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ABSTRACT

To understand the response o f the I-Xe system to thermal alteration, isothermal 

heating experiments were performed on the Bjurbdle (L4) standard used for I-Xe dating. 

The time dependence o f the release o f radiogenic 129Xe ("129Xe*") and 127I was 

determined by analyzing Bjurbdle heated for various times at temperatures o f 1000, 

1100, and 1200°C using noble gas mass spectrometry. Microprobe analyses on thin 

sections o f heated Bjurbdle were done to correlate chemical, mineralogical, and textural 

alterations with Xe and I release in the hope o f constraining the identity o f the host 

phase(s) o f I.

Results for the release o f 129Xe* indicate that a single domain (site o f 129Xe*) 

model is insufficient to describe the release. At least three, and possibly more, domains 

are present in Bjurbdle. At least one domain outgasses in one hour at a temperature < 

1000°C by a mechanism that is not indicative o f volume diffusion. For the 1100°C 

heating, one domain containing the majority o f 129Xe* in Bjurbdle is seen to outgas in a 

manner suggestive o f volume diffusion. Release characteristics at 1200°C indicate the 

presence o f at least one high temperature domain. The release o f 127I is similar to that o f 

129Xe* for the three isothermal heating temperatures.

In domains that contain I-correlated Xe, assuming loss by volume diffusion, 

Dodson closure temperatures for 129Xe* (along with more retentive 127I) are at least as 

high, and perhaps much higher than, the peak metamorphic temperature experienced by
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Bjurbole. Based on diffusion parameters, the diffusion lengths o f  both 129Xe* and 127I, at 

peak metamorphic temperatures, are much less than a characteristic domain size o f 10'3 

cm. The data suggest that the degree o f thermal retention o f both isotopes is great 

enough under thermal metamorphic conditions that the initial iodine ratio was not 

altered.

Correlation with I and Xe release patterns suggest that the low retentive domain 

exists in troilite. The domain exhibiting diffusive release likely resides in pyroxene 

and/or olivine crystalline structures that remain stable throughout the 1100°C heatings. 

The most retentive domain surviving the 1200°C heating also presumably resides in the 

silicate crystals, which have yet to become molten.



IS

Ctepfer 1. INTROBUGZION

In the past five centuries or so the understanding o f the universe has undergone 

many dramatic changes. The idea o f a geosynchronous cosmos, held from the time o f 

Aristotle, died with the telescopic observations o f the heavens by Galileo in the early 

1600's supporting the Copemican theory o f a heliocentric universe. A  few decades later 

Isaac Newton published his classical theory o f gravity in Principia Mathematica that 

predicted the motions o f the heavenly bodies.

The next major revolution in the understanding o f the universe occurred early in 

the twentieth century with Einstein’s theory o f general relativity. The universe was no 

longer described in terms o f Euclidean geometry, but rather space, and time, were warped 

in shape by the presence o f matter. A  few years later in 1929, Edwin Hubble 

demonstrated the linear redshift-distance relation to be evidence o f an expanding
r

universe. Thus, the model o f the Big Bang, the event o f creation, gained wide 

acceptance. Likely, the reader is well acquainted with accounts o f this history. However, 

one episode o f the story is often untold - the formation and nature o f our own solar 

system. As will be seen shortly, the discovery and study o f meteorites has played a 

critical role in understanding this episode.

As late as the advent o f Newton's theory o f gravity, it was not universally 

believed that the space beyond the dome o f the sky was void, “ ...therefore, to make way 

for the regular and lasting Motions o f the Planets, and Comets, it’s necessary to empty 

the Heavens o f all M atter...” Isaac Newton (1704). By the late 1700's this notion began
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to crumble. The birth o f the science of meteoritics (the study o f meteorites) is largely 

credited to the work o f Florens Friedrich Chladni (1756-1827). Although other 

contemporaries contributed to the emerging science, it was with the German publication 

of, what is commonly called Ironmasses (1794), that distinguishes Chladni. In 

Ironmasses he states three hypotheses that are accepted wholly, or in part, today: (1) 

masses o f stone and iron do, in fact, fall from the sky; (2) they form fireballs as they 

plunge to through the atmosphere; (3) the bodies originate in cosmic space as either: (a) 

primordial masses that never aggregated into planets or (b) fragments o f planets disrupted 

by explosions from within or collisions from without (see the review by Marvin, 1996, 

for a detailed account o f this history).

Chladni’s hypotheses were largely based on the collection o f eyewitness accounts 

o f “falls” . Technically speaking, a "fall" is a witnessed event o f a fireball (meteor) and 

the subsequent finding o f the fallen ironmass or "thunderstone" (meteorite) in the vicinity 

o f the observed fireball. This is in contrast to a "find", which is the discovery o f a 

meteorite in which the fall was not witnessed.

Following the publication o f Ironmasses the debate was heated, but short lived, as 

the combination o f chemical analysis and astronomical observations provided 

overwhelming evidence for Chladni’s hypotheses. An iron alloy found in meteorites 

containing 10 wt.% o f nickel (Proust, 1799) was unheard o f at the time. Additionally, the 

asteroid Ceres, orbiting in the "void space" between Mars and Jupiter, was discovered on 

the first day o f 1801 by Giuseppe Piazzi.

Since the time o f Chladni the discipline o f meteoritics has dramatically advanced
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the understanding o f how our comer of the universe was formed, and when. Today, the 

common notion o f the history o f the Solar System, briefly, is the formation from the 

gravitational collapse o f a dense molecular cloud o f dust and gas 4.6 billion years ago. 

The core o f this material formed a proto-sun, surrounded by a spiraling nebula from 

which heated dust and gas condensed and accreted forming the planetary bodies. It is 

mainly from the study o f the remnants o f this event, fragments from the smaller o f these 

bodies (the asteroids), aided by modem astronomy, that the science o f meteoritics has 

shed light o f the history o f the solar system (for detailed reviews see Kerridge & 

Matthew, Part 6 , 1988a).

This dissertation deals with the study o f one o f the tools being applied in 

meteorites - the radiometric I-Xe system. The I-Xe system has the potential to set 

constraints on the chronology o f the formation o f the solar system and the planetary 

bodies within it, on the metamorphic histories o f specific planetary bodies, and the 

chronology o f nucleosynthesis o f solar system material shortly before formation 

(Podosek & Swindle, 1988). However, the usefulness o f this system as a chronometer 

has been uncertain since its discovery in meteorites almost four decades ago. Before 

getting into these details a brief introduction o f the relevant topics in meteorites is 

necessary in order to understand the relevance of this dissertation.

