesis, it does not disprove the 

contention of Allegre et al. (1986/87) that the OIB xenon 

isotopic data are representative of the orB mantle source. 

Nonetheless, caution and skepticism should be employed in 

assigning significance to the OIB data set with respect to 

the orB mantle source. 

Allegre et al. (1983, 1986/87) proposed a catastrophic 

degassing scheme to explain the relative excess of 129Xe in 

MORBs. In this scheme, the upper mantle, the proposed 

source for MORBs, degassed early in Earth history, thereby 

enhancing its iodine/xenon ratio. The lower mantle, the 
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proposed source for OIBs, remained undegassed and therefore 

had a low iodine/xenon ratio when 129I was extant. 

Consequently, subsequent decay of 129I had little effect on 

the xenon isotope ratios. This lower-mantle reservoir is 

the source for OIBs with atmospheric xenon composition. 

In contrast, Ozima et al. (1983) proposed that 

heterogeneous accretion was responsible for the excess 129Xe 

in mantle derived materials. They postulate a time-scale of 

a few tens of millions of years difference between the 

accretion of the inner and outer portions of the Earth. The 

first accreted material was assumed to be more volatile rich 

and thus have a higher iodine/plutonium ratio than the outer 

portion. They assume that the C02-rich well gas xenon was 

derived from the inner portion of the Earth and that 

atmospheric xenon was outgassed from the outer portion. 

Thus, no 244pu signature is seen in the C02-rich well gas 

xenon. The excess 129Xe seen in the MORB source (presumably 

the same region from which the atmosphere was outgassed) was 

transported there from the inner portion of the Earth after 

having been isolated for a substantial period of Earth 

history. 

The atmosphere-mantle isotopic trend for Mars is very 

different than that for the Earth. From Viking aeroshell 

mass spectrometer data (Owen et al., 1977) and studies on 

the SNC meteorites (Swindle et a.I., 1986), it has been shown 

that the martian atmospheric 129Xe/ 132Xe ratio is 
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considerably more radiogenic than the mantle source for 

SNCs. Thus, there is a mantle reservoir on Mars which is 

less radiogenic than the atmosphere -- a situation which is 

the reverse of the atmosphere-mantle trend for the Earth 

where the MORB source has a higher 129Xe/132Xe ratio than the 

atmosphere. The situation for Mars will be discussed at 

length later in this dissertation in Chapter 5. 

EXPERIMENTAL GEOCHEMISTRY OF NOBLE GASES AND IODINE 

Noble gas silicate-melt solubility 

In the process of outgassing of a magma, the silicate

melt solubility of a species is obviously a crucial factor 

in determining the extent of to which it will be removed 

from the melt. Several studies of silicate-melt 

solubilities of the noble gases have been conducted and 

yield consistent results (Lux, 1987; Broadhurst et al., 

1992; Montana et al., 1993). In terms of the relative 

behavior of iodine and xenon in possible early outgassing 

events, the solubility of iodine is also important. Until 

now such knowledge has been lacking. So, as part of the 

experimental work for this dissertation, the silicate melt

solubility of iodine has been determined for a range of melt 

compositions. 



37 

Noble gas mineral/melt partitioning 

In the process of planetary outgassing, mineral/melt 

partitioning of minor and trace elements is likely to occur 

at some point or points along the way. If the partitioning 

behavior of iodine and xenon is substantially different, 

then fractionation of iodine from xenon is likely to occur 

as a result of any mineral/melt equilibrium. Thus, it is 

important to establish this behavior for iodine and xenon in 

order to assess the importance of mineral/melt fractionation 

during early planetary outgassing. So far, these 

relationships have been difficult to assess. 

Experiments designed to determine the mineral/melt 

partitioning behavior of the noble gases have yielded 

inconsistent results. Figure 1.5 shows previously 

determined mineral/melt partition coefficients (D). The D 

values range widely between experiments reported and 

experimenters. For instance, Broadhurst et al., 1992 report 

a value for Dforsterite/melt(Xe) of 100, i.e., very compatible 

in forsterite. Whereas, the values for Dforsterite/melt(Xe) 

reported by Hiyagon and Ozima (1986) are much lower -- 0.1 

to 0.5 -- i.e., mildly incompatible. In spite of these 

discrepancies, one consistent trend stands out. The D 

values reported for all of the noble gases show a consistent 

trend of increasing mineral compatibility (or decreasing 

incompatibility) with increasing atomic weight. 
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The mineral/melt partition coefficient studies cited 

above differ substantially in experimental design. Both 

designs were constrained by the low abundances of noble 

gases in the run products, necessitating phase separation at 

some point in the experiment in order to use whole sample 

analysis for noble gas concentration determination. In the 

experiments of Broadhurst et al. (1992), the mineral and 

melt phases were kept separate throughout the experiments, 

with equilibrium maintained with a gas phase in equilibrium 

with the two silicate phases. In the experiments of Hiyagon 

and Ozima (1986), the mineral phases were separated from the 

glass phase following quench. 

The disparities between the results of the 

aforementioned experiments beg for additional work to be 

done. In addition, knowledge of the partitj.oning behavior 

of iodine has been lacking. So, in this dissertation I 

present previously unpublished experimental data on iodine, 

argon and xenon mineral/melt partitioning. By comparing my 

results with previous work I will draw inferences about the 

implications for the early histories of the Earth and Mars. 



10' 10 1 

10' 

100 

100 

10.1 

10.1 

10.1 
10·% 

No: lor Kr Xc 
No Ar Kr 

gases lases 

~ 

?9 

~? 99 
".. -: 

W? 
t -

+, , f+ 
~tT ~ 1 

~~t 
~ 
+ ~ ttt . 

- t -: 

He Ne AI Kr Xe 

Figure 1.5: Experimentally determined noble gas 

mineral/melt partition coefficients (vertical axes) from 

Broadhurst et al. (1992) (Top -- diopside/melt shown by 

squares, spinel/melt by diamonds, forsterite/melt by 

triangle) and Hiyagon and Ozima (1986) (Bottom -- all data 

forsterite/melti open circle data considered less accurate 

than filled circle data by authors) . 
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CHAPTER 2 
EXPERIMENTAL METHODS 
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Three sets of experiments were performed for this 

study: iodine silicate-melt solubility and mineral/melt 

partition coefficient measurements -- both conducted at one 

atmosphere -- and iodine, argon and xenon mineral/melt 

partitioning experiments conducted at fifteen kilobars. 

ONE ATMOSPHERE IODINE EXPERIMENTS 

Starting Material Preparation 

Starting materials for the one atmosphere experiments 

were all oxide mixtures in the CaO-MgO-A1203-Si02 (CMAS) 

system (Presnall et al., 1978; see Tables 2.1 and 2.2). 

For the one atmosphere mineral/melt partitioning 

experiments compositions were chosen to yield 20% crystals 

at run conditions. For the iodine silicate-melt solubility 

experiments, compositions were chosen to be above the 

liquidus at run temperature. Reagent grade oxide powders 

were kept in either a drying oven or a dessiccator jar to 

minimize water content. These powders were weighed using a 



Table 2.1: Starting compositions and run conditions for the one 

atmosphere iodine mineral/melt partitioning experiments. 

** = iodine not loaded into starting materials. 

Experiment: 11.3 13.2 17.2 17.4 

Type: Diopside/Melt Anorthite/Melt Forsterite/Melt Forsterite/Melt 

Run Temperature rC): 1300 1300 1300 1300 
Duration (hours): 48 72 117 44 

Assembly: sealed Pt sealed Pt sealed Pt sealed silica-tube 

Starting Composition 
(weight %): 

CaO 22.56 21.66 18.35 18.83 
AI203 8.93 ~2.01 11.58 11.89 

MgO 15.47 7.07 19.75 20.29 
Si02 50.47 46.57 47.71 48.99 

K 0.62 0.63 0.61 ** 
2.01 2.06 2 ** 

.p.. 
I-' 
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Metler balance to the nearest 0.0001 gram giving either 

three or four significant figures precision for each oxide 

component, with a total batch weight of one gram. The 

oxide mixture was then ground together with an agate mortar 

and pestle in acetone to aid in homogenization until a fine 

uniform powder was achieved, then placed in a fume hood 

under a heating lamp to evaporate the acetone. Starting 

materials not immediately used were stored in a dessiccator 

jar. 

One Atmosphere Iodine Mineral/Melt partitioning Experiments 

Closed Platinum Capsule Assembly 

In the first set of iodine mineral/melt partitioning 

experiments, iodine as KI was weighed out and mixed in with 

the oxide mixture. This mixture of oxides and iodine was 

then placed into a platinum tube which had been welded shut 

at one end with an acetylene torch. The open end was then 

welded shut. The platinum capsule was then suspended ln a 

small alumina bucket from an alumina rod into a vertical 

furnace. 
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Sealed Silica Tube/O,pen Platinum Capsule Assembly 

Iodine mineral/melt partitioning experiments using the 

closed platinum capsule assembly proved problematic due to 

high volatility and low silicate melt solubility of iodine 

at the high temperature and low pressure run conditions. 

This resulted in low concentrations of iodine in the sample 

charges which often burst at the weld. In subsequent 

experimental runs, open platinum capsules containing the 

oxide mixtures were sealed into an evacuated silica glass 

tube along with an alumina bucket containing iodine. The 

iodine as I2 was weighed out inco an alumina bucket that 

was then placed into on the bottom of a silica glass tube 

which had been sealed shut with a methane torch. The 

oxide-filled open platinum capsule was placed on top of the 

alumina bucket inside the tube. The tube was then 

connected to a vacuum pump for twenty to thirty minutes and 

then sealed with a torch under vacuum. As with the 

platinum tube assembly, the sealed silica tube assembly was 

then placed, usually two at a time, in a vertical furnace 

suspended from an alumina rod. 
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Run Procedure 

Both the closed platinum capsule and sealed silica 

tube/open platinum capsule experiments were conducted in a 

DelTec vertical furnace. The experimental charges were 

suspended in the furnace tube at the hottest point of the 

furnace (see the discussion of furnace temperature 

calibration below). Temperature was monitored with a Pt

PtgORh thermocouple in an alumina sheath suspended adjacent 

to the sample. In the closed platinum capsule experiments, 

the temperature was raised to super liquidus temperature 

(1380 0 C), either from room temperature or "idle" 

temperature of 800 oC, over a period of from 30 to 60 

minutes and held there for 30 to 60 minutes to ensure 

complete melting of the oxide mixture. The temperature was 

then brought down to liquidus temperature (1300 0 C). In the 

silica tube experiments, the assembly was brought directly 

to run temperature, rather than first to superliquidus, as 

the liquidus temperature is very close to the softening 

point of silica glass. The run temperature was high enough 

to vaporize the iodine in the alumina bucket. The sample 

charge was open to the iodine vapor; this resulted in a 

higher concentration of iodine in the charge and also 

allowed iodine solubility in the silicate-melt to be 

determined. This fact led to experiments designed 



expressly to determine the silicate-melt solubility 

discussed in the next section. 
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The charge was held at run temperature for forty-four 

to 117 hours (see Table 2.1). At the end of the run time, 

the sample was quenched in air by removing it from the 

furnace and placing it in a ring stand. 

Iodine Silicate-Melt Solubility Experiments 

Iodine silicate-melt solubility experiments were run 

in similar fashion to the silica glass tube assembly iodine 

partitioning experiments, except that compositions were 

chosen to yield no crystals at run conditions (see Table 

2.2). Experiments were run for twenty-three to 120 hours 

at 1270 to 1350 0 C and quenched in air. Upon removal from 

the furnace, a successful run had a deep purple (iodine) 

gas inside, and the silica tube was ballooned out due to 

the internal pressure of the iodine gas, and the softening 

effect of the run temperature on the silica glass tubes. 

The silica glass tubes were carefully opened by deeply 

scoring the glass with a glass-cutter and were then 

"popped" open by hand. Before removing the contents of the 

experimental assembly, the volume of the tube was 

determined by filling it with water from a graduated 

cylinder with a precision of 0.1 milliliter. In some 

experiments, the silica glass tubes devitrified and fell 
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Table 2.2: Run conditions and starting compositions for 

iodine silicate-melt solubility experiments 

Run # Temp °c Duration (hours) 

8.6 1300 23.5 

9.3 1300 45 

10.1 1300 48 

10.2 1300 24 

12.3 1268 110 

12.4 1268 68 

12.5 1270 120 

Wt% Oxide Comp 8 Comp 9 Comp 10 Comp 12 

CaO 17.09 16.53 16.76 11. 08 

A1203 11. 31 15.44 19.75 20.10 

MgO 15.86 14.49 14.74 14.31 

Si02 55.74 53.63 48.75 54.54 
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Figure 2.1: Schematic diagram of the iodine silicate-melt 

solubility experimental design. 
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apart upon removal from the furnace so that the volume had 

to be estimated from the length of the tube (by assuming 

that the volume was the same as that determined for tubes 

of the same length). The open platinum tube with the 

quenched glass was removed, dried under a heat lamp and 

mounted in epoxy for electron microprobe analysis. 