E, Role off m eteorites/O rdm ary Chondrites

The class o f stony meteorites known as chondrites is significant for understanding 

the early history o f the solar system. Being cosmic sediments, this class o f meteorites
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comprises significant fossil remnants o f the condensed solar nebula with compositions 

matching that o f the Sun, except for the most volatile elements. The name chondrite is 

derived from the small spheroidal chondrules found in most, but not all, o f these 

meteorites, which are typically surrounded by a fine-grained “matrix” material. The 

word chondmle is taken from the Greek chondros, meaning grain. Chondrules range 

from sub-millimeter to millimeter in size and are mainly composed o f silicates, sulfides, 

and Fe-Ni metal. The shape and textures o f chondrules indicate a molten origin, formed 

early in the solar nebula solidifying in a dust-rich environment and followed by accretion 

into planetary objects. The details o f these processes are complex and remain unresolved 

(Grossman, 1988).

The most prolific group o f chondrites in the terrestrial meteorite inventory is the 

ordinary chondrites (OCs). The meteorites in this group may indicate the dominant 

starting material o f the early solar system if  the current inventory reflects the asteroid 

population (Miyamoto e ta l,  1981).

The size o f OC parent bodies asteroids is modeled to be -80-100 km in radius 

due to heat retention constraints and measured cooling rates (Miyamoto et a l, 1981; 

Gopel et a l, 1994; Bennett & McSween, 1996). At larger sizes objects retain heat longer 

and at high enough temperatures that segregation o f silicates and metals results in a 

“differentiated” core/mantle/crust planetary structure erasing the nebular record observed 

in the pristine structure o f OCs.

Various chemical analyses have resolved ordinary chondrites into three different 

classes; LL, L and H  (for Low-Low, Low, and High Fe content). The grouping is
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primarily based on Fe oxidation states in pyroxenes and olivines (Fredricksson & Keil, 

1964, Fredricksson et ah, 1968) and in Co content in kamacite (Sears & Weeks, 1986). 

Other chemical characteristics confirm the class distinction, such as the relative 

abundance o f  the three isotope o f oxygen (Clayton, 1981). This has led to the common 

assumption that the L, LL and H OCs are derived from three unique parent bodies.

One ordinary L-chondrite, Bjurbole, has been used extensively in the research for 

this dissertation. At 10:30 on the evening o f March 12, 1899 Bjurbole fell in Borga, 

Finland. The stone fell through the sea-ice, breaking into fragments, the largest o f which 

weighed 80 kg. The total weight o f the meteorite was 330 kg (Ramsay & Borgstrom, 

1902). Bjurbole is a nearly unequilibrated OC, whose primordial features been only 

slightly altered by a past thermal event

EL Therm al M etem orpM sm

A scheme for classifying secondary thermal alteration was devised by Van 

Schmus and Wood (1967), where the most equilibrated chondrites are assigned a 

metamorphic grade o f type 6 (a few type 7 are recognized) and the most unequilibrated 

are classified as type 3 (metamorphic grades o f types 1 and 2 reflect aqueous alteration). 

The amount o f alteration is characterized by variations in textural, mineralogical and 

chemical characteristics from exposure to temperatures ranging from 400-1000°C at low 

lithostatic pressure. Bjurbole is a type 4 ordinary chondrite.

Textural alteration is the first noticeable difference between chondrites o f 

different grades. The blurring o f barriers between chondrules and the integration o f
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chondrales with the matrix increases with grade along with the devitrification o f glass in 

chondrules and the growth o f secondary feldspar crystals. With an increase in 

metamorphic temperature the matrix coarsens from a fine-grained opaque texture to a 

recrystallized transparent appearance (cf„ Chapter 7).

The criterion for ranking is primarily based on the alteration o f silicates. Olivines 

and pyroxenes experience systematic homogenization with an increase in temperature, 

and become more Fe rich due to diffusion from metal contained in the matrix.

Many ordinary chondrites are breccias that are composed o f fragments from 

previously generated material. They contain lithic clasts, embedded fragments from 

preexisting rock types. The presence o f such clasts often indicates a common parent 

body source among different types where the partial mixing o f different metamorphic 

grades has occurred.

A number o f geothermometers exist for establishing metamorphic temperatures in 

meteorites (Olsen & Bunch, 1984). Upper boundaries o f thermal exposure can be set 

based on the absence o f  eutectic melting o f metal and sulfides in highly equilibrated 

samples. The partitioning o f Ca between coexisting pyroxenes is a strong function o f 

temperature along with the temperature-dependence partitioning o f  Fe and Mg between 

orthopyroxenes and diopside. The distribution o f 180  between existing minerals is also a 

sensitive measure o f temperature. McSween et at (1988) gives a thorough review o f 

thermal metamorphism.

What then was the heating source driving thermal metamorphism in parent 

bodies? Many models o f primordial parent body heating have been proposed. Possible
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mechanisms are induction heating by a strong solar wind (Herbert & Sonett, 1978), the 

release o f gravitational potential energy due to accretion (Basaltic Volcanism Study 

Project, 1981), a superluminous Hayashi solar stage (Ezer & Cameron, 1962), and impact 

heating (Rubin, 1994). These methods however are insufficient since the resultant 

heating would not produce concentric zoning o f material (see section III) and also would 

be too short to account for metamorphism taking place over an estimated 60 Ma time 

span (Gopel et al., 1994). Additionally, these processes are poorly understood and the 

physical parameters under which they operate are difficult to constrain in order to 

formulate a competitive parent body model (Bennett & McSween, 1996).

The decay o f long-lived radionuclides was suggested as an internal heat source 

(Pricker et al., 1970 and Herdon & Rowe, 1973), but cosmic abundances o f U, Th, and K 

are inadequate to heat smaller bodies (Wood, 1979). The decay o f short-lived high- 

energy radionuclides, such as extinct 26A1 (half-life 0.75 Ma), has the greatest potential 

for explaining internal heating (Herndon & Herndon, 1977; Minster & A116gre, 1979; 

Wood, 1979; Miyamoto et a l, 1980, 1981; Grimm & McSween, 1993; and Miyamoto & 

Takeda, 1994). Isotopic excess o f radiogenic 26Mg indicates an abundance o f 26A1 in the 

early solar system high enough to account for sustained parent body metamorphism and 

igneous differentiation.

The first problem with this heating scenario is that 26A1 may not have been live in 

the early solar system. The observed 26Mg could be "fossil" from production due to 26A1 

in Al-rich interstellar grains (Clayton, 1986) which has been noted in high 26A1/27A1 ratios 

in preserved interstellar grains (Podosek & Cassen, 1994). Searches in some ordinary
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chondrites have failed to show the presence o f initial 26A1/27A1 levels sufficient for parent 

body heating (Hutcheon et a t, 1994). However, evidence for live 26A1 has been found in 

feldspar minerals from several ordinary chondrites o f low petrologic type (Zinner & 

Gopel, 1992).

Second, evidence o f radical heterogeneity o f 26A1 in the early solar system 

(Podosek & Cassen, 1994) suggests th a t26A1 cannot account for parent body heating in 

material poor in 26Mg. MacPherson et ah (1995) have countered that anomalous 

26A1/27A1 ratios reflect extensive periods o f reprocessing o f material poor in 26Mg. 

However, as it stands,26A1 is the leading candidate for the parent body heating.

HI, Paremt Body Models

A number o f parent body models have been devised using evidence o f thermal 

processing and cooling rates based on the decay o f extinct 244Pu (half-life 82 Ma) and 

diffusion rates o f Ni in the kamacite and taenite phases o f iron. For ordinary chondrites 

the time span for cooling from peak metamorphic temperatures is ~60 M a (Gopel et ah, 

1994).

Radiometric ages should reflect the early structure o f the parent body during the 

time o f thermal alteration and subsequent cooling if  the system is dating metamorphism. 

I f  thermal metamorphism in a stratified (“onion-shell”) parent body (Pellas & Storzer, 

1979) has altered a radiometric chronometer, then a correlation would be expected 

between measured radiometric ages and the degree o f metamorphism. Higher 

metamorphic grades would be associated with relatively younger apparent ages because



26

the objects near the center o f the parent body would reach higher temperatures and stay 

hot longer.

Model calculations o f the thermal histories o f H  and L-ordinary chondrite parent 

bodies by Bennett & McSween, (1996) predict decreasing cooling rates with increasing 

petrologic type for objects 80-95 km in radius. An inverse correlation o f fission track 

cooling rates from 244Pu with metamorphic grade (Bellas & Storzer, 1979) also gives 

credence to the onion-shell model. But, there is the lack o f an inverse correlation between 

metallographic cooling rates with petrologic type which would be expected for objects 

buried at an increasing depth in a parent body.

An inverse correlation is seen between absolute Pb-Pb model ages (see section V) 

and the metamorphic grades o f H  ordinary chondrites (Gdpel et a l, 1994). Additionally, 

a correlation has been found between I-Xe ages in feldspar minerals in three H4 and H5 

OCs and in phosphates from two L6 OCs (Brazzle et a l, 1996). But, in the case o f I-Xe 

ages for bulk samples, there is lack o f correlation between age and metamorphism (Fig. 

1. 1).

Scott and Raj an (1981) formulated a "rubble pile" model in which metamorphism 

in small planetesimals (a few meters) occurs prior to accretion into a larger body. This 

scenario requires cooling rates to be controlled by burial depth, thus eliminating the need 

for correlation between metamorphic grade, cooling rates and radiometric ages. A 

number o f authors report a wide range o f measured cooling rates for petrologic types, 

supporting this model (Scott & Rajan, 1981; Rubin et a l, 1983; Williams et a l, 1985; 

and Taylor et. al., 1987).
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A plausible scenario would include a combination of both models in which an 

onion-shell body is fragmented and gravitationally reassembled on a short time scale 

(Grimm, 1985). Theoretical studies indicate collisional impacts over a large range o f 

impact energy can disrupt asteroids such that fragments will reassemble without 

appreciable loss o f the original mass (Davis & Chapman, 1977; Davis et a l, 1979, 1985; 

Farinella et a l, 1982; Hartmann, 1979; Housen et a l, 1979, and Melosh & Ryan, 1997). 

For instance, imaging o f Ida by the 1993 flyby o f the Galileo spacecraft showed a highly 

impacted object with a low bulk density, implying that the interior has appreciable 

porosity and voids indicative o f a rubble pile structure (see review by Chapman, 1996).

It is the desire to understand the temporal evolution and development o f the Solar 

System, from its beginning to the formation o f planetary bodies and subsequent 

disruptions, that has helped to motivate the research o f radiometric chronometers

IV. Conditions for a Chronom eter

For a radiometric dating system to be useful as a chronometer several conditions 

must be met (Tilton, 1988). First, the decay constant of the parent radionuclide must be 

accurately known. Second, the radiogenic component of the daughter nuclide must be 

distinguishable from the initial nonradiogenic component. When the initial isotopic 

composition o f the daughter element is inferred rather than measured directly the ages are 

designated as “model ages”. Third, the isotopic composition of the parent-daughter system 

must have been homogeneous at the time o f chemical differentiation. And, fourth, the dated 

material must have remained a closed chemical system since the differentiation event. The
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Figure 1.1. Measured I-Xe ages (or initial I ratios) for ordinary chondrites show a lack o f  
correlation with metamorphic grade. An inverse correlation exists between Pb-Pb model ages o f  H 
chondrites and metamorphic grade supporting the “onion-shell” parent body model. The -6 0  Ma spread in 
I-Xe ages is greater than the parent body formation time scale o f ~1 Ma (Weidenschilling, 1988, see also 
review by Podosek & Cassen, 1994). Data for I-Xe ages are referenced with respect to Bjurbole. Older 
ages are to the right (Swindle & Podosek, 1988).
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degree to which the I-Xe system meets these conditions is presented in section VTX

V. Radiometric Chronom eters

Many radiogenic chronometers satisfy the above conditions and have been applied 

to meteorites to date physical processes in the solar nebula. As the temperature of the solar 

nebula dropped, refractory elements condensed first out o f the gas phase, later followed by 

more volatile elements as the nebula cooled. Therefore, refractory materials would be the 

oldest assemblages of the solar system. The discovery in chondrite meteorites of inclusions 

rich in refractory calcium and aluminum, “CAIs” - abundant in CV and, to a lesser degree 

CM, chondrites - gave credence to the idea o f a cooling nebula. A review o f initial Sr and 

model Pb-Pb ages by Lungmair & Galer (1992) concluded that the oldest age for a CAI is 

4.569 ± 0.005 Ga in the Allende CV chondrite. This result is considered to be the most 

accurate measurement of the age o f the solar system.

More relevant to thermal alteration is the determination o f disruption events of the 

L-chondrite parent body from dating impact melts primarily using the Ar-Ar chronometer. 

The L-chondrite parent body experienced a major impact at -500 Ma which may have 

disrupted it (Bogard, 1995). Ar-Ar spectra o f the breccia Cat Mountain suggest another 

event at 800-900 Ma (Kring et a t , 1996).

VL I-Xe System as a Chromometer

In the context o f meteorite research, the radionuclide n9l  has been studied more than 

any other o f the extinct radionuclides (Swindle & Podosek, 1988), including 26Al, 53Mn,
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244Pu, to name a few. The short half-life o f 129I (16 Ma - Nuclide & Isotopes, 1989), and its 

abundance in chondritic material, makes the I-Xe system an attractive chronometer for 

dating early solar system formation events.

Reynolds (1960) discovered an enrichment o f I29Xe in the Richardton meteorite 

suggesting that the isotope was formed from the radioactive decay o f 129I. One year later 

Jeffrey and Reynolds (1961) demonstrated that the origin o f excess 129Xe is from the in situ 

decay of 129I by associating the excess with iodine-bearing minerals from analysis o f the 

Abee meteorite. By irradiating Abee with thermal neutrons, 127I (the only stable isotope 

o f iodine) could be indirectly measured from stable 128Xe produced from the reaction,

1271(n, y ) 128I(P ") —»128 X e , (1.1)

where the beta decay half-life is 25 minutes.