To avoid contamination of the furnace and laboratory 

from iodine leaked from tube ruptures, runs were made with 

the furnace sealed. Nitrogen was allowed to flow through 

the furnace from a cylinder connected at a port at the top 

of the furnace. The exiting gas bubbled through a mineral 

oil trap (see Figure 2.1). This served several purposes: 

the trap served as a seal against leakage; the nitrogen 

flow rate could be monitored visually (which also served 

to determine whether the furnace was sealed); if an iodine 

leak did occur from the assembly, it would dissolve in the 

mineral oil -- turning it purple -- thereby allowing visual 

monitoring of the success of the run without opening the 

furnace. 

DelTec Furnace Temperature Profile 

The furnace temperature was monitored with a Pt/Pt90Rh 

thermocouple which was calibrated against a reference 

thermocouple at the run temperature. The agreement between 

the reference thermocouple and the experimental 



49 

thermocouple was within one degree Celsius. The reference 

thermocouple was calibrated at the melting point of gold 

(1064°C) . 

In order to determine the location of the furnace hot

spot, as well as the average temperature along any length 

of the furnace for the calculation of internal gas 

pressures in the iodine silicate-melt solubility 

experiments, a profile of the furnace temperature was 

determined. The furnace power was set to yield (from 

previous experience) a temperature of 1300 0 C at the hot

spot and allowed to sit for three hours to ensure that it 

had reached a maximum temperature for the power setting. 

First a rough determination of the hot-spot was conducted. 

The thermocouple was inserted slowly (over a period of a 

few minutes) down the furnace tube until it reached the 

highest temperature and was allowed to sit for about 30 

minutes. The power was then adjusted until the hot-spot 

was at 1300 ± 1°C. The thermocouple was then removed and 

allowed to cool. The furnace was sealed and nitrogen gas 

was allowed to flow. Then the detailed furnace 

temperature profile was determined. The thermocouple was 

reinserted from the top in one-centimeter increments and 

allowed to sit at each location for a minimum of twenty

five minutes to ensure that it was reading the ambient 

temperature at each location. The resulting temperature 



profile is shown in Figure 2.2. Temperature in the hot

spot itself was determined to be nearly constant (±l°C) 

over a range of three centimeters. The temperature 

gradient was fairly shallow directly above the hot-spot (

BOC over three centimeters) then a much steeper gradient 

was observed above this point (-300°C over the next ten 

centimeters). This profile was used for determining the 

iodine gas pressure in the silicate-melt solubility 

experiments. 
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Figure 2.2: Temperature profile for DelTec furnace used in 

one atmosphere iodine silicate-melt solubility experiments. 



HIGH PRESSURE MINERAL/MELT PARTITIONING 

EXPERIMENTS 

In both sets of one atmosphere partitioning 

experiments, iodine concentrations were still too low in 

the crystals in most cases to yield more than upper limits 

for D(I) (defined in the Introduction), so higher pressure 

experiments were conducted to elevate the iodine 

concentrations in the phases. Two sets of high pressure 

experiments were run: experiments studying halogen (iodine 

and in only one successful run, bromine) partitioning and 

noble gas (argon and/or xenon) plus iodine partitioning. 

Starting Material Preparation 

52 

In all experiments compositions in the CMAS system (in 

one run -- IBR en 15.10 -- a more siliceous composition 

outside the CMAS system was used in order to yield an 

enstatite/melt partition coefficient) were chosen as in the 

one atmosphere experiments to yield twenty percent crystals 

at run temperature (Table 2.3). Oxide mixtures were 

prepared in the same manner as in the one atmosphere 

experiments. For the iodine and bromine partitioning 

studies iodine and bromine were added to the oxide mixture 

as potassium iodide and potassium bromide, then loaded into 



Table 2.3: Starting compositions and run conditions for the high pressure 

halogen and noble gas mineral/melt partitioning experiments. 

Experiment: 
Type: 

Run Temperature (0C): 
Run Pressure (Kbars): 

Duration (hours): 
Assembly: 

Starting Composition 
(weight 'HI): 

CaO 
AI203 

MgO 
Si02 

K 
I 

Experiment: 
Type: 

Run Temperature ("C): 
Run Pressure (Kbars): 

Duration (hours): 
Assembly: 

Starting Composition 
(weight 'HI>: 

CaO 
AI203 

MgO 
Si02 

K 
I 

Br 

Arl2'.15.3 
Forsterite/Melt 

1480 
15 
5 

salt/pyrex 

12.74 
12.18 
28.25 
44.79 
0.48 
1.56 

Art 2.15.214 
Forsterite/Melt 

1430 
15 
4 

salt/pyrex 

21.02 
9.56 
16.86 
49.29 
0.77 
2.5 

Arl2'.15.1 
Forsterite/Melt 

1500 
15 
72 

salt/pyrex 

12.74 
12.18 
28.25 
44.79 
0.48 
1.56 

Xe 2.15.1 
Forsterite/Melt 

1450 
15 
6 

BaC03 

12.74 
12.18 
28.25 
44.79 
0.48 
1.56 

Arl2.15.5 
Forsterite/Melt 

1480 
15 
24 

salt/pyrex 

12.74 
12.18 
28.25 
44.79 
0.48 
1.56 

KrArl 3.1 5.1 2 
Diopside/Melt 

1430 
15 
3.5 

salt/silica 

21.02 
9.56 
16.86 
49.29 
0.77 
2.5 

Art 2'.151114 
Forsterite/Melt 

1430 
15 
24 

BaC03 

21.02 
9.56 
16.86 
49.29 
0.77 
2.5 

KrArl 3.15.8 
Forsterite/Melt 

1450 
15 
11 

salt/silica 

21.02 
9.56 
16.86 
49.29 
0.77 
2.5 

IBrE" 15.10 Arl5.10.93 
Enstatite/Melt Spinel/Melt 

1370 1300 
15 15 
5.5 2 

salt/pyrex 

12.15 
11.96 
15.62 
55.31 
1.45 
1.52 
1.99 

BaCD3 

16.16 
22.39 
14.99 
43.81 
0.68 
1.97 

lJ1 
W 



platinum capsules and sealed with an arc welder. These 

were then loaded into a furnace assembly (described below) 

and placed into a piston cylinder apparatus. 
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For the argon partitioning studies, silica glass was 

first impregnated with argon and used to make the starting 

material. Previous experimental approaches to the problem 

of noble gas mineral/melt partitioning have been 

constrained by low noble gas abundances and so required 

whole-rock analysis of the run products. This constraint 

has necessitated experimental designs which involve 

separation of crystal and melt phases at some stage, 

thereby complicating the interpretation of the results. 

The technique for loading argon employed here was inspired 

by studies of the solubility and diffusion rate of argon by 

Carroll and Stolper (1991). In their experiments they 

found that up to one weight percent argon would dissolve 

into silica glass at argon pressures of three to five 

kilobars, and at a temperature range of 500 to 800°C. This 

means that higher amounts of argon can be loaded into the 

experiment, resulting in higher concentrations in the run 

products. Higher argon concentrations allow electron 

microprobe analysis to be used on crystal and melt phases 

which obviates the need for phase separation. Carroll and 

Stolper (1991) also found that solubility decreased with 

increasing temperature and (not surprisingly) that the 

diffusion rate increased with increasing temperature. The 



pressure and temperature for argon loading were chosen to 

optimize solubility and diffusion rate. 
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Argon was loaded inco starting materials using high 

ambient gas pressures and moderate temperatures as follows. 

Silica glass was coarse-crushed in a steel-percussion 

mortar and pestle followed by fine crushing in an agate 

mortar and pestle. The finely crushed silica (grain size 

-- approximately lOOp) was loosely packed into an eight 

millimeter by thirty millimeter platinum tube which was 

then crimped but not sealed at each end. This package was 

then placed into an internally heated gas pressure vessel 

(courtesy John Holloway, Arizona State University). The 

vessel was pressurized with argon up to a pressure of three 

and one-half kilobars. The temperature was then brought up 

to 600°C (there was a temperature gradient across the 

sample ranging from 625 to 575°C)i the resulting pressure 

was in excess five kilobars following heating. The sample 

was held under these conditions for twenty hours. Electron 

microprobe analysis (CAMECA sx50) of the argon-impregnated 

glass showed argon concentrations ranging from 0.9 weight 

percent near the edges of the glass grains to 0.75 weight 

percent at their centers. The saturated silica glass was 

then used to mix starting materials in the CMAS system with 

potassium iodide added. 

Xenon was loaded into the starting materials as a gas. 

The oxide mixture was placed into a platinum capsule welded 
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at one end. This was then placed into the gas loading 

device described in Boettcher et al. (1989). Xenon gas was 

allowed to flow into the capsule at approximately 10 bars 

pressure. While still under pressure, the capsule was 

crimped, then removed from the gas loading device and 

immediately welded shut. 

Layout and Preparation of Assembly 

The starting material was placed in a platinum capsule 

and sealed with an arc-welder. The capsule was then put 

into a furnace assembly. Over the course of the 

experiments, three different furnace assemblies were used 

(Figures 2.3 and 2.4): salt/Pyrex cell, salt/silica cell 

and barium carbonate cell (The composition of the "cell" 

refers to the pressure medium both inside and outside the 

graphite furnace). Changes in assembly configuration were 

necessary because of temperature control problems. The 

experimental set-up procedures wereessentially the same 

regardless of which furnace assembly was used. 

Temperature was monitored using a W26Re-WsRe 

thermocouple. The thermocouple was consumed in each run 

and so had to be assembled each time. The strands of wire 

were threaded through a bore in a four-hole alumina sheath. 

The wires were bent into a u-shape and gently pulled from 

the bottom into the remaining holes in such a way that they 
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Figure 2.3: Piston cylinder experimental assembly. 
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Figure 2.4: Furnace assemblies used in high pressure 

mineral/melt partitioning studies. 
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touched at the top (and only the top) of the alumina 

sheath. The thermocouple wires extending below the alumina 

sheath were insulated with Teflon tubing which was pulled 

up tightly against the bottom of the alumina rod. The 

thermocouple was then threaded through a hole in the base 

plug support block. A stainless steel base plug with a 

Pyrex glass tubing insulator, and then a crushable alumina 

plug was placed on top of the base plug support block, with 

the thermocouple threaded through both. 

The thermocouple was adjusted to be exactly flush with 

the top of the alumina plug and held in place by bending 

the wires protruding from the bottom of the base plug 

support block, allowing the assembly to stand up on its 

base. A small alumina disc was placed atop the 

thermocouple and affixed with a small drop of alumina 

cement to protect it from reaction with the contents of the 

assembly. A cylindrical graphite furnace was next placed 

around the alumina plug so that it rested on the base plug. 

The platinum capsule was put inside the furnace so that it 

sat directly on the alumina disc which was sitting directly 

on the crossed thermocouple wires. The space around the 

platinum capsule was filled in with either crushed Pyrex in 

the salt/Pyrex cell assembly or crushed silica glass in the 

salt/silica cell assembly. 

In the barium carbonate cell assembly, the platinum 

capsule was first packed into a crushable alumina rod with 
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alumina cement and allowed to dry at 1000C for several 

hours (usually over night). This package was placed atop 

the thermocouple with the platinum capsule exposed at the 

bottom so that it was in direct contact with the alumina 

disc protecting the thermocouple. A Pyrex (salt/Pyrex cell 

assembly) or silica glass (salt/silica cell assembly) plug, 

then a salt plug or an alumina plug (barium carbonate 

assembly) were next placed inside the furnace. The top of 

the plug was carefully filed down to be flush with the top 

of the furnace. A graphite disc was then placed atop the 

furnace tube. The pressure-conducting cell was then placed 

around the furnace tube, and was carefully sized so that 

the graphite cap barely protruded from the top. The cell 

was then wrapped in (0.003-inch-thick) lead foil. The 

inside of the core of the piston-cylinder apparatus was 

brushed with MoS2 lubricant and the furnace assembly was 

inserted from the bottom of the core. During this final 

step, the bent protruding thermocouple wires were kept in 

place and checked for possible slippage. 

Run Procedure 

The assembly was first brought up to pressure by 

pumping up the hydraulic ram to about ten percent above the 

desired run pressure. Pressure was read on an analog Heise 

pressure gauge (accurate to five psi). The pressure inside 
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of the piston-cylinder itself is 100 times the gauge 

pressure (which is reading the hydraulic fluid pressure) . 

The temperature was brought up over a period of 

approximately two hours with a computer controlled 

temperature controller. The pressure was adjusted 

periodically during the temperature ramp-up (the pressure 

tends to drop as the temperature is increased and the 

assembly components adjust). When the run temperature was 

reached, the pressure was adjusted again and then 

periodically throughout the run. At the end of a run, the 

experimental charge was quenched by turning off the power 

-- falling to room temperature in less than ten seconds. 

The pressure was then released and assembly removed from 

the apparatus. The assembly was broken apart after each 

run and visually inspected for signs of capsule rupture and 

to ensure that the thermocouple was still directly adjacent 

to the capsule. The charge was then mounted in epoxy for 

electron microprobe analysis. 

PRESSURE CALIBRATION 

Several runs were conducted with the barium carbonate 

cell in order to check for possible pressure correction. 

The melting points of diopside, nickel and gold were 

determined by K. Righter at a nominal pressure of 10 kbars. 



62 

The results are shown in Figure 2.4. Two runs one above 

and one below the melting point of diopside -- of ten 

minutes duration were done using natural diopside glass 

packed into a platinum capsule. These were run in 

identical fashion to the partitioning experiments. 

Following quench, the run products were removed from the 

capsule and mounted on a slide for visual identification. 

For both nickel and gold melting point determinations, 

gold or nickel wire was threaded through an alumina sheath 

which was surrounded by crushable magnesia and placed in 

the furnace assembly where the platinum capsule would 

normally be placed. These were run at temperature for five 

minutes and then quenched. The sample was removed and 

inspected visually for signs of melting. 

If it is assumed that the temperature is accurate to 

within ± 2°C, then from the diopside data, the pressure 

correction is no more than -0.6 kbars at 10 kbars and 1520 

°C. From the gold data, the pressure correction is no more 

than -0.4 kbars at 10 kbars and 1120 °C. 
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Figure 2.5: Melting point determination of diopside, gold 

and nickel for pressure calibration of the piston cylinder 
apparatus used in the mineral/melt partitioning 
experiments. 
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MICROPROBE ANALYSIS 

Experimental charges from both the one atmosphere and 

the fifteen kilobar experiments were analyzed by electron 

microprobe. Due to low concentrations of iodine within the 

mineral phases, long peak scans with the electron probe 

were necessary. To ensure that volatilization of iodine 

was not occurring during these long counts, tests were run 

on samples of pure KI in which the electron beam was 

pointed at one spot for periods up to two hours. No 

appreciable decrease in peak height was observed. Argon 

concentrations were extremely low in some phases (ppm 

level). In order to determine these concentrations, the 

capabilities of the electron probe had to be pushed to 

their limits. 

Argon can be measured to high precision at the ppm 

level by making very long counts (five hours) at multiple 

points on both peak and background. This is possible 

because the region of the argon Ka peak is very "quiet" 

with no significant interferences. As with the iodine 

measurements, with such long counting times (substantially 

longer than iodine in some cases), I was concerned that 

substantial loss of argon might occur at the analysis 

point. Argon loss was tested by measuring the change in 
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counts over a four hour period with a constant fifty 

nanoamp beam. A decrease in the count rate of three 

percent per hour was observed. To eliminate argon loss 

during analysis as an error factor, the point of analysis 

was moved three microns every thirty minutes during the 

long count times. The concentrations for argon and iodine 

in the crystal phases as well as some glass phases were 

determined by doing multiple long counts on multiple 

points. These were co-added and counts per second per 

nanoamp determined and used with a major element analysis 

to perform the ~pz correction. 



CHAPTER 3 
RESULTS 

IODINE SILICATE-MELT SOLUBILITY 
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The microprobe analysis results and calculated 

parameters for the iodine silicate-melt solubility 

experiments are shown in Tables 3.1 and 3.2. The iodine 

pressure over the silicate melt was determined assuming 

ideal gas behavior (the difference between the pressure 

calculated in this manner and that using the Redlich-Kwong 

equation of state (Holloway, 1987) is negligible). The 

volume inside the silica glass tube was determined after 

the run, as discussed in the experimental methods section. 

The average temperature inside the furnace and, thus, 

inside the silica glass tube decreases upward from the hot

spot. So, for the purpose of determining the iodine 

pressure, a corrected or average temperature, rather than 

the run temperature, was used. This correction was made by 

fitting a third-order polynomial to the furnace temperature 

profile (Figure 2.2). The average temperature was then 

determined by integrating T = f(L), where L is the tube 

length or distance from the hot-spot, over the length of 

the tube and dividing by the tube length: 
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Table 3.1: 

Major element compositions of silicate-melt solubility 

experiments determined by electron microprobe analysis 

Run Si02 AI203 Cao MgO Total 

8.6.1 56.15 13.06 15.98 14.39 99.58 
8.6.2 56.75 12.90 15.52 13.85 99.02 
9.3 56.55 15.25 14.15 13.97 99.92 
10.1.1 52.81 16.85 14.73 13.57 97.95 
10.1.2 53.00 17.53 13.59 13.70 97.82 
10.2.1 53.02 17.44 14.95 13.97 99.37 
10.2.2 54.25 17.43 14.69 13.89 100.26 
12.3 55.80 20.84 8.46 12.69 97.80 
12.4 61.26 19.37 8.44 8.94 98.01 
12.5.1 61.15 19.18 8.09 8.52 96.93 
12.5.2 61.15 19.18 8.09 8.52 96.93 



Weight Average Volume of CalaJlated Concentration Silicate-Melt Silicate-Melt Dirtusslon 

Run Iodine TemperalU'e Vessel Pressure of Iodine Solubility Solubility Coefficient 

(grams) (Kelvins) (ml) (atm) (weight fraction) (gramlgrameatm) (ccSTP/gram-atm) d (an2lsec) 

8.6.1 0.0999 1381 11.6 7.7 0.00098 1.3 e-4 0.022 

8.6.2 0.0976 1381 12.3 7.1 0.00107 1.5 e-4 0.027 

9.3 0.0627 1492 10 6.0 0.00154 2.6 e-4 0.045 6.8 e-9 

10.1.1 0.0525 1517 8 6.4 0.00130 2.0 e-4 0.036 5.7 e-8 

10.1.2 0.0500 1493 9 5.4 0.00274 3.0 e-4 0.053 1.3 e-8 

10.2.1 0.0545 1517 8 6.7 0.00164 4.1 e-4 0.072 

10.2.2 0.0531 1517 8 6.5 0.00383 5.9 e-4 0.10 1.7 e-7 

12.3 0.0068 1495 3.1 2.1 0.00440 2.1 e-3 0.37 

12.4 0.0103 1509 4.6 2.2 0.00516 2.3 e-3 0.41 3.9 e-9 

12.5.1 0.0094 1488 3 3.0 0.00599 2.0 e-3 0.35 

12.5.2 0.0066 1445 3.2 1.9 0.00497 2.6 e-3 0.46 

Table 3.2: 

Results and calculated parameters for the iodine silicate-melt 

solubility experiments. Calculated iodine silicate-melt diffusion 

coefficients determined from temperature profiles of iodine silicate-melt 

solubility experimental run products. 
(J) 
ex> 
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Tavg = 1312 - 6.313 • L + 0.2756 • L2 - 0.3324 • L3 

The temperature correction ranges from five to fourteen 

percent. The furnace temperature profile was determined 

for a run temperature of 1300 oC, so for the experiments run 

at 1268 to 1270 oC, it was assumed that the profile was the 

same but thirty to thirty-two degrees Celsius lower at any 

point in the furnace. The run temperature was high enough 

to completely vaporize the iodine in the alumina bucket. 

For the purpose of determining the iodine pressure inside 

the silica-glass tube, iodine gas was assumed to be 

monatomic. While the gas was likely 12, the resulting 

calculated solubility expressed as ccSTP/grameatm is for 

monatomic iodine in the melt. This is, of course, the 

equivalent of ccSTP I2/grameatm 12. With iodine silicate

melt solubility cast in this fashion, the iodine speciation 

in the melt is not important, and comparison with noble gas 

silicate-melt solubilities is facilitated. 

The concentration used to calculate the solubility of 

iodine in the silicate melt was determined at the gas

liquid interface. Iodine concentration in all cases 

decreased in the melt away from this interface, reflecting 

incomplete diffusion of iodine into the melt. Due to 

problems in keeping the silica glass tubes intact over long 

run times, the experiments were quenched before a 
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homogeneous concentration of iodine could be attained in 

the charge. For longer runs, the iodine concentrations 

away from the quenched melt surface were closer to the 

surface value compared with the shorter runs. A rough 

estimate of the iodine silicate-melt diffusion coefficient 

can be obtained from this information as discussed below. 

The silicate melt composition are shown in Table 3.1 

and calculated iodine solubilities are shown in Table 3.2 

along with the quantities used to calculate the 

solubilities. A plot of iodine silicate-melt solubility 

versus Si02 is shown in Figure 3.1. A rough trend of 

increased iodine solubility with higher Si02 content is 

evident. A clearer trend is seen with a comparison of 

iodine silicate-melt solubility and the concentration of 

network formers (Si02 and AI203). A plot of iodine 

silicate-melt solubility versus Si02 + A1203 is shown in 

Figure 3.2. A clear trend of increasing iodine solubility 

with higher concentrations of network forming species is 

evident. 

Since iodine is a halogen, it would be expected to be 

"doing chemistry" as it diffuses through the melt. 

However, the availability of space for this fairly large 

anion might be a factor in its solubility as it is for the 

noble gases (Lux, 1987; Broadhurst et al., 1992). One 

measure of this space is the molar volume or inverse 

density of the melt. Using data from Lange and Carmichael 
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Figure 3.1: 

Plot of iodine silicate-melt solubility versus SiO 

concentration in the melt. 
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(1987), the molar volume for each run can be calculated 

from the electron microprobe composition data using the 

expression (Lange and Carmichael, 1987; this is an 

empirically derived expression which provides the best fit 

to their data) : 

where: 

VUq (T) = S XiVi + XCaoXsioNcao-Si02 

Xi = the mole fraction of oxide i, 

Vi = the partial molar volume for oxide i at the 

run temperature. 

The results are seen in Figure 3.3. A good linear fit 

is found (r2 = 0.945) to the data with iodine solubility 

increasing with increased molar volume of melt. A similar 

trend is seen for the noble gases (Lux, 1987), which are 

thought to occupy void spaces in the melt. The correlation 

of iodine's melt solubility with molar volume, however, may 

simply be a result of the fact that the molar volume is 

correlated with composition and, in turn, the composition 

is correlated with melt structure. 

The ionic porosity of the melt is an alternative 

measure of the void spaces in the melt available for anion 

occupancy. The ionic porosity (IP) is given by: 

IP (%) = 100 (1 - Vcat/VM) 
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Plot of iodine silicate-melt solubility versus molar 

volume of the melt. 
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where: 

Vcat = total volume of cations in one gram of 

melt, 

VM = the volume of one gram of melt calculated 

from the molar volume. 

The ionic radii used to determine Vcat are taken from 

Shannon and Prewitt (1969). The results of these 

calculations are shown in Figure 3.4. 
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A fairly unconvincing exponential fit (r2 = 0.559) is 

found for the data set (a linear fit to the data is 

slightly worse). Thus it would appear that the 

availability of voids in the melt structure is at best a 

secondary factor in iodine melt solubility. 

As a measure of the polymerization of the melt 

structure, the NBO/T (non-bridging oxygen to tetrahedrally 

coordinated cations) ratio can be calculated from the 

composition data. The number of non-binding oxygens in the 

experimental melt is equal to moles Mg + Ca and the 

tetrahedrally coordinated cations is equal to moles Al + 

Si. The results are shown in Figure 3.5. There is a 

strong inverse linear trend displayed by the data (r2 = 

0.939), with solubility decreasing with increasing NBO/T. 

In other words, the solubility of iodine increases as the 

polymerization of the melt increases. 
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IODINE SILICATE-MELT DIFFUSION RATE 

Iodine concentrations varied throughout the run 

products of the silicate-melt solubility experiments due to 

incomplete diffusion of the iodine into the melt. Figure 

3.6 shows the iodine concentration vertical profiles 

through each experimental run product. The iodine 

concentrations in the experimental charges are seen to vary 

throughout the experimental charges, with maximum 

concentrations occurring at the vapor/melt interface and 

diminishing downward part way through each charge, and then 

increasing towards the bottom (an increase in concentration 

is also seen along the edges of the charge at the platinum 

capsule/melt interface). The concentration profiles in 

Figure 3.6 are not classic diffusion profiles; clearly more 

than simple diffusion is taking place at the margins of 

each charge. Perhaps simple or double-diffusive 

convection, or perhaps surface effects on the platinum 

capsule, are facilitating movement of iodine along the 

edges of the charge. However, an estimate of the diffusion 

rate of iodine in silicate melts can be made along the 

vertical centerline of each run. Comparing the surface 

iodine composition with a point immediately below it will 

yield the lowest diffusion rate (and thus the closest to 

the simple diffusion value since other likely processes 
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Figure 3.6: 

Iodine concentration vertical profiles through iodine 

silicate-melt solubility experimental run products. 

Duration of runs: 10.1: 48hrs; 10.2: 24 hrs; 12.4 68hrs; 

9.3: 45 hrs 



should move iodine into the melt faster than simple 

diffusion) . 
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The diffusion coefficient for iodine (d) was 

calculated using the diffusion equation for a semi-infinite 

half-space with constant surface concentration at the 

vapor/liquid interface (modified from Turcotte and 

Schubert, 1982): 

d 

where: 

L = distance from the surface 

t = duration of the experiment 

C and Cs = iodine concentration at point Land 

the surface respectively. 

The calculated iodine diffusion coefficients for each 

experimental run are given in Table 3.2. The values vary 

from run to run and from point to point (this lS not 

surprising since, as noted above, the charges do not 

exhibit a classic diffusion profile) within each charge. A 

range of values of from 10-9 to 10-7 cm2 /sec are seen. The 

diffusion coefficient for xenon through a tholeiitic basalt 

ranges from 10-6 to 10-5 cm2 /sec at 1350 °C (Lux, 1987). 

Therefore, it appears that iodine diffuses approximately 



two to three orders of magnitude more slowly through a 

silicate melt than does xenon. 