They measured the xenon by a technique now known as “step-heating” in which 

the irradiated sample o f meteorite is heated in typically 100°C incremental heating steps 

while analyzing the extracted gas at each step. Excess 128Xe was detected at low 

temperatures, but at higher temperatures the correlation between I-produced 1/9Xe and 

128Xe appeared.

Utilizing the presence o f “frapped” xenon (the initial nomadiogenic component o f 

Xe), Fish & Goles (1962) proposed plotting the ratio o f 129Xe to a non-irradiated produced 

xenon isotope versus the ratio o f 128Xe to the same reference isotope. The point is that if  

128Xe and excess 129Xe are derived from a uniform distribution of iodine in the early solar 

nebula, data would plot isochronously, i.e., along a line o f constant age. And, indeed, the



31

“three isotope plot” in Figure 1.2 shows data from Bjurbdle with a linear relationship 

between I29Xe/130Xe and I28Xe/I30Xe. The measured ratios of xenon were determined from 

gas liberated from successive “step-wise” heating of the meteorite.

As can be clearly seen from Figure 1.2, the low temperature release o f I28Xe* is . 

not correlated with 129Xe*, an artifact not unique to Bjurbdle. The source o f the low 

temperature uncorrelated 128Xe* was first speculated (Jeffrey & Reynolds, 1961) to be 

from diffusive loss o f 129Xe*, recoil o f from the decay o f 127I or surface contamination o f 

iodine. Iodine contamination in Antarctic meteorites has been documented (Dreibus & 

Wanke, 1983) supporting cases where exceptional excesses o f 128Xe have been found in 

I-Xe studies o f Antarctic samples. Swindle (1986a) cites the prevalence o f terrestrial 

iodine contamination in Antarctic meteorites contributing uncorrelated 128Xe*. The 

recoil energy in the n, yp reaction o f iodine was calculated to be less than 220 eV (Drozd 

& Podosek, 1977), an amount small enough not to effect the correlation. Diffusive loss 

o f radiogenic I29Xe (“129Xe*”) from lightly retentive sites is suggested from diffusion 

results of Burkland et al, (1995). Thus, a corresponding loss o f I from the same lightly 

retentive sites would be consistent with those results. This will be discussed in more detail 

in Chapter 6.

The isochronal systematics of the radiometric system can be understood from the 

following. The amount o f 129Xe produced in situ from the decay o f 129I is proportional to 

U8Xe* pile produced from the resident iodine, 127I, present from the time o f formation.

129
Xe* = a 128X e*. (1.2)
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Three Istope Plot o f Raw Bjurbole

Fit to AVCC

------- Free Fit

i2*Xe*/130Xe

Figure 1.2. The slope o f the three-isotope plot o f whole-rock (“raw”) Bjurbole shows the linear 
correlation between excess 129Xe* and 128Xe* for high temperature release o f gas from step-wise heating o f the 
sample. The value o f the slope is 0.81 (fit to AVCC) and 0.90 (free fit). Both lines are fit to filled diamond 
data points. The trapped 129Xe/130Xe ratio is 6.13, determined from the free line fit and the 128Xe/130Xe AVCC 
composition o f 0.511 (see Chapters 4 and 6 for details).
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Additionally, the amount of trapped 129Xe is proportional to a non-radiogenic isotope 

of xenon (132Xe or 130Xe is typically used).

129 Xet = 6 130Xe (1.3)

Therefore, the total amount o f 129Xe measured is the sum o f equations 1.2 and 1.3,

129 X e=129Xe *+129X et =am Xe * +bm X e . (1.4)

Dividing by 130Xe gives a linear equation with the intercept being the trapped ratio

o f 129Xe/130Xe,

129 Xe
130 Xe

128 Xe*
130' + b.

Xe*
130-

^ 129 Xex
130-v^ (1.5)

Given the decay o f 129I the slope can be rewritten as.

a
127 j  \ f  129 TX

128 X e* ; 127 V
(1.6)

The ratio (!29I/127I)0 is the initial iodine composition at the time o f isotopic closure, 

the 127I/128Xe* ratio is the production factor o f pile produced 128Xe* and 1  is tire decay
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constant for 129I.

Therefore, the measured isotopic ratios are related by.

129

130
Xe
Xe, ( 0  —

r 128 Xe* 
< 130 X e .

1271 \ f  129 jX

128 X e* ; 127 V
(r0)e-2(<-u  +

129

130

Xe"
XeJt

(1.7)

Since 129I is extinct, determining an absolute age with the I-Xe system is like reading 

a clock without numbers. Therefore, I-Xe results are usually reported in terms o f relative 

ages with respect to a standard. This is valid given the uniformity o f iodine composition 

between meteorites (Hohenberg et a l, 1967). Hohenberg found that I-Xe analysis of 

Bjurbdle yields a “sharp” and reproducible isochron useful for standardization. Although 

Bjurbole is not the only available standard it has been the most widely used. The age 

difference between a sample and a standard is.

AT = xL f 12’!) — In
f  129

V 27iJ standard V2% sample

(1.8)

Where x (=1/7,), the mean life of 129I, is 24.5 Ma. Isotopic closure after Bjurbdle results in 

AT being greater than zero. In order to simplify the nomenclature, the initial iodine isotopic 

composition is often expressed as,



35

f  129 j'X

TV
(1.9)

If the standard has been irradiated with the sample then the neutron fluences and 

spectrum experienced by both are the same (the 128Xe*/127I ratio is identical for both). 

Therefore, the calculation o f a relative age simplifies to,

z
AT = r ln a standard

X ^sample z

(1.10)

In the case where two or more samples have not received the same fluence the 

amount o f 128Xe* produced can be determined by monitors o f known iodine composition. 

Meteorites with consistent R* values (such as Bjurbole) are commonly used as monitors. 

Isotope dilution can also be employed where a sample containing 128Xe* is mixed with a 

known amount and composition of xenon. In such situations potassium iodide or sodium 

iodide is employed. The reproducibility of the Bjurbole standard used irradiated KI yields 

E 0= (1.095 ±  0.029>104 (Hohenberg & Kennedy, 1981).

Nichols et a l (1994) determined the absolute age o f Bjurbole from the 

concordance between Pb-Pb and I-Xe ages o f phosphate separates from the achondrite 

Acapulco. When coupled with the Pb-Pb age o f Acapulco phosphates the absolute age o f 

Bjurbole is 4.565 ± 0.003 Ga, rendering all I-Xe ages absolute.

If  the I-Xe system is dating nebular processes, 129I must have been produced a 

short time before condensation o f the solar system. Reynolds (1963) suggested that 129I
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was produced in r-process nucleosynthesis from galactic sources. Either ejection o f 129I 

from nearby supemovae (Cameron & Truran, 1977) or incorporation o f 129I into the solar 

nebula from the passage though a galactic reservoir may have occurred prior to 

condensation o f the solar nebula. Alternatively, but less favorably viewed, production 

may have occurred locally within the solar system by irradiation from an early active Sun 

(Fowler et a l, 1961).