MINERAL/MELT PARTITIONING EXPERIMENTS 

One-Atmosphere Iodine Mineral/Melt Partitioning 

Experiments 
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Table 3.3 shows the microprobe analysis of the run 

products from the one-atmosphere iodine mineral/melt 

partitioning experiments. Runs I1.3, I3.2 and I7.2 were 

closed platinum capsule experiments. In all three, glasses 

are homogeneous in both major and minor elements. Run I7.4 

was a closed silica tube/open platinum capsule experiment 

similar in design to the iodine silicate-solubility 

experiments. As in the solubility experiments, the iodine 

concentration varies across the charge. Concentrations in 

adjacent points in crystal and glass were used to calculate 

the iodine partition coefficient. The highest measured 

iodine concentrations in the glass and forsterite were used 

to calculate the value for D(I) (iodine mineral/melt 

partition coefficient) . 

The iodine concentrations in I1.3 phase pairs were 

determined by adding mUltiple scans across the iodine La 

peak. A scan across the peak was necessary since the 



Table 3.3: Microprobe analysis for one-atmosphere iodine mineral/melt 

partitioning experiments. 

Experiment: 17.2 17.4 
Phase: Forsterite Glass Forsterite Glass 

Weight Percent Oxide: 
CaO 0.48 ± 0.04 17.04 ± 0.41 0.48 ± 0.01 16.23 ± 0.45 

AI203 0.07 ± 0.05 15.36 ± 0.27 0.03 ± 0.01 14.76 ± 0.34 
MgO 58.54 ± 0.30 13.91 ± 0.16 58.13 ± 0.75 13.14 ± 0.04 
Si02 43.89 ± 0.18 53.84 ± 0.15 42.89 ± 0.24 53.96 ± 0.55 
K20 0.01 ± 0.005 0.36 ± 0.32 0.009 ± 0.004 1.50 ± 0.05 

~ 0.009 30 0.033 ± 0.002 0.0010 ± 0.0007 0.095 ± 0.003 

Total 102.98 ± 0.32 100.54 ± 0.68 101.53 ± 0.67 99.69 ± 0.36 

0(1) ~ 0.29 30 0.010 ± 0.008 

Experiment: I 1.3 13.2 
Phase: Oiopside Glass Anorthite Glass 

Weight Percent Oxide: 
CaO 24.58 ± 1.21 23.65 ± 0.83 20.10 ± 1.76 23.36 ± 1.61 

AI203 1.89 ± 0.18 10.33 ± 1.46 35.63 ± 2.12 17.50 ± 1.24 
MgO 19.70 ±1.43 15.73 ± 1.38 0.39 ± 0.14 10.21 ±1.46 
Si02 54.77 ± 2.36 50.30 ± 0.69 44.47 ± 2.28 47.46 ± 3.14 
K20 0.01 ± 0.01 0.39 ± 0.09 0.11 ± 0.07 0.59 ± 0.09 

~ 0.010 30 0.380 ±0.O12 0.009 ± 0.005 0.733 ± 0.016 

Total 100.95 ± 1.65 100.77 ± 1.05 100.71 ± 0.99 99.73 ± 0.89 

0(1) ~ 0.027 30 0.012 ± 0.007 

00 
N 



iodine La peak lies on the slope of the (much larger) 

calcium L~ peak. 

High Pressure Halogen and Noble Gas Mineral/Melt 

Partitioning Experiments 

Table 3.4 shows the microprobe analysis of the run 

products from the high pressure argon, xenon and iodine 

experiments. The count times for iodine and argon are 

shown. As discussed in the experimental methods section, 

the microprobe analysis for iodine, argon and xenon 

concentrations in the crystal phases, as well as for some 

glasses, were determined by doing multiple long counts on 

multiple points in the run products. These were co-added 

and counts/sec/na determined, then $pz corrected. 
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The errors given in Tables 3.3 and 3.4 for the major 

elements are based on the standard deviations of the 

averages for the mUltiple analyses of different points in 

the same charge. For iodine, argon and xenon, errors were 

determined from the addition of the peak and background 

counts for multiple analyses and from the calibration data 

as follows: 

Sc = {[ (Np • + Nb) s .;. (Np • + Nb >s 2 ] 

.;. [(Np.+ Nb}u .;. (Np.+ Nb>u2 ] 1/2 



Table 3.4: Microprobe analysis for high pressure mineral/melt 
partitioning experiments. 

Forsterite/Melt 
Experiments 

Run number: Arl 2.15.3 Arl 2'.15.1 Art 2.15.214 Arl 2.15.1114 

Forsterite compositions: 

CaO 0.20 ± 0.02 0.33 ± 0.03 0.31 ± 0.02 0.21 ± 0.02 
AI203 0.17 ± 0.04 0.16 ± 0.04 0.23 ± 0.03 0.15 ± 0.01 

MgO 57.52 ± 0.32 60.08 ± 0.28 59.26 ± 0.34 57.68 ± 0.09 
Si02 43.23 ± 0.26 43.07 ± 0.24 41.86 ± 0.33 42.74 ± 0.19 
K20 0.01 ± 0.01 0.004 ± 0.004 0.01 ± 0.01 0.004 ± 0.003 

Ar 0.0010 ± 0.0003 0.001 ± 0.002 S 0.0013 (30) 0.00044 ±0.00016 
I 0.0045 ± 0.0010 0.0052 ± 0.0011 0.0014 ± 0.0012 0.0042 ± 0.0010 

Total 101.13 ± 0.38 103.65 ± 0.39 101.67 ± 0.33 100.77 ±0.25 

Glass compositions: 

CaO 9.01 ± 0.08 13.48 ± 0.18 13.33 ± 0.20 11.98 ± 0.39 
AI203 13.48 ± 0.12 17.23 ± 0.24 17.60 ± 1.73 18.78 ± 0.54 

MgO 26.95 ± 0.06 20.57 ± 0.50 21.35 ± 0.48 18.29 ± 1.47 
Si02 44.91 ± 0.15 48.39 ± 0.20 45.08 ± 1.83 46.21 ± 0.30 
K20 0.53 ± 0.04 0.61 ± 0.04 0.23 ± 0.01 0.65 ± 0.02 

Ar 0.0170 ± 0.0004 0.004 ± 0.004 0.0084 ± 0.0008 0.0074 ± 0.0004 
I 1.793 ±0.005 1.553 ± 0.022 0.459 ± 0.011 1.899 ± 0.072 

Total 96.69 ± 0.09 101.84 ± 0.28 98.06 ± 0.53 97.82 ±0.39 

0(1) 0.0025 ± 0.0006 0.0033 ± 0.0008 0.0031 ± 0.0027 0.0022 ± 0.0006 
D(Ar) 0.06 ± 0.02 S 0.17 (30) 0.06 ± 0.03 ro 

""" 
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Table 3.4: Microprobe analysis for high pressure 

mineral/melt partitioning experiments (continued). 

Forsterite/r.4elt 
Experiments (cont.) 

Run number. An 3.15.8 An 2.15.5 Xe I 2.15.1 

Forsterite compositions: 

CaO 0.09 ± 0.02 0.24 ± 0.02 0.33 ± 0.03 
AI203 0.12 ±0.03 0.20 ± 0.02 0.15 ± 0.03 

/.190 56.97 ± 0.26 56.39 ± 0.23 60.37 ± 0.18 
Si02 41.49 ± 0.22 42.66 ± 0.23 43.57 ± 0.29 
K20 0.003 ± 0.005 0.005 ± 0.006 0.01 ± 0.02 

Ar 0.000 ± 0.001 0.00028 ±0.00017 
I oS 0.0013 (30') 0.0035 ± 0.0008 0.005 ± 0.001 

Xe 0.0008 ± 0.0005 
Total 98.67 ± 0.45 99.49 ± 0.25 104.44 ± 0.27 

Glass compositions: 

CaO 1.93 ± 0.12 13.25 ± 0.71 13.85 ± 0.36 
AI203 15.31 ± 0.85 19.74 ± 1.30 18.11 ± 0.22 

/.190 16.20 ± 2.00 13.26 ± 2.49 19.06 ± 0.99 
Si02 54.15 ± 1.18 46.23 ± 0.57 49.06 ± 0.73 
K20 0.05 ± 0.02 0.61 ± 0.10 0.55 ± 0.02 

Ar 0.001 ± 0.001 0.0113 ± 0.0003 
I 0.023 ± 0.001 1.054 ± 0.002 1.631 ± 0.036 

Xe 0.030 ± 0.002 
Total 87.68 ± 0.79 94.16 ± 0.51 102.29 ± 1.06 

0(1) oS 0.06 (30') 0.0033 ± 0.0008 0.0031 ± 0.007 
D(Ar) 0.025 ± 0.015 
D(Xe) 0.03 ± 0.02 



Table 3.4: Microprobe analysis for high pressure 
mineral/melt partitioning experiments (continued). 

Other Mineral/Melt 
Experiments 
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Run number. Art 3.15.12 IBr en.15.10 Art 51093 
Mineral compositions: Diopside Enstatite Spinel 

CaO 17.33 ± 1.53 2.14 ± 0.11 0.24 ± 0.17 
AI203 1.99 ± 0.17 1.01 ± 0.16 71.78 ± 1.01 

MgO 24.40 ± 1.34 38.31 ± 0.63 27.85 ± 0.40 
Si02 54.58 ± 0.36 59.98 ± 0.20 0.65 ± 0.58 
K20 0,01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 

Ar 0.0010 ± 0.0003 ~0.002 (30) 

I 0.0086 ± 0.0003 0.004 ± 0.002 0.024 ± 0.010 
Br 0.23 ± 0.06 

Total 100.56 ± 0.71 101.17 ± 0.58 100.55 ± 0.67 

Glass compositions: 

CaO 18.21 ± 0.67 9.27 ± 0.08 13.45 ± 1.52 
AI203 10.00 ± 1.37 12.07 ± 0.03 25.79 ± 5.34 

MgO 19.25 ± 1.28 11.08 ± 0.03 12.79 ± 2.47 
Si02 50.23 ± 0.58 58.20 ± 0.22 44.58 ± 5.01 
K20 0.05 ± 0.05 1.57 ± 0.04 0.55 ± 0.07 

Ar 0.0830 ± 0.0008 0.014 ± 0.001 
I 0.924 ± 0.006 1.174 ± 0.006 1.77 ± 0.09 

Br 1.97 ± 0.08 

Total 97.91 ± 0.52 95.33 ± 0.14 98.94 ± 0.44 

D(I} 0.0093 ± 0.0004 0.003 ± 0.002 0.014 ± 0.007 
D(Ar} 0.012 ± 0.004 ~ 0.07 (30) 

DCBr) 0.12 ± 0.04 
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Table 3.5: Summary of mineral/melt partition coefficients. 

Run # 0(1) fo/melt D(Ar) fo/melt O(Xe) fo/melt 

17.4 0.0 10 ± 0.008 
2.15.3 0.0025 ± 0.0006 0.06 ± 0.02 
2.15.1 0.0033 ± 0.0008 
15.31.91 0.0031 ± 0.0027 
15.14.93 0.0022 ± 0.0006 0.06 ± 0.03 
2.15.5 0.0033 ± 0.0008 0.025 ± 0.01 5 
Xe2.15.1 0.0031 ± 0.0007 0.03 ± 0.02 

avg of High P I 0.0029 ± 0.0005 0.048 ± 0.020 

0(1) di/melt O(Ar) di/melt 

3.15.12 0.0093 ± 0.0004 0.012 ± 0.004 

0(1) sp/melt O(Ar) sp/melt 

5.10.93 0.014 ± 0.007 ~ 0.07 
3.15.11 0.005 ± 0.001 

0(1) an/melt 

13.2 0.012 ± 0.007 

0(1) en/melt D(Br) en/melt 

en.15.10 0.003 ± 0.002 0.12 ±O.O4 



where: 

Se = standard error in the analysis 

Np = peak counts 

Nb = background counts 

and subscripts u = unknown and s = standard 
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The partition coefficients determined from individual 

analysis are summarized in Table 3.5. 

Forsterite/Melt Experiments 

The values for Dforsterite/melt(I) summarized in Table 

3.5 are consistently low showing iodine to be incompatible. 

The range in values from all the experiments are the same, 

within error. The average of the six most precise values 

is listed in Table 3.5 as well (the value from I7.4 is 

within error of the others, but is a factor of ten less 

precise and is three times the other values), giving a best 

value for Dforsterite/melt(I) of 0.0029 ± 0.0005 at 15 

kilobars and 1430 to 1500 °e. 

Enough experiments were run over a range of iodine 

compositions to test for Henry's Law behavior for the 

forsterite/melt experiments. Figure 3.7 shows a plot of 

iodine concentration in forsterite versus that in glass, 

for all experiments where concentrations in the forsterite 

were above detection limit including the values for run 

I7.4 determined at one atmosphere. A reasonable linear fit 
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Figure 3.7: 

Plot of iodine concentrations in forsterite versus 
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glass for all mineral/melt experimental run products where 

concentrations in the forsterite were above detection 

limit. 



is obtained for the data (r2 = 0.869). Therefore, even 

though concentrations for iodine in the partitioning 

experiments are above those found in nature, the value 

obtained for Dforsterite/melt(I) can be thought of as 

representative of natural partitioning behavior at lower 

concentrations with some confidence. 

Three values were determined for Dforsterite/melt(Ar). 
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They are within error of each other. A value of 0.05 ± 0.2 

is obtained from the average of the three. The values for 

Dforsterite/melt(Ar) and Dforsterite/melt(Xe) are slightly lower 

than those determined by Hiyagon and Ozima (1986) and much 

lower than those determined by Broadhurst et al. (1992). 

Diopside, Enstatite, Anorthite and Spinel/Melt Experiments 

The value for Ddiopside/melt(Ar) of 0.012 ± 0.004 is 

below any determined by Broadhurst et al. (1992) which 

range from 0.15 to 6. The value Ddiopside/melt(I) of 0.0093 

± 0.0004 is lower, but within error, of Ddiopside/melt(Ar) 

determined in the same experiment. The upper limit for 

Dspinel/melt(Ar) of ~ 0.07 is also lower than that for 

Broadhurst et al. (1992) which range from 0.3 to 1.2. 



DISCUSSION OF PARTITION COEFFICIENTS 

The noble gas partition coefficients determined in 

this study fall in the low range of values determined by 

Hiyagon and Ozima (1986) and Broadhurst et al. (1992). 

This suggests that the geologically relevant value for 

D(Xe) (the mineral/melt partition coefficient; = 

concentration of element in the mineral phase 
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concentration of element in the melt) is low; i.e., 

compared with the silicate melt, xenon is incompatible in 

major mantle minerals. The only direct determination of 

D(Xe) in this study is for forsterite. However, based on 

the D(Ar) determined here, a likely value of D(Xe) for 

other phases can be estimated. This is possible since 

experiments investigating the mineral/melt partitioning of 

noble gases cited above, while not consistent between 

experimental runs and research groups, do display a 

consistent trend in that the lightest noble gases are most 

incompatible and partition coefficients increase with 

increasing atomic number, xenon having the largest 

partition coefficient. Table 3.6 shows the measured D(Ar) 

and measured and calculated D(Xe). Also shown are measured 

D(I) values. In comparison with iodine we see, however, 

that xenon is less incompatible. Subsequently, in the 

process of partial melting of the mantle, iodine should be 



preferentially increased in the melt compared with xenon 

and the bulk iodine composition, and decreased in the 

mineral phases. 
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Table 3.6: 

Measured argon, xenon and iodine mineral/melt partition coefficients 

and calculated xenon mineral/melt partition coefficients 

Mineral D(Ar) D(Xe)/D(Ar) D(Xe) D(Xe) 0(1) 

Phase (measured) (from other (Calculated) (measured) (measured) 
studi.es) 

Forsterite 0.05 ± 0.02 1.9 - 15.7 0.06 - 1.1 0.03 ± 0.02 0.0029 ± 0.0005 

Diopside 0.012 ± 0.004 7 - 85.5 0.06 - 1.4 0.0093 ± 0.0004 

Spinel ~ 0.07 3.2 - 11.5 ~ 0.8 0.014 ± 0.007 

\0 
W 
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Chapter 4 
IMPLICATIONS OF EXPERIMENTAL RESULTS 
FOR TERRESTRIAL NOBLE GASES AND THE 

EARLY OUTGASSING OF THE EARTH 

MAGMA OCEANS AND ~LE OUTGASSING 

The late stages of the accretion of the Earth are 

thought by many to have been energetically violent. The 

current paradigm of the Moon's formation by a giant impact 

of a Mars-sized object into the Earth (Hartmann, 1986) 

should have resulted in wholesale melting (and even 

vaporization) of large portion of the Earth's interior 

(Kipp and Melosh, 1986). In the aftermath of such an 

event, a magma ocean would likely have formed deep into the 

interior of the Earth. As the magma ocean cooled, it would 

have then proceeded to solidify. Magma outgassing would 

also occur as portions of a rapidly convecting magma ocean 

were brought to the surface. The catastrophic outgassing 

of the MORE source mantle as proposed by Allegre et al. 

(1986/7) to explain the difference between the 129Xe/ 132Xe 

ratios of the MORE source mantle (1.014) and the atmosphere 

(0.985) could have occurred, then, in the context of a 

post-giant-impact magma ocean. 
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In order to assess the effects that the values of D(I) 

and D(Xe) and the silicate-melt solubilities of iodine and 

xenon would have on the iodine/xenon ratio in the mantle 

during melting and outgassing of a primitive mantle, 

mineral/melt and melt/vapor partitioning in the context of 

the entire process of melting, outgassing and remixing of 

the primitive mantle should be considered. By so doing, 

the conditions of the timing and extent of melting and 

outgassing that would achieve the 129Xe/ 132Xe ratio seen in 

the MORE source mantle today can be assessed. Towards this 

end, one can consider a simple two-reservoir (MORE source 

mantle and atmosphere) model for partial melting and 

degassing of the MORE source mantle with partial melting of 

the mantle occurring in equilibrium with residual minerals 

followed by eruption, degassing and remixing of the entire 

lot. The composition of the MORE source mantle as a result 

of these processes will be a mixture of the degassed magma, 

magma which is not degassed -- the sum of these two 

components are the same as a single partially degassed 

magma -- and residual minerals entrained in the melt. From 

mass balance we get the following equation: 

i) (I /Xe) mixture 

= {CIx.X + CIy.Y + CIzOZ}7{CXex.X + CXeyoy + CXez·Z} 
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Where: 

cI,xex = concentration of I, Xe in the outgassed magma 

= {melt solubility of I,Xe} • {partial pressure of I,Xe} 

cI,xey = concentration of I,Xe in the unoutgassed magma 

= cI,xez + D(I,Xe) = Co1,xe + {F + D(I,Xe) • (1 - F)} 

cI,xez = concentration of I,Xe in the crystal fraction 

= D(I,Xe) • Co + {F + D(I,Xe) • (1 - F)} 

D(I,Xe) = mineral/melt partition coefficient for I, Xe 

C I,Xe 
o = starting or "primitive" concentrations of I, Xe 

F = fraction of melt 

X,Y,Z = weight fractions of the outgassed magma, the 

unoutgassed magma and the crystal fraction 

respectively 

Z = 1-F (for convenience) 

Y = F-X (for convenience) 

The partial pressures of iodine and xenon over the 

melt surface is a function of their mixing ratios with the 

dominant volatile species which is assumed to be water. 

Therefore: 

ii) cI,Xe 
x 

+ MW(I,Xe) • eaH20 • [F + D(I,Xe) • (1 - F)] 
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where: 

S(I,Xe,H20)hl = the silicate-melt solubility Henry's Law 

constant (moles/gram-atm of species in vapor phase) 

MW(H20) = molecular weight of water = 18 grams/mole 

MW(I,Xe) = molecular weight of iodine and xenon 

= concentration of water in the primitive mantle 

The water pressure, or PH20 (= Ptotal in equation ii), 

is a function of the extent of outgassing: 

Where: 

g = gravitational acceleration 

iv) {Mass H20 outgassed/cm2} = {CoH20 - CH20after outgassing} 

- {Mass of outgassed magma}/crn2 

v) CH20 ft t . = a er eu gass~ng 

vi) {Mass of outgassed magma}/cm2 = p - d 
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Where: 

p = density of the magma 

d = depth of magma outgassed 

Combining equations iii through vi and solving for PH20 we 

get: 

Reasonable values for these quantities are: 

p = 3 gm/cm3 i 9 = 980 cm/sec2 

d = X • dtoti 

with dtot = 6.4 x 107 cm (equivalent to the depth of 

the MORB source mantle = one half of the total mantle) 

Substituting these values and equation vii into 

equation i and rearranging we get: 

viii) (I/Xe)mix/ (I/Xe)o 

= {[ ((5' (I)X2/ (1+4.5X) )+F-X+D(I) - (l-F)]- (F+D(Xe) 0 (l-F)} 

·;-{[((S' (Xe)X2/(1+4.5X))+F- X+D(Xe)-(l- F)]-(F+D(I)-(l-F)} 

where: 5' = Scgs,hl - P - g • d tot - MW (H20)/ MW (I,Xe) 

MW (I,Xe) = molecular weight of iodine and 

xenon respectively 
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Note that casting the equation in this fashion causes 

the CoH20 term to cancel out. In addition by solving the 

equation for (I/Xe)mix/(I/Xe)o (hereafter referred to as the 

I/Xe enrichment factor), the messy business of estimating 

the original I/Xe ratio of the primitive mantle is avoided. 

Equation viii is now dependent only on well known 

quantities -- the silicate melt solubilities of iodine, 

xenon and water, D(I,Xe), the density of basaltic magma, 

and the Earth's gravitational acceleration. The only 

variable which is estimated is dtot , which is assumed to be 

the equivalent of the MORB source mantle being one-half of 

the total mantle, if the mantle is layered. Note that this 

is just a mathematical construct employed to put d (depth 

of the MORB source mantle in terms of X (the fraction of 

mantle outgassed) i i.e. for the sake of this calculation, 

it doesn't matter whether the past or present-day mantle is 

layered or not. 

Now we can use equation viii to assess the timing and 

extent of outgassing necessary to raise the 129Xe/ 132Xe ratio 

from the primitive value (0.996) to that of the MORB source 

mantle (1.014) assuming that the difference is entirely due 

to early outgassing. A bulk D(I) value of 0.003 and a bulk 

D(Xe) of 0.03 is used. Figure 4.1 shows equation viii as a 

function of F (the fraction of melting) solved for various 

values of X (fraction of outgassing). It is useful to 

compare this set of curves with the enrichment factor 



10000~------------------------------------~ 

... .s 1000 
CJ 
C'a 

1.1. 

.., 
C 
aJ 
E 

.=. 
CJ 
'': 
c 

LU 

aJ 
>< 
::::: 

100 

••••• c ••••••• .,,,····· .. •• ..... ·······-

10 •• , •• "'.'''''.' ............ " •••• 1 ........ _ ••• 

.... ".,., .. ." 

., .... ,.,.... ",.. .. _ w ____ __ -N _ .. ---

.. ,.".011,.--"", ..... ......... .,..". 

1 ~----~------~------~----~------~ 
0.0 0.2 0.4 0.6 0.8 1.0 

F (fraction of melt) 

100 

x=F 

-- x=0.99F 
............ x=O.9F 

•.•.•.•••• ; x=-O.7F 

x=O.SF 

Figure 4.1: Iodine/Xenon enrichment factor as a function of 

F (fraction of melt) for an outgassed magma ocean plotted 

for different values of X (fraction of outgassed melt) i 

from equation viii. 
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necessary depending on the timing of the outgassing. Note 

that the timing of theoutgassing referred to here is the 

outgassing event that generated the 129Xe/132Xe difference 

between the atmosphere (as well as the OIB source) and that 

of the MORB source mantle (clearly, outgassing of the 

mantle is occurring today). Figure 4.2 shows what the I/Xe 

enrichment factor needs to be as a function of time since 

Solar Nebula condensation. Note if this happened at time 

zero (i.e. condensation, accretion, outgassing happen at 

the same time -- an unlikely scenario) the minimum I/Xe 

enrichment necessaiy would be three times the primitive 

iodine/xenon ratio. If the outgassing was completed by 50 

m.y., then approximately 25 times enrichment is necessary; 

if by 80 m.y. then 100 times enrichment is necessary. So 

(referring back to Figure 4.1), for instantaneous 

outgassing (at time zero) the mantle has to have been at 

least 50% molten, and the magma 50% outgassed (or the 

entire MORB source mantle 25% outgassed). For outgassing 

at 50 my, the MORB source mantle needs to be at least 50% 

molten and 90% outgassed. For outgassing completed by 100 

my, the mantle must have been at least 95% molten and 99% 

outgassed. 

In the above calculations the abundance of the major 

volatile (water) species fell out of the equation. 

However, unlike iodine or xenon, water abundance should not 
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Figure 4,3: Atmospheric H20 pressure as a function of F 
(fraction of melt) and X (weight fraction of outgassed 

melt) for a magma ocean with 5000ppm H20 (top) and 500ppm 
H20 (bottom), 
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be too difficult to estimate. Equation vii can be used to 

calculate the atmospheric (water vapor) pressure. 

Figure 4.3 shows the H20 pressure as a function of F 

(weight fraction of melt) and X (weight fraction of 

outgassed melt) for an initial water content of 0.5 wt% and 

0.05 wt% (500 ppm). The present water content of the Earth 

is likely close to the lower value (Dreibus and Wanke, 

1984) but may have been much higher during and immediately 

after accretion and was subsequently lost by dissociation 

and loss of hydrogen to space (Hunten et al., 1989). Note 

that for the conditions necessary for generating the 

129Xe/132Xe ratio of the MORB source mantle, the atmospheric 

pressure would range between 75 to 175 atmospheres if it is 

assumed that the primitive water content was 0.5 wt.%. 

This is consistent with independent calculations by Abe and 

Matsui (1986) which require an accretion driven steam 

atmosphere during the first 50 my of Earth history. 

One potential flaw in this analysis is the requirement 

of mixing the residuum back into the degassed melt. If 

this constraint is relaxed, however, the case is simply the 

same as a high value for F (weight fraction of melt) . 

Furthermore, to remove a crystal fraction from such a large 

volume of magma either in one stage or piece-meal would 

require an unreasonable amount of crystal settling. 