For the I-Xe system to be viable as a chronometer (complementary and 

additionally to section IV) a number o f conditions must be met: (1) 129I must have been 

extant during the condensation period o f the solar nebula, (2) iodine must have been 

homogeneously distributed within the solar system, (3) 129Xe* must have been produced 

in situ in meteorites. The validity o f these conditions has been presented as a defense 

(Swindle & Podosek, 1988) against various non-chronometer models. A summary 

follows.

VIL N on-Chronom eter Models

Clayton (1975) suggested that there was never any live 129I in the early Solar 

System. Rather, "fossil" 129Xe* arrived in the solar system in interstellar grains which 

were incorporated into the accretion process. This theory is not supported by the evidence 

from samples where I29Xe' is correlated with I (Jordan et a l, 1980; Niemeyer, 1979; 

Wasserburg & Huneke, 1979) and also existing in secondary minerals (Nichols et a l, 

1994). Additionally, the correlation o f Ga, Ge and Ni abundance in LAB iron meteorites 

with I-Xe ages in silicate inclusions requires that the fractional population o f interstellar
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grains in each TAB silicate be correlated with the Ni content o f the metal (Niemeyer, 

1979). This would require that gas extracted in I-Xe stepwise heating experiments from 

interstellar grains and solar mineral assemblages be similar over the same large 

temperature range - a very unlikely prospect.

Crabb et a t (1982) and Clayton (1983) suggested that live 129I from interstellar 

grains arrived in the solar system and mixed incompletely with iodine already in the 

nebula. This scenario would have produced a heterogeneous distribution o f 129I/127I. But, 

the observed increase in trapped 129Xe/132Xe ratio with younger I-Xe ages (Podosek, 

1970) indicates that the spatial inhomogeneities o f the initial 129i /127i  ratio must have been 

accompanied by spatial variations in the trapped ratio (Jordan et a t, 1980) in just such a 

fortuitous way to give the inverse correlation.

Another argument for heterogeneity suggests the possibility that E* varies 

according to grain size where different parent bodies accumulated from different 

generations o f sedimentation processes (Clayton, 1980). With the possible late addition 

o f hot 129I into the solar nebula younger iodine would accrete onto smaller grains thereby 

fractionating it from older I. However, I-Xe ages o f matrix materials fall within the range 

o f chondrules for a number o f samples (Caffee et a t, 1982; Podosek 1970; Swindle, 

1986b). This scenario also has trouble with the trapped ratio argument mentioned in the 

preceding paragraph.

Huneke (1976) suggested that the high temperature correlation is due to diffusion 

during experimental heating. This is refuted by evidence o f a 100% correlation for all 

temperatures (down to 600°C) in silicate inclusions in a IAB iron meteorite (Niemeyer,
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1979). Additionally, i f  the 129Xe/128Xe ratio is expected to approach a constant value via 

diffusive amalgamation then so should the l29Xe/132Xe ratio, which is not observed 

(Jordan et a t , 1980).

While not definitively proven, the assumptions necessary for the I-Xe system to 

be a chronometer remain valid given the prevalent high temperature correlation o f 128Xe* 

and 129Xe* in many samples and the understanding o f early solar system history. A key 

factor in this discussion is the identity and nature o f the I-bearing host(s).

VUL W here is 129Xe*?

There are a number o f types o f microscopic features where I and radiogenic 129Xe 

could reside within meteorites (Wood, 1967): (a) in trace minerals, either I compounds or 

other minerals that accept I easily into their structures; (b) along grain boundaries; (c) at 

dislocations in the structures o f major chondritic minerals; (d) substituting for atoms 

normally present in major chondritic minerals; (e) or as an alien entity "walled in" by 

undistorted surrounding crystalline matter. There is experimental evidence (discussed 

below) o f feature (a). Features (b & c) suggest sites where the physical retention o f 

xenon would be weak, thus being released at low temperatures. It is features (d) and (e), 

diffusive and "caged" sites respectively, that seem to contain I and I29Xe*, useful for 

dating purposes, that will be focused upon in this study.

However, a significant hindrance to determining the chronological significance o f 

the I-Xe system is that the mineralogical identity o f the host(s) site o f iodine is not known 

in ordinary chondrites. Knowing the thermal properties of the host mineral phase(s)
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would give a means o f establishing the behavior o f the I-Xe system under thermal 

metamorphic conditions. In addition, this information would improve the experimental 

method enabling mineral separations to be performed prior to I-Xe analyses analogous to 

techniques for used for other radiometric analyses.

Iodine is difficult to detect in meteorites with conventional techniques due to low 

abundance, on the order o f ppb (Goles & Anders, 1962). The case with radiogenic 129Xe 

is even more difficult since the initial abundance o f 129I is four orders o f  magnitude lower 

than 127I.

In enstatite achondrites the primary host phase to I has been found to be the 

mineral enstatite itself. Kehm et a t (1994) used in situ noble gas laser volatilization o f 

thick sections o f Shallowater and found a three-fold enrichment o f radiogenic 129Xe 

above that o f trapped 129Xe.

Investigations o f secondary minerals, z.e., secondary alteration products o f 

thermal metamorphism, where I presumably substitutes for other halogens such as Cl, 

have given mixed results. In the carbonaceous chondrite Allende (CV3) the mineral 

sodalite has been found to contain 129Xe (Kirschbaum, 1985a,b). Early searches 

concentrating on phosphates in the ordinary chondrite Shaw (L7) (Kirsten et a t, 1978) 

and in a number o f other metamorphosed OCs (Jordan et a t, 1980) were negative.

However, Nichols et a t (1994) and Brazzle et at (1994) recently claim that 

phosphates are the dominant phases from mineral separates o f apatite and merrillite 

grains in the achondrite Acupulco. Concentrations o f m X e‘ have been found in enstatite 

in type E6 enstatite chondrites based on density and solubility in acids (Crabb & Anders,
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Sulfides were proposed to be hosts for I from analyses o f Orgueil (Cl) (Lewis & 

Anders, 1975) and Abee (ELM) (Srinivasan et a t, 1978) but were later shown to actually 

be depleted in 129Xe*. This result was also substantiated by other studies summarized by 

Swindle & Podosek (1988).

Goles & Anders (1962), using neutron activation techniques on iron meteorites, 

found I to be somewhat chalcophile (residing in sulfide phases). They estimated very 

high I concentrations in sulfides (as much as 3.6 ppm) although this varies over a wide 

range for different iron meteorites (0.02-3.6 ppm). They also suggest that other sulfide 

phases, such as CaS and MgS, as candidates for hosts o f I in chondrites.

Swindle & Burkland (1992) analyzed chondritic metal from two unequilibrated H  

chondrites. While radiogenic 129Xe was detected in metal the amount was very small, 

less than 1% that o f bulk meteorite samples o f the same metamorphic grade. 