Calculations by Tonks and Melosh (personal communication) 

show that in a magma ocean with over 50% crystals, crystal 
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settling is inhibited and that, furthermore, it is minimal 

with a lower percentage of crystals due to the vigor of 

convection implied under such circumstances. Based on mass 

balance considerations, Allegre et ai. (1986/7) estimate 

the amount of degassed mantle to be on the order of 46% of 

the total mantle. If a significant amount of residuum were 

removed from such a large amount of mantle, it would 

constitute the remaining portion of the mantle. Unless the 

lower (or alB source) mantle is, in fact, the solid 

residuum from the. melting and degassing of the MORB source 

mantle (an untenable concept, really), then wholesale 

removal of a substantial crystal fraction from the degassed 

portion of the mantle did not occur. 

If degassing alone is responsible for the elevated 

129Xe/ 132Xe ratio of the MORE source mantle, then it probably 

did so under conditions with less than 50% entrained 

minerals present and essentially total degassing of the 

magma. Alternatively, it could have done so under less 

extreme conditions but in less than one 1291 half-life. 

These conditions are not incompatible with those that might 

be expected following a giant impact occurring late in the 

accretion of the Earth, producing the Moon in the process. 

As pointed out by Hiyagon and Ozima (1990), wholesale 

melting of the mantle could be accomplished in stages. 

That is, by local large impacts in which a portion of the 

upper mantle is completely molten and other portions 
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completely solid. This is the equivalent in equation viii 

and Figure 4.1 of F (the weight fraction of melt) = 1. The 

value for X (the weight fraction of degassed magma) doesn't 

necessarily achieve a high value under such a circumstance 

(nor does it necessarily under conditions of a giant Moon-

producing impact). A portion of magma must come very close 

to the surface in order to degas. 

The assumption is made in the above calculations that 

there is equilibrium degassing of the MORE source mantle; 

i.e. that the entire mantle and atmosphere system is in 

equilibrium with respect to the silicate-melt solubilities 

of iodine, xenon and water. In reality, of course, only 

local equilibrium would occur with small fraction of mantle 

melt being degassed at anyone time. This does not, 

however, invalidate the equilibrium degassing assumption. 

Zhang and Zindler (1989) showed that fractionation of gases 

by equilibrium degassing is the equivalent to the average 

of fractionations by fractional degassing. 

Alternatives to this interpretation are possible, 

however. The above analysis assumes that degassing is 

completely responsible for the elevation of the 129Xe/ 132 Xe 

ratio of the MORE source mantle relative to the atmosphere. 

Other processes may have been involved. If a more 

quiescent early Earth is imagined, then liquid water might 

have been stable on the surface earlier than 100 my. 

Iodine, being highly soluble in water (SI,aq>27 grams/liter; 
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Dean, 1979), would have dissolved in the early ocean 

following outgassing from the mantle and possibly 

incorporated during hydrothermal alteration of the early 

crust. Outgassed xenon would go into the atmosphere. 129I 

residing in hydrothermally-altered crust would decay to 

129Xe which would remain entrained in the crust until it was 

recycled back into the mantle. This would allow outgassing 

to occur on a somewhat longer time scale. Still, this 

increases the allotted time to approximately 150 my after 

solar nebula condensation. Water fractionation of iodine 

from xenon may have been more important for Mars as 

discussed in Chapter 5. 

Accretionary processes other than outgassing might 

also account for the difference in the respective 

129Xe/ 132Xe ratios. Ozima et al. (1985) suggested on the 

basis of C02 well gas data (more on this below) that a 

formation interval between the lower mantle and the 

atmosphere was responsible for the difference in the 

129Xe/ 132Xe ratios (this idea is often referred to as 

heterogeneous accretion). In order for this to work, they 

assumed that the well gas data was representative of the 

lower mantle and that the elevated 129Xe/ 132Xe ratios found 

in MORBs were inherited, somehow, from the lower mantle. 

This won't work, however, if the OIBs, which have a 

129Xe/ 132Xe ratio similar to the atmosphere, are 

representative of the lower mantle. If this is the case, 



in order for heterogeneous accretion to work, the lower 

mantle would need to be younger than the upper mantle 

(which is difficult to picture) . 

MISSING XENON 
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The ratio of the abundance of xenon to the lighter 

noble gases in the Earth's atmosphere (terrestrial noble 

gases) is low compared to the chondritic (AVCC) ratio. The 

location of the "missing xenon" has been elusive. It does 

not reside in any know surface reservoir such as 

sedimentary rocks (Bernatowicz et al., 1984), deep-sea 

sediments (Matsuda and Matsubara, 1989), seawater (Ozima 

and Podosek, 1983), or polar ice (Bernatowicz et al., 

1985). Possible interior reservoirs are possible. The 

core may be one place to hide the missing xenon. However, 

experimentally determined silicate/metallic melt 

partitioning behavior for the noble gases (Hiyagon and 

Ozima, 1993) up to 80 kbars show all of the noble gases to 

be relatively lithophile and furthermore they increase in 

their silicate melt solubilities relative to metallic melt· 

with increasing pressure. While further experimental 

studies up to megabar pressures (i.e., the pressure at the 

present-day core/mantle boundary) have yet to be conducted, 

there is no reason to believe that this trend should change 



towards higher pressures. This leaves the MORE source 

mantle as a possible repository. 
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The 132Xe/ 36Ar ratio in the Earth's atmosphere is a 

factor of ten higher than the chondri tic value (Donahue and 

Pollock, 1983). In this study, the experimentally

determined D(Ar) and D(Xe) values for forsterite are 

indistinguishable at the 2 s precision level (0.05 ± 0.04 

and 0.03 ± 0.02 respectively). In the previous noble gas 

mineral/melt partitioning studies cited above, the 

D(Xe)/D(Ar) ratio varied from 1.9 to 15.7. If we consider 

a low value of two, then a maximum fractionation of two is 

possible. If we consider a maximum ratio of five from 

stretching the maximum difference between D(Xe) and D(Ar) 

according to their error bars from this study, then a 

maximum fractionation of five from mineral/melt 

partitioning is possible. The effect of mineral/melt 

partitioning can, permissibly, be to decrease the Xe/Ar 

ratio in a melt in equilibrium with residual mantle 

minerals by as much as a factor of five. An outgassed 

magma should impart the same fractionation to the 

atmospheric ratio. This fractionation is in the right 

direction but is clearly not enough to account for the 

xenon/argon ratio of the Earth's atmosphere. 

Tolstikhin and O'Nions (1994) have suggested a scheme 

with preferential outgassing of xenon from the MORE source 

mantle combined with subsequent loss of rare gases to space 
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to account for the noble gas abundance pattern of the 

Earth's atmosphere. However, this model requires either 

that some atmospheric xenon be recycled into the MORB 

source mantle or heterogeneous accretion of the Earth in 

terms of xenon to achieve the xenon isotopic compositions 

(for all xenon isotopes) of the atmosphere and MORB source 

mantle to achieve the isotopic composition which we observe 

today. Both of these possibilities are problematical as 

discussed below. 

SOLAR HELIUM AND NEON IN THE EARTH'S ~LE 

Recent measurements of OIBs and other direct igneous 

mantle products (e.g. Hiyagon et al., 1992) have shown 

evidence for a solar neon component. This component 

coincides in general with high 3He/4He ratios. This has 

long been thought to represent the primitive mantle. Based 

on this association, Anderson (1993) postulated that the 

so-called primitive mantle component was, in fact, the 

result of the subduction of interplanetary dust particles 

which have settled on the ocean floor and subsequently 

subducted. These subducted particles along with the rest 

of the slab then mix with rising plumes to become OIBs with 

a "primitive" signature. If this is true, then the entire 

primitive mantle paradigm is called into question (and by 

extension, the idea of degassing the primitive mantle to 
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form the Earth's atmosphere and MORB source mantle) . 

However, several problems exist with the idea of lDPs being 

a significant contributor to the Mantle noble gas budget. 

Results of experiments conducted on the noble gas retention 

ability of lDPs (Matsuda et al., 1980; Amari and Ozima, 

1988) strongly suggest that noble gases would not be 

retained down into the mantle. Unless the lDP fallout rate 

was much higher in thepast, it is unclear that there is 

sufficient mass to account for the helium or neon budget of 

the mantle (Hiyagon, 1994). Furthermore, the OlBs with the 

highest "primitive" component do not correspond with the 

other tracers of sediment content such as strontium 

isotopes (Farley, 1993). 

FISSION XENON 

The xenon isotopic composition of the Earth should 

also show effects of another short-lived radioactive parent 

isotope -- 244pu with a half-life of 80 my. The heavy xenon 

isotopes 131-136Xe are produced in excess over planetary 

xenon as fission products of both long-lived 238U and short

lived 244pu. Since each parent isotope has its own 

distinctive heavy noble gas signature, they are in 

principle easily distinguished. Since evidence of excess 

129l decay is readily seen in MORB and other presumed upper 

mantle products, then 244pu fission xenon with it's five-
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times longer half-life should be readily distinguished. 

244pu fission xenon is thought to be seen in the atmospheric 

composition. Pepin and Phinney (1978) estimate that an 

approximately 6% contribution from 244pu is seen in the 

heavy xenon isotopes of the Earth's atmosphere. The 

problem is that it has not been definitively detected in 

MORBs where we would most expect to find it. 

As a refractory lithophile element, plutonium should 

behave much like uranium and thorium in igneous processes. 

During melting and outgassing processes responsible for the 

elevated 129Xe/ 132Xe ratio, plutonium would preferentially 

partition into the melt along with iodine. Being 

refractory, it would of course stay in the melt in contrast 

to iodine and xenon. So why don't we see a 244pu fission 

xenon signature? The answer may lie in the interpretation 

of the C02-rich well gas data set as discussed below. 

C02-RICH WELL GASES 

The main data set giving cause for concern over the 

244pu problem concer~s not the MORB source mantle but C02-

rich gas wells with high noble gas contents (Staudacher, 

1987). These gases have 129Xe/ 132Xe ratios very similar to 

those for MORB. On this basis, then, they are presumed by 

many to be of upper mantle origin (although they reside in 

the continental crust). Due to the relatively high xenon 
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abundances in these gases compared with MORB or OIB, their 

isotopic abundances can be measured with relatively high 

precision. Based on these measurements, the excess heavy 

xenon is overwhelmingly of 238U-fission origin. While 

measurements on MORB are ambiguous, the well gas data are 

not. The well gases and MORB then are presumed to come 

from the same or similar region of the mantle based on 

their similar 129Xe/ 132Xe ratios. And since the well gases 

show unambiguous evidence of 238U-fission xenon and no 

244Pu-fission xenon signature, then the ambiguous lower 

resolution MORB heavy xenon data has been interpreted as 

being from 238U fission (Allegre et al. 1986/7) even though 

there is room in the noise to interpret it as having a 

significant 244Pu-fission component. So, in part, it is by 

analogy with the well gas data that a "244pu problem" exists 

for MORB. 

Is it possible that the connection between the MORB 

and well gas data sets is based purely on the coincidence 

of their 129Xe/ 132Xe ratios with no genetic link? Caffee 

and Hudson (1987) proposed a scheme by which elevated 

129Xe/ 132Xe ratios in well gases were the result of 

relatively recent crustal processes and not from primordial 

129I. 1291 is an intermediate fission product of 238U along 

with the heavy xenon isotopes. Usually the resulting 129Xe 

produced from the fission-produced 1291 is not in great 

relative abundance because of the much greater heavy 
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fission-xenon produced along with it. Thus, it was 

suggested that if a way could be found to fractionate the 

fission-produced 129I from the heavy fission-xenon, then and 

elevation of the 129Xe/132Xe ratio of the well gases would 

occur. By analogy with the above discussion of water 

solubility fractionation of iodine from xenon, the 

fractionation mechanism may involve water solubility 

differences. 

If the well gases turn out to be of continental crust 

origin, then the "244pu problem" for the MORB is somewhat 

diminished. As stated above, there is room in the heavy

xenon data of the MORB for interpretation of some 244pu 

signature within the error limits. However, the midpoints 

in the data do resemble a 238U signature somewhat more than 

a 244pu one. So a misinterpretation of the MORB heavy xenon 

data set may not be the case. If so, then the lack of a 

244pu signature, in spite of a clear 129I one may be a 

byproduct of early outgassing. If water solubility 

fractionation played a role in enhancing the 129Xe in the 

MORB, it is interesting to note that plutonium has a very 

low water solubility. So while iodine may have been 

circulated back down into the lower primordial crust by 

hydrothermal pore waters, the plutonium may have stayed 

relatively closer to the surface. In this manner, a 

plutonium/iodine fractionation may have occurred whereupon 

remixing of the early formed crust back into the mantle by 
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convection, a larger portion of the plutonium residing 

nearer the surface than iodine was separated into a 

reservoir which remained near the surface and separate from 

the MORE source mantle. The 244pu xenon signature seen in 

the Earth's atmosphere may have then resulted from release 

of plutogenic heavy xenon from the protocrust. 



116 

CHAPTER 5 
EARLY OUTGASSING OF MARs 

The noble gas isotopic sytematics for Mars present us 

with a situation quite different from that which is seen on 

the Earth. The data set for martian rocks and atmosphere 

is based on measurements of SNC (shergottites, nahklites, 

Chassigny) meteorites which are widely held to originate 

from Mars because of their young ages, trapped gases 

resembling martian atmosphere and other criteria (McSween, 

1985; Bogard et al., 1984). A martian origin for the SNCs 

is assumed in this discussion. The 129Xe/ 132Xe ratio for 

the martian atmosphere was first determined from the Viking 

aeroshell mass spectrometer data (Owen et al., 1977) and 

has since been more acurately measured in gas-rich glassy 

inclusions from EETA 79001 (Swindle et al., 1986). SNCs 

have 129xe/132Xe ratios falling in the range of from 1.0 to 

1.5 (excluding trapped atmosphere). The actual 129Xe/132Xe 

ratio for the martian mantle source of SNCs is likely at 

the low end of this range since contamination of these 

meteorites with martian atmosphere with its high 129Xe/ 132Xe 

ratio (Owen et al., 1977) could raise the measured ratio, 

but not lower it. The martian atmospheric ratio is 

considerably more radiogenic than the source for SNCs. 
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Thus, these data show that there is a mantle reservoir on 

Mars which is less radiogenic than the atmosphere -- a 

situation which is the reverse of the atmosphere-mantle 

trend for the Earth where the Mid-Ocean Ridge Basalt (MORB) 

source has a higher 129Xe/132Xe ratio than the atmosphere. 

Furthermore, the 129Xe/ 132Xe ratio for the martian 

atmosphere is much higher than for any known Earth and most 

solar system reservoirs (Pepin, 1980). 

The argon isotopic systematics for Mars are also quite 

distinct from those of the Earth. As with xenon, the 

martian atmosphere is more radiogenic in terms of argon 

than at least part of the mantle. Viking measurements put 

the atmospheric 40Ar/36Ar ratio at about 3000. The 

4oAr/ 36Ar ratio has been measured as high as 2400 in trapped 

atmosphere in glassy inclusions in EETA 79001 and a non

atmospheric component thought to represent material of 

martian mantle origin (although other explanations are 

possible) has been measured as low as 131 (Bogard and 

Johnson, 1983). This contrasts with the Earth where the 

atmosphere is less radiogenic (4oAr/ 36Ar = 295) than the 

mantle (40Ar/ 36Ar ~ 10,000) (e.g., Sarda et al., 1985). 

The martian atmosphere is quite thin compared to the 

Earth's (6 mbar cf. 1 bar surface pressure) and is low in 

total noble gas abundances (Anders and OWen, 1977). But 

studies of SNCs (Dreibus and Wanke, 1987) show that Mars is 

two to three times richer in moderately volatile and 
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volatile elements (excluding noble gases) compared with the 

Earth. So, either Mars did not outgas its accreted 

volatiles as completely as the Earth, has lost most of its 

outgassed atmosphere, or both. 

In order for the decay of 129I to have affected the 

129Xe/132Xe ratio of the martian atmosphere, it would have 

been necessary for the iodine/xenon ratio of the 

atmospheric source to have been increased above that of the 

SNC source. Fractionation of iodine from xenon must have 

occurred sometime during the formation of the martian 

atmosphere, and this fractionation must have occurred early 

in solar system history while 129I was extant. The 129I/127I 

ratio would then have dropped from 10-4 to 10- 6 in the 100 

million years following the onset of solar nebula 

condensation. If atmosphere formation by mantle outgassing 

occurred on this time scale, then an increase in the 

iodine/xenon ratio of 100 times the chondri tic value would 

have been necessary to achieve the observed 129Xe/ 132Xe 

ratio in the martian atmosphere. 

FRACTIONATION OF IODINE FROM XENON IN IGNEOUS 

PROCESSES ON EARLY MARs 

As discussed in the Earth discussion section, the 

mineral/melt partition coefficients for xenon are on 
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average ten times higher than those for iodine. In the 

case of equilibrium melting, this would lead to, at most, a 

ten fold increase in the iodine/xenon ratio in the melt, 

and only for an infinitesimal melt fraction. For higher 

melt fractions, the increase in the iodine/xenon ratio 

would be much lower. This fractionation is in the right 

direction, but is of insufficient magnitude to account for 

the 129Xe/132Xe ratio of the martian atmosphere. 

In assessing the fractionation of iodine from xenon 

during magma outgassing, the relative silicate-melt 

solubilities of iodine and xenon are relevent. The 

silicate-melt solubility of iodine is several orders of 

magnitude higher than that for xenon. However, silicate

melt solubilities of both iodine and xenon are still low, 

and the iodine/xenon ratio of the volatiles outgassed from 

a melt would be essentially unchanged from that in the 

melt. The iodine/xenon ratio in the outgassed portion of 

the melt, however, will increase. In the case of a 

substantial fraction of the SNC mantle source being 

outgassed, the fractionation of iodine from xenon becomes 

significant, and the iodine/xenon ratio for the mantle 

would be considerably higher than that in the atmosphere. 

If such a fractionation occurred early in martian history, 

then the 129Xe/ 132Xe ratio of the SNC mantle source would be 

higher than that of the atmosphere; this is not the case. 

Igneous processes almost surely did occur during the 
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accretionary and heavy bombardment period on Mars. So, 

both xenon and iodine would have been outgassed from the 

martian mantle, but an increase in the iodine/xenon ratio 

in the atmosphere above that from any outgassed mantle melt 

would not have occurred in a straight-forward melting and 

outgassing scenario (a more complex scenario will be 

considered later in this chapter) . 

OUTGASSING WITH WATER SOLUBILITY FRACTIONATION 

The inability of igneous processes to fractionate 

iodine and xenon sufficiently to produce the 129Xe/ 132Xe 

ratio observed in present-day martian mantle considered 

above suggests that a non-magmatic fractionation process 

may have operated (Musselwhite et al., 1991). One 

possibility is the differential solubility of the two 

elements in water. The solubility of iodine is very high 

(27 grams/liter), indicating that any outgassed iodine 

would eventually dissolve into a standing body of water. 

The solubility for xenon is at least 10 10 times lower, 

indicating that xenon would not go into solution. Thus, 

differences in water solubilities provide a mechanism for a 

nearly quantitative separation of iodine from xenon. The 

existence of runoff channels in ancient cratered terrain on 

Mars (Carr, 1979) and hydrous alteration products in Nahkla 
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(Treiman et al., 1993; Drake et al., 1994) suggest that 

liquid water was stable at the martian surface early in its 

history. An early outgassing model for Mars involving 

standing water as a means of separating iodine from xenon 

following their release from the mantle is suggested. 

The model starts with condensation of the Solar Nebula 

and accretion of the planets from planetessimals commencing 

at 4.55 Ga ago and proceeding to 4.45 Ga. At the start of 

solar system formation the 1291/1271 ratio = 10-4 (Pepin and 

Phinney, 1979). During the process of accretion, Mars may 

have developed a steam atmosphere (Abe and Matsui, 1986), 

but by or before 4.45 Ga, with cessation of accretion, the 

steam atmosphere would have condensed, and liquid water 

would have been stable at the martian surface. Outgassing 

of the SNC mantle source would lead to substantial 

outgassing of both iodine and xenon because of their low 

solubilities in silicate melts. Iodine is highly soluble 

in water (SI,aq>27 grams/liter) and would have gone into 

solution. The short residence time for iodine (4 x 105 

years) for the present day Earth Ocean (Kennedy, 1977) 

suggests that iodine would also have been rapidly 

incorporated into the martian crust. Xenon, with its 

extremely low solubility in water (SXe,aq = 10-10 

grams/liter) would have been partitioned into the 

atmosphere. Calculations by Melosh and Vickery (1989) show 

that impact erosion of the atmosphere from early heavy 
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bombardment was significant for Mars but not for the Earth. 

This impact erosion would have diminished the martian 

atmosphere to nearly its present level by 4.0 Ga ago. 

Since the atmosphere was not heated by this process, water 

not directly involved in impacts would remain standing. 

1291 residing in the crust would decay to 129Xe, and then 

would have been released over geologic time into the now 

diminished atmosphere, thereby increasing the martian 

atmospheric 129Xe/ 132Xe ratio. 

In the model described above, events in early martian 

history are described as a series of discrete steps for 

conceptual reasons only. In the real solar system, 

accretion would not have terminated before outgassing 

commenced. To the contrary, considerable outgassing must 

have occurred during accretion, but this is irrelevant to 

the outcome of the model as iodine outgassed into a stearn 

atmosphere will have gone into aqueous solution upon 

condensation of liquid water. 

The timing of the events described above is crucial, 

given the short half-life of 1291. But is 108 years after 

accretion has ceased already too long? The ratio of 

1291/1271 after 108 years would be about 1.3 x 10-6. 

Although this figure is low, there was enough 1291 extant to 

account for the observed excess 129Xe in the atmosphere 

because of the low iodine/xenon ratio which would have 

existed in the crust and the low xenon abundance in the 
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atmosphere after heavy bombardment. The iodine/xenon ratio 

required to achieve the present day 129Xe/132Xe ratio in the 

present day martian atmosphere is given by: 

where the 129I/132Xe is determined from the observed excess 

129Xe/ 132Xe ratio relative to the SNC mantle source. The 

129I/1271 ratio depends on the timing of outgassing, which 

is assumed to be instantaneous for the purpose of these 

calculations. To account for the 129Xe/132Xe ratio of the 

martian atmosphere with complete outgassing occurring by 

4.45 Ga requires an iodine/xenon ratio of 3.1 x 105. Based 

on analyses of SNCs (Dreibus and Wanke, 1987), it is 

estimated that the present day iodine/xenon ratio for Mars 

is 2.4 x 105. Assuming that 97% of the atmosphere was 

removed at 4.45 Ga (Melosh and Vickery, 1989) before 

release of 129Xe from the martian crust, the outgassed 

iodine/xenon ratio would be 8.9 x 103 or approximately four 

times the chondritic ratio (Anders and Ebihara, 1992). 

Thus, this model can produce the observed present day 

iodine/xenon ratio from chondritic starting material. 

This model agrees with an earlier assertion (Dreibus 

and Wanke, 1987) that iodine will have been incorporated 

into early formed martian crustal rocks while xenon was 

outgassed and lost to space. However, this idea implicitly 
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relied on igneous processes to account for the separation 

of iodine and xenon. The sequestering of 129I-derived 129Xe 

into the martian crust is consistent with an earlier 

suggestion (Swindle et al., 1986) that the easiest way to 

produce SPB (~hergottite ~arent Qody) xenon is to 

fractionate Avec (2Yerage ~arbonaceous ~hondrite) xenon and 

then add 129Xe. The fractionation of Avec Xe could occur 

during late accretion, perhaps by hydrodynamic escape, or 

perhaps during, or immediately after late heavy bombardment 

by some other mass dependent means. The addition of 129Xe 

would occur as stated above by slow release from the crust 

over geologic time. This scenario is consistent with 40Ar 

enrichment in the martian atmosphere (Owen et al., 1977; 

Bogard and Johnson, 1983) which results from the release of 

40Ar produced by the decay of 40K over geologic time. 

Outgassing of martian surface rocks following the loss of a 

substantial portion of the martian atmosphere would provide 

the mechanism for the 40Ar enrichment as well. 

TwO-STAGE OUTGASSING WITH SILICATE-MELT SOLUBILITY 

FRACTIONATION ALONE 

Some problems with the above water solubility model 

may exist. Direct evidence of water alteration in Nahkla 

has been demonstrated to have occurred while the rock still 
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resided on its parent body (Drake et ai., 1994). This 

fact, along with other previously cited lines of evidence, 

demonstrates the importance of liquid water in the martian 

past. So, the existence of liquid water on Mars during 

some stage or stages of its history is not really in 

question. However, the concept of standing water very early 

on Mars during an intense outgassing stage of the planets 

history may be at odds with the present paradigm of a 

violent early solar system with large and giant impacts 

occurring at the latter stages of planetary accretion (this 

is not to be confused with the subsequent early heavy 

bombardment period). Thus, a purely igneous process may 

better account for the observed xenon and argon isotopic 

signatures of the martian atmosphere and crust. The higher 

solubility of iodine relative to xenon in silicate melts, 

as well as the greater compatibility of xenon relative to 

iodine in mantle minerals, points to producing the 

radiogenic signature in the martian atmosphere by two-stage 

outgassing of the martian mantle. Like the Earth and Moon, 

Mars may have had a magma ocean in its early period with 

the attendant intensive outgassing of volatiles including 

the noble gases and iodine. And as pointed out in the 

discussion above, unlike on the Earth, impacts occurring on 

Mars during the heavy bombardment period would strip the 

planet of much of its early outgassed atmosphere. With 

volcanic activity continuing beyond the heavy bombardment 
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period and attendant outgassing from a somewhat volatile 

depleted mantle, an enhanced iodine/xenon ratio which would 

form in a magma ocean would then increase the radiogenic 

signature of the atmosphere which has been greatly 

diminished by impacts. 

Mars is likely to have been endowed with a much larger 

volatile budget than the Earth, based on analysis of SNC 

meteorites (Dreibus and Wanke, 1987), consideration of 

apparently water-formed channels and extremely deep 

water/ice-table (Carr, 1987), and by virtue of its position 

farther from the Sun. As a result, Mars would possess a 

greater iodine concentration than the Earth as well. 