Additionally, the presence o f I-bearing inclusions within the metal samples could not be 

ruled out. Kehm et al. (1994) found no 129Xe* in two metal phases from the enstatite 

achondrite Shallowater.

The identity o f the initial host phase(s) for I in unequilibrated meteorites has 

required new and innovative methods o f investigation. Goswami et al. (1998) performed 

ion-probe and in situ laser mass spectrometric analysis on chondrules in the 

unequilibrated Semarkona (LL3) meteorite. The ion microprobe data for silicates 

suggests low I content for olivines (20-45 ppb), higher values for pyroxene and glass 

(mesostasis) (40-160 ppb). The uncalibrated ion probe data suggests the concentration is

1982).
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high in sulfide, but the noble gas laser probe data, which should be more accurate, refutes 

this. While the analytical techniques applied by Goswami et al. (1998) contributed to the 

understanding o f the I-Xe system, the inherent uncertainties preclude identifying the 

major carrier o f I. The feasibility o f using the in situ laser mass spectrometric analysis is 

explored in Appendix B.

As previously discussed, the I-Xe ages o f ordinary chondrites do not correlate 

with metamorphic type and span a ~60 M a range which is greater than the formation time 

o f asteroid parent bodies (Weidenschilling, 1988, and review by Podosek & Cassen, 

1994). This suggests that the I-Xe system is “seeing through” metamorphism, z.e., the 

system has remained unaltered for temperatures and times comparable to the 

metamorphic history o f the sample. This is a credible possibility, but remains only 

suggestive without data to confirm the retentive nature o f the I-Xe system under 

metamorphic conditions experienced by OCs.

K .  Goal off the Thesis

The main goal o f the thesis is to quantify the retentive nature o f the I-Xe system, 

specifically, to understand the relationship that exists between the temperatures necessary 

to induce mobility o f I29Xe* and I27I from the host phase(s) in Bjurbole and the 

metamorphic temperatures experienced by the meteorite. In other words, did the thermal 

metamorphism experienced by Bjurbole alter the I-Xe system? This has important 

ramifications concerning what type o f events the system could actually be dating!

Isothermal heating experiments were conducted on samples o f Bjurbole to
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monitor the release characteristics o f 129Xe* and 127I. Since the duration o f thermal 

metamorphism experienced by the L-parent body lasted for a period o f time > tgs (where 

tgs is the mean graduate student life-time), experiments were run for brief periods o f time 

at high temperatures (Chapter 3, section II). The results are presented in Chapters 5 & 6. 

Additionally, some o f the heated products from these experiments were examined in an 

attempt to constrain the possible identities o f I-bearing phases in Bjurbole. These results 

are presented in Chapter 7.

But first, the transport mechanism that governs isotopic mobility, and the means 

o f determining the temperature at which the change in mobility becomes significant 

enough to alter the I-Xe system in Bjurbole, must be addressed.
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Chapter 2. MODELING

In order for a radiometric chronometer to be thermally altered the isotopes 

defining the system must be liberated from the original host site(s) o f radiogenic 

production. This can be achieved at a  critical temperature, sufficiently high to initiate 

mobility. Therefore, a chronometer can be considered “reset” i f  the surrounding 

environment o f the isotopic system has reached this critical temperature during a heating 

event, Likewise, the isotopic system becomes “closed” when the surrounding 

environment has cooled below this critical temperature such that the mobility o f the 

isotopes has ceased on length scales small compared to the dimensions o f the host site. 

The critical temperature is termed the “closure temperature” and is generally defined here 

as the temperature at the time corresponding to the apparent radiometric age for the 

thermally altering event.

The means o f determining a closure temperature is dictated by the mechanism 

governing isotopic mobility. For instance, i f  the change in thermal mobility o f a given 

isotope is defined by the liberation from a broken lattice site (or, alternatively, the 

formation o f a crystalline lattice site) then the closure temperature is identified with the 

melting temperature o f the host mineral. A more sophisticated mechanism for thermal 

mobility is volume diffusion where determining the value o f the closure temperature 

becomes a more challenging task, as will be shown below.

This chapter deals with the theoretical means used to determine the retentive 

nature o f the I-Xe system in Bjurbole in the context o f a closure temperature, where the
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mobility o f iodine and xenon isotopes is modeled from two likely mechanisms. The first 

deals with mobility governed by volume diffusion o f  129Xe* and 1271 based on measured 

diffusion parameters, resulting in a means o f calculating a closure temperature. The 

second deals with a system in which the isotopes are restrained from diffusing by the 

strong chemical bonds o f the surrounding lattice. Mobility then commences once the 

“cage” that surrounds the site o f I29Xe* and 127I is broken at the corresponding closure 

temperature.

)

I, Diffmsiom M odel

The geoscience community in the field o f thermochronology has largely driven the 

development of the methodology dealing with thermally altered radiometric systems over 

the past four decades. The analysis o f nonequilibrium processes, such as the rates o f 

descent or ascent o f a particular segment o f crust, for example, was previously 

constrained by the use o f equilibrium monitors which rely on peak metamorphic 

conditions (McDougall & Harrison, 1988). With the development o f cooling rate 

monitors and closure temperature methods, in the mid-sixties and early seventies, 

analysis o f the reaction pathways experienced by thermally altered geologic events

became feasible.
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BodsoB closure tem peratare

Stirred by the observation that in some cases radiometric argon and strontium are 

mobile in minerals at temperatures well below crystallization, Dodson (1973) formulated 

an expression for the closure temperature o f radiometric systems in samples which 

exhibit thermally activated volume diffusion. The derivation assumes slow cooling from 

high temperatures. Ultimately, cooling continues until the rate o f  accumulation o f the 

daughter product becomes nonzero and eventually becomes equal to the rate o f  

production. The closure temperature occurs during the time o f this thermal transition 

point in which the production o f the daughter product is assumed constant. The situation 

is schematically represented in Figure 2.1.

A number o f assumptions for the validity o f the derivation are stated by Dodson 

(1973); (1) the system is initially in an equilibrium state at high temperatures such that 

the daughter product escapes as fast as it is formed, (2) during cooling the time between 

the equilibrium state and the accumulation o f the daughter product is short compared to 

the half-life of the parent isotope (i.e., the production rate o f the daughter product is 

considered to remain constant), and (3) over the limited transitional temperature range 

depicted in Figure 2.1 the temperature cools linearly in 1/T. Lovera et a l (1989) showed 

that this assumption is not rigorously unique, concluding that the form o f the cooling 

curve is not at all critical in deriving the closure temperature.
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Figure 2.1 (adapted from Dodson, 1973) shows the relationship o f the closure temperature, Tc, 
with the time corresponding to the apparent age, tc, for slow cooling. For times t < tc the daughter parent 
ratio, D/P, is zero until the transitional temperature range is approached. For times t > te the ratio D/P 
becomes linear as isotopic mobility ceases.
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An additional assumption necessary for using the Dodson formalism is that the 

system remains stable during the thermal event This means that the host site should not 

undergo any chemical or physical modification, such as melting or crystallization, which 

would alter the diffusion parameters. This is o f special concern in terrestrial samples that 

can be hydrous, such as micas and amphiboles, requiring additional experimental 

treatment to insure stability (McDougall & Harrison, 1988).