In order to quantitatively assess the idea of 

silicate-melt solubility fractionation of iodine and xenon 

in an early martian magma ocean being responsible for the 

129Xe/ 132Xe ratio of the present martian atmosphere, a 

simple scenario for outgassing will be considered: A magma 

ocean forms on Mars during late accretion, possibly as a 

result of a giant impact. Due to its relatively small size 

vis a vis the Earth, a martian magma ocean would be 

expected to cool rapidly, but the increased volatile 

content will serve to lower its mantle liquidus temperature 

in compensation, however. Outgassing of the magma ocean 

lowers the total iodine, xenon and argon abundances but 

enhances the iodine/ xenon and potassium/argon ratios ~n 

the magma. Most of the early outgassed atmosphere is 
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removed by impact erosion during the heavy bombardment 

period. 129r decays to 129Xe and 40K decays to 40Ar in the 

mantle reservoir outgassed during the magma ocean and heavy 

bombardment periods. Subsequent outgassing of the magma 

ocean-derived mantle yields a radiogenic xenon and argon 

signature in the martian atmosphere. 

What conditions of timing and extent of magma ocean 

outgassing can produce the present day martian atmosphere? 

To construct a quantitative model it is necessary to 

recognize that silicate-melt solubility is pressure 

dependent for xenon, argon and iodine: i.e., the greater 

the extent of outgassing, the greater the partial pressure 

of a particular species in the atmosphere and, thus, the 

greater the solubility in the silicate melt. Assuming 

equilibrium between the atmosphere and the magma ocean: 

where: 

magma 

Pi = partial pressure of species i 

Miog = total mass of species i outgassed per cm2 of 

Ciao = concentration of species i in magma after 

outgassing 



Si = silicate-melt solubility of species i 

g = gravitational acceleration 

substituting equation i into equation ii: 
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The total mass of species i outgassed per cm2 of magma will 

be the difference between the total mass of species i 

before outgassing and after outgassing: 

where: 

Cibo = concentration of species i in magma before 

outgassing 

Mrnagmaog = Mass of magma outgassed per cm2 

assuming complete outgassing, the mass of magma outgassed 

per cm2 will depend on the depth to which the magma is 

outgassed: 

v) Mrnagmaog = pod 



where: 

p = density of the magma 

d = depth to which the magma is outgassed 

substituting equations iv and v into equation iii, we 

arrive at the following equation: 

129 

{l + d • P • g • 

Assuming that the starting concentrations would be 

those of Orgueil increased by 30% to allow for core 

formation, and using experimentally determined 

solubilities, this equation can be solved for various 

depths of magma ocean outgassing. The total amount of 129Xe 

available in the post-heavy-bombardment atmosphere depends 

on the timing of isotopic closure of the magma ocean. 

The results are shown in Figure 5.1 along with the 

present-day atmospheric inventories of 129Xe and 132Xe. 

Enough 129Xe exists in the mantle outgassed during the magma 

ocean phase with only a five-kilometer-deep magma ocean at 

4.55 Ga or, with a 100-kilometer or deeper magma ocean for 

closure at 4.4 Ga. Enough 132Xe is available from a 300-

kilometer or deeper magma ocean. In all cases, the 
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129Xe/132Xe ratio is actually higher than what is necessary. 

But, mixing of non-outgassed with outgassed mantle is 

likely to have occurred. Because of higher total 

abundances in undegassed mantle, mixing of a small 

percentage will bring the 129Xe/ 132Xe ratio down to the 

present day ratio. The martian mantle source for the SNC 

meteorites then represents a magma ocean which was not 

degassed early in martian history. Of course, a twice

degassed source which has not been sampled must exist on 

Mars in order for this model to work. While this may seem 

to be a rather ad hoc assumption to make, it is highly 

likely that we have only barely begun to sample all of the 

geochemical reservoirs on Mars. Due to lack of vigorous 

convection, the martian mantle is likely to be much more 

heterogeneous than that of the Earth. Absence of evidence 

is not evidence of absence. 
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CHAPTER 6 
CLATHRATE STORAGE OF VOLATILES ON 

MARs 

Since the current martian atmospheric inventories of 

the major volatiles can be buffered by surface or 

subsurface reservoirs, when account is taken of the size of 

these reservoirs, the total remaining outgassed inventory 

of volatiles must be revised upward. Is it then possible 

that noble gases are also buffered? The polar caps of Mars 

represent the largest known reservoir for volatiles on the 

surface of Mars. As such, any attempt to understand the 

volatile budget of the planet must take into account these 

vast deposits. 

The martian polar terrains consist of two components 

(Carr, 1981): remnant ice caps overlying layered deposits. 

Both types of units are characterized by numerous laterally 

extensive horizontal layers each about 10 to 50 meters 

thick. The north and south terrains are both very young. 

From their lack of any large craters, their age is less 

than one million years (Cutts et al., 1976). The permanent 

north polar caps are H20 ice I and dust. This conclusion 

is based on brightness temperatures and albedo measured in 

1976 during Mars' north polar summer (Keiffer et al., 
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1976). These observations are consistent with Mars 

Atmospheric Water Detector data for the northern hemisphere 

summer (Farmer et al., 1976) which detected large amounts 

of water vapor over the north pole consistent with water 

ice in equilibrium with a water vapor saturated atmosphere. 

The composition of the permanent south polar cap is 

not as clear-cut as that for the northern cap. Summer 

brightness temperatures, albedo and atmospheric water 

content are consistent with C02 at its sublimation point 

(Kieffer, 1979). But an alternative possibility is H20-C02 

clathrate as the main solid volatile phase. Miller and 

Smythe (1970) proposed this idea on the basis of Mariner 7 

data and phase stability experiments for C02 and H20 (see 

Figure 6.1). The temperature and pressure over the south 

pole in summer is within the stability field for H20-C02 

clathrate in equilibrium with C02 vapor. In fact, under no 

conditions can H20 and C02 ice coexist stably. The Viking 

measurements discussed above are also consistent with 

H20-C02 clathrate as the main constituent of the south polar 

caps. The existence of H20-C02 clathrate at the south pole 

may explain the persistence of lower summertime 

temperatures above the caps compared with the north polar 

caps as H20-C02 clathrate has approximately one-fifth the 

heat conductivity of pure H20 ice. 
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Figure 6.1: Phase diagram for H20-C02 clathrate + C02 

(after Miller and Smythe, 1970) . 
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STORAGE OF NOBLE GASES AND OTHER TRACE VOLATILES 

IN THE SOUTH POLAR CAPS 

H20-C02 clathrate is a structure I clathrate with an 

ideal formula of C02-5.75H20. Since not all of the cage 

sites are occupied by a C02 molecule, the actual formula is 

likely closer to C02-7H20. It has two cage types (Figure 

6.2) -- the larger cage is made of 24 H20 molecules and the 

srr~ller cage has 20 H20 molecules. The C02 or other guest 

molecule fits within the cages. If the south polar caps 

are indeed H20-C02 clathrate, then they should have 

tremendous capacity for storing other volatile species such 

as noble gases. 

To assess the storage capacity of H20-C02 clathrate 

under the conditions extant on Mars, I calculated 

vapor/clathrate partitioning of noble gases, N2 and CO 

using the equations developed by Lunine and Stevenson 

(1985). The abundance ratio of gas species k to 1 within 

the clathrate is given by the expression: 

£kl = 

{Clk,Pk·(l + C2k,Pk + C2k,Pl)/(1 + C2k, Pk + C2k,Pl) + 3,C2k, Pk} 

+{Cll,Pl,(l + C2k,Pk + C2k,Pl)/(1 + C2k,Pk + C2k,Pl) + 3,C21,Pl} 



Figure 6.2: Structure I Clathrate 

H20oC02 clathrate is a structure I clathrate with an ideal formula of C02·5.75 H20, although he 
actual formula is likely closer to C0207 H2O. It has two cage types -- the larger cage is made of 24 H20 
molecules, the smaller cage has 20 H20 molecules. TIle C02 or other guest molecule fits within the 
cages. If the south polar caps are indeed H20oC02 clathrate, then they should have tremendous capacity 

for storing other volatile species such as noble gases. 
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where: C = Langmuir Constant, P = Partial Pressure and 

subscripts 1 and 2 refer to sites 1 and 2 in the clathrate. 

The abundance ratios for each trace gas species (neon, 

argon, krypton, xenon, N2 and CO) to C02 stored within the 

clathrate were calculated individually. Langmuir constants 

are based on the method of Lunine and Stevenson (1985). 

The partial pressure of each species was determined from 

the volume mixing ratios (Chamberlin and Hunten, 1987) and 

the temperature was assumed to be 150K. Since the Langmuir 

constants were not originally determined for this 

temperature, most of them had to be interpolated. The 

results of these calculations are shown in Figure 6.3, 

expressed as the ratio of moles gas species to moles C02 

along with the ratio of each gas species to CO in the 

atmosphere. The concentrations of krypton and xenon 

relative to C02 exceed those in the atmosphere by several 

orders of magnitude. The concentrations of argon, N2 and 

CO are about ten percent of their atmospheric values. 

In order to determine the relative importance of the 

south polar cap as a reservoir for these various gas 

species vis a vis the atmosphere, we need to know the total 

volume of clathrate in the cap. The thickness of the cap 

plus layered deposits from Mariner 9 radio occultation data 

is one to two kilometers (Carr, 1981). The caps themselves 

are likely no more that half of this. So an upper limit of 

one kilometer thickness of the H20-C02 clathrate is chosen. 
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• X (clath) 
~ X (atma) 

Figure 6.3: The measured concentrations of various gas 

species in the martian atmosphere compared with the 

calculated concentrations in H20·C02 clathrate for martian 

surface conditions. 
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If the ice cap is much thinner than ten meters, it probably 

would have visible bare spots in places. So an extreme 

lower limit of ten meters for the H20-C02 clathrate is 

chosen. The actual cap thickness is presumably somewhere 

between these two extremes. The concentration of each 

species in the clathratewas calculated assuming a ratio of 

H20 to C02 of seven to one. Calculation of the total 

abundance of each gas species in the caps compared with the 

abundance of each species in the atmosphere is shown in 

Figure 6.4 for both the upper and lower limits for the cap 

thickness. 

The simple but important lesson to be learned from 

this exercise comes in assessing the trace volatile budget 

of Mars based on measurements of the trace volatile 

abundances in the martian atmosphere. Since, if indeed the 

south polar cap of mars is H20-C02 clathrate, then it also 

represents a more significant reservoir for xenon and 

possibly for krypton than the atmosphere. Thus, the 

abundances of these species in the martian atmosphere are 

not representative of these abundances for the outgassed 

portion of Mars. Referring back to Figure 1.1, it was 

noted that like the Earth, the martian atmosphere is 

deficient in xenon relative to other noble gases compared 

with solar abundance ratios. Thus a missing xenon problem 

exists for Mars as for the Earth. For Mars then, the 

missing xenon could very well be sequestered in H20·C02 
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clathrate of the south polar caps. This of course does not 

help in finding the terrestrial xenon, but given the likely 

different outgassing histories of the two planets a 

separate explanation for this mystery would not be 

surprising. 
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species stored in the South Polar Cap of Mars to the total 

abundance in the martian atmosphere calculated for one 

kilometer and 10 meter thickness of H20·C02 clathrate. 



CHAPTER 7 
CONCLUSIONS 
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Experiments were run to determine iodine silicate-melt 

solubility and the mineral/melt partitioning behavior of 

iodine, argon and xenon. The results of these experiments 

are as follows: 

1. Iodine silicate-melt solubility ranges from 2.6 x 

10-3 to 1.3 x 10- 4 gram/gram-atm for the silicate-melt 

compositions investigated. 

2. Iodine silicate-melt solubility correlates strongly 

with the polymerization of the melt. The availability of void 

space is at best a secondary factor in iodine silicate-melt 

solubility. 

3. Iodine is highly incompatible in the mantle minerals 

investigated. 

4. Argon partition coefficients measured here are in 

agreement with those determined by Hiyagon and Ozima (1986) 

and much lower than those of Broadhurst et al. (1992). Argon 

is incompatible in mantle minerals. 

5. The xenon forsterite/melt partition coefficient 

determined here is lower than those from either of the 

investigations cited above. Regardless, xenon is distinctly 

less incompatible than iodine. Consequently, iodine would be 



preferentially partitioned into a magma during partial 

melting. 

143 

The early outgassing of the Earth and Mars were modeled 

using experimentally determined parameters. It is concluded 

from this modeling that: 

1. If early outgassing of the Earth's mantle is 

responsible for the 129Xe content of the MORB-source mantle, 

then: 

a. the mantle must have been at least 50% molten and 25% 

outgassed, if such outgassing were completed within 50 m.y. 

of solar system history. 

b. the mantle must have been at least 95% molten and 99% 

outgassed, if such outgassing were completed within 100 m.y. 

of solar system history. 

2. Straight forward early outgassing cannot explain the 

isotopic composition of the martian atmosphere. A two stage 

outgassing scenario can explain it, but requires the 

existence of an as yet unsampled mantle reservoir. 

3. Water solubility fractionation may have played a 

significant role in determining the present day 129Xe content 

of the martian atmosphere. This implies that there was 

liquid water on the surface of Mars at very early stage. 

If the south polar cap of Mars is composed of H20-C02 

clathrate, modeling of its trace volatile storage capacity 

shows that it represents a more significant reservoir for 

xenon and possibly krypton than the martian atmosphere. 
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