The key point in the derivation o f Dodson’s closure temperature is the 

introduction o f a time dependent diffusion coefficient with a time constant, t, into the 

Arrhenius equation,

D = Da e x p (-£  IRT) = D0 ex p [(-£  IRT0) - ( t l  r)] (2.1)

= D(0)e",/r .

The temperature, T, can be expressed as a function o f time,

____ E_ l
ST ~ RtR  t '

(2.2)

where D(0) and T0 are the values o f the diffusion coefficient and temperature at f = 0 

and E  is the activation energy. It then follows that t is related to the cooling rate by.
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d{E I R T )ld t = \ l t

t ~ R 1(E ' dT~l /  dt) (2.3)

= -R T 2 l {E-dT l dt) ,

which is the time taken for D to diminish by a factor o f e*1. Therefore, mathematically, 

the condition for a slow cooling rate (Dodson, 1973) is that the cooling time constant, t, 

should be much greater than the characteristic diffusion time a2/D(/=0).

The derived relationship o f the closure temperature to the diffusion parameters 

and t is.

E jR T c  = \n(ArD0 /  a2), (2.4)

where A  is a factor depending on the geometry (55 for a sphere) and the parent half-life/r 

ratio, and a is the characteristic dimension o f the system {i.e., the length scale o f the site 

where diffusion occurs). Since x contains Tc equation 2.4 must be solved iteratively.

In his paper Dodson first gives a derivation o f the closure temperature for 

circumstances which obey first-order loss (where the reaction rate involves the first 

power o f the daughter concentration), from which a general derivation for volume 

diffusion evolves. Proceeding likewise, the net increase in the concentration o f the 

radiogenic daughter product, x, from the corresponding parent, Cp, decaying at a rate % is.

dx I dt — XCP -  k (i)x , (2.5)
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where k(t) is the loss coefficient assuming the form o f equation 2.1.

With a change in variables and implementing equations 2.1 and 2.2 for T=Tc, 

equation 2.5 can be solved to yield the form similar to equation 2.4,

E  /  RTC = \niytK), (2.6)

where K  is the first order loss coefficient and y = 1.78, from Euler’s constant.

Dodson uses this result o f Tc for first-order loss to heuristically derive a relation 

for the closure temperature for volume diffusion. Using the infinite series solution o f 

Pick’s second law (Crank, 1956) for the fraction o f diffusant, <p, initially at uniform 

concentration, which remains in the system at time t,

P  = % ( # / * » )  exp(-a« Dt la 2),  (2.7)
n~\

Dodson interprets that each term in equation 2.7 corresponds to a sub-system o f “weight” 

B/ ccl and first-order loss coefficient a^ D /a2 . Therefore, Tc in equation 2.7 becomes the 

closure temperature o f a subsystem “n” with a 2Y)Ja2 substituting for K  (see equation

2.6),
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——  -  Infy ra l —f- j . (2.8)
K~lCn v a /

Summing all weighted closure temperatures for each sub-systems yields equation 2.4

In appendix B o f his paper Dodson gives a rigorous derivation o f the closure 

temperature for volume diffusion. He considers the solution o f the accumulation- 

diffusion-cooling equation, which takes the dimensionless form.

39

z \  c II 6
 

° 
3 < w

/  Xc
Ic J a U J

e~6 + . (2.9)

where 0 = t/x, c = concentration o f the daughter product, c0 = initial concentration o f the 

parent.

The specific details o f the derivation o f the closure temperature from equation 2.9 

will not be revisited here except to outline the key steps. Dodson transforms equation 2.9 

into the heat equation with variable boundary conditions via a change o f variables,

q = \ — e~lt0 -  d  c0, (2.10)

which is a measure o f the deficiency in c/c0 relative to what would be produced with no 

diffusion losses and has the initial condition, q=0 at 0=0.

Applying the generalized infinite series solution from Carslaw & Jaeger (1959)
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(see also Crank, 1956) the volume averaged quantity o f daughter product, q , formed at 

time t, takes the general form.

r(Ar + l) B 
(jD(p)la1)u h o i wu'’ ’

(2.11)

where the constant B and On depend on geometry. By definition.

q - \ -  e~Xt0c, (2.12)

is the difference between the total quantity o f daughter product formed after infinite time 

and the quantity formed since the closure time, 0c. Equating the right hand sides o f  

equations 2.11 and 2.12, taking the logarithm and again using the fact that 

6C - E I R T C - E l  RT0 and thatD(O) = Da e x p (-£  / RT0) yields.

E I  RTC = \n(tD0 / a 2) -  (1 / Xt) In] T{Xr + 1 )X  1 (2.13)
l «=1 an J

=  1ii(A tD0 l a 2).

In the limit o f Xt -»  0 (slowly decaying parent - assumption #2) the above expression 

becomes equation 2.4 with A being determined from the geometric factor B and the 

infinite sum o f the appropriate On terms. For a sphere (the geometry assumed in these
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experiments) B = 6, and On = njc.

It should be noted that for the case o f 129I the half-life o f 16 Ma can not 

necessarily be assumed to be long compared to the transitional temperature range shown 

in Figure 2.1 (Dodson, 1973). The form o f Tc will be that o f equation 2.13 with the 

overall consequence being that the closure temperature will appear higher than it would 

with a constant production rate.

Kelevamee & Precedence

McDougall & Harrison (1988) cite numerous examples of experiments on terrestrial 

samples where Dodson’s closure temperature is applied to the Ar-Ar system. Dodson’s 

closure temperature has also been applied to Ar-Ar dating o f mesosiderite meteorites 

(Bogard et al, 1990), and to Pb-Pb dating o f ordinary chondrites (Gdpel et a t, 1994) to 

help constrain cooling rate data. In the case o f the I-Xe system, Dodson’s closure 

temperature was used by Hohenberg et a l, (1981) to constrain noble gas retention 

chronologies o f the impact breccia meteorite St. Severin. They stated closure 

temperatures in the range o f 45ti-600°C, adding that careful diffusion experiments are 

necessary for a more accurate determination.

Fractional loss calcmtotions

In the context o f diffusion measurements made in the laboratory, diffusion 

parameters o f a domain in a host phase can be determined by measuring the amount o f 

diffusant that is lost from isothermal heating o f a sample. A domain refers to a unique
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physical site o f the radiogenic daughter product that, for volume diffusion, is 

characterized by a unique activation energy and frequency factor. A host phase refers to 

a host mineral that, for example, may contain multiple domains due to different 

crystalline structures.

The length scale for I-bearing domains is unknown, but expected to be on the 

order o f the tens o f microns. Results from Chapter 6 (section HI) indicate that the size o f 

I-domains is probably no greater than ~38 pm. Comparing to the Ar-Ar system, Lovera 

et al. (1993) found Ar domains sizes in K-feldspar to be between 60 and about 130 pm  in 

diameter.

For a domain with spherical geometry o f radius a and uniform concentration the 

fractional loss, F, o f diffusant at time t is (Carslaw & Jaeger, 1959),

which is just 1 minus equation 2.7.

Determining the diffusion parameters from equation 2.14 is a rather difficult task 

due to the summation. Fortunately, approximate solutions o f D/a2 in terms o f F can be 

made for different ranges o f loss (Fechtig & Kalbitzer, 1966 and Reichenberg, 1953). For 

small losses, F < 10%,

(2.14)
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F - 6
m

(2.15a)

For losses 10% < F  < 90%,

F — 6.
m

-3 D t / a2. (2.15b)

For high losses, F > 90%,

F = 1 — — 2 exp(—̂r2D tla 2). (2.15c)

Figure 2.2 shows the validity of the approximation o f equations 2.15 to equation 2.14.

By measuring the fractional diffiisant lost during isothermal heating at monitored 

temperatures the value D/a2 can be determined from equations 2.15. By repeating this 

procedure on duplicate samples at different temperatures the activation energy, Ea, and 

frequency factor. Do/a2, can be determined from an Arrhenius plot o f logio(D/a2) versus 1/T 

(see equation 2.1). However, the more efficient method of data collection is from step-wise 

heating. The first heating step alters the initially uniform concentration o f the diffiisant in 

the sphere. But, from the knowledge o f all losses the correct treatment o f solving for D/a2 is 

achieved by taking the difference in fractional losses between each successive heating step
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Exact & A pproxim ate Solutions for 
Fractional Loss

-------  Exact Solution
F < 10%

------- 10% < F < 90%
..........F > 90%

Figure 2.2 shows the ranges o f fractional loss, F, in which equations 2.15 approximate the exact 
solution for F, equation 2.14 (adapted from Fechtig & Kalbitzer, 1966).
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(Fechtig & Kalbitzer, 1966). Analogous to equation 2.15 the value o f D/ a2 becomes:

For F < 10%,

(2.16a)

10% < F < 90%,

(D /  a 2) i+1 =
1

^  ( f w - O  l 3

A
(2.16b)

F > 90%,

{D ia 2)M
1 l -F t (2.16c)

for the i&+ l heating step. From an Arrhenius plot o f the data derived from step-wise heating 

a sample, the necessary diffusion parameters can be determined, combined with cooling rate 

information, to calculate a Dodson closure temperature from equation 2.4.

However, nature is not always so simple. Bulk samples o f meteorite material
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contain many different assemblages o f minerals, elemental compounds and metals providing 

multiple possible sites that can play host to iodine with a range in grain sizes and activation 

energies. Even for single mineral samples there may be multiple domains (z.e„ diffusion 

parameters) due to nonisotropic lattice sites, phase transitions or imperfections in the lattice 

(Fechtig & Kalbitzer, 1966). Figure 2.3 schematically shows a possible scenario where the 

Arrhenius relationship versus inverse temperature is non-linear.

Multiple domains with varying activation energies ranging from 18-52 Kcal/mole 

are cited by Bogard et al. (1990) for Ar-Ar data obtained from mesosiderites. Situations 

where samples have contained multiple domain sizes, and/or, varying activation energies, 

have been documented and modeled most extensively for argon diffusion. In alkali feldspars 

Harrison et al. (1991) report o f activation energies that vary by as much as 8 Kcal/mole, 

changing the closure temperature by up to 30°C. Lovera et al. (1989) were able to reconcile 

Ar-Ar age spectra with cooling histories o f alkali feldspars from the Chain o f Ponds pluton, 

in northwestern Maine, by modeling the Arrhenius results with a distribution of domain 

sizes.

H. Cage Model

The second release mechanism considered here is the “cage” model. Wood 

(1967) suggested that 129Xe* in such experiments may be released not by diffusion, but by 

the rupturing o f "cages", mineral sites which completely surround embedded atoms, 

clusters o f atoms or even optically visible inclusions. Removing 129Xe* from such a site 

entails breaching the well-established crystal surface that surrounds it and stuffing the
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M ultiple Dom ain Sam ple

1/T

Figure 2.3. A schematic Arrhenius plot of a sample with three different activation energies, Ei, E2, E3. 
Outgassing o f the sample continues as the temperature increases with less retentive domains becoming 
exhausted as more retentive domains become dominant.
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oversized atom into the crystal structure. Wood (1967).

Effectively all radiogenic 129Xe would be released suddenly at a high temperature, 

possibly close to the melting point o f the host phase. Given this scenario, the I-Xe 

system would reset only when the surrounding environment o f the host phase reached 

such a high temperature and would be weakly affected, if  at all, by thermal histories 

below this temperature. The closure temperature o f the system would represent this 

epoch thermal event, possibly even being the melting temperature o f the host phase itself.

The cage model suggests that the system could be highly retentive to thermal 

alteration. Swindle et al. (1983) pointed out that matrix samples in Bjurbole give I-Xe 

ages that are similar to those o f chondrules, yet the matrix ages o f the Rb-Sr and Ar-Ar 

systems are hundreds o f millions o f  years younger than the chondrule ages. Additionally, 

they stated that the Rb-Sr and Ar-Ar systems o f Bjurbole are disturbed while the I-Xe 

system is stable enough to be used as a standard.

Preheating samples o f Abee (Hohenberg and Reynolds, 1969) and Allende (Rison 

and Zaikowski, 1980) to temperatures o f 1200°C and 900°C, respectively, did not change 

the high temperature correlation lines from I-Xe isochrons. These results are consistent 

with Wood's "cage" model, but are not definitive.
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CMpter 3. EXPERIMENTAL PROCEDURES 

1  Noble Gas Mass Spectrometry 

Extraction

Analyses o f noble gases were performed on a two-component system (Fig. 3.1). 

The first system, the extraction line, handled the extraction, purification and separation o f 

noble gases from the samples. The second system, the VG 5400 noble gas mass 

spectrometer, measured the isotopes of xenon using magnetic sector mass spectrometry. 

Extraction took place in an ultra-high vacuum (UHV) environment with base pressures o f 

10"9 torr or better in which gases were extracted from samples by heating to designated 

temperatures. The extraction, purification and separation process will be discussed first.

Furnace

Extraction o f noble gases can be performed by heating samples in one o f two 

methods. The first method involves resistive heating o f samples in a stainless steel furnace 

at UHV. The furnace consists of two vacuum chambers, one maintained at UHV and an 

"outer can" which is held at millitorr pressures. The two volumes are separated by a 

cylindrical Ta crucible, 0.5" diameter, which is heated resistively by a Ta heating element in 

the outer can. This method was used for all the samples analyzed in this thesis.

The second method of extraction involves illuminating samples with an argon-ion 

laser. Samples exposed directly to a beam of approximately 1W “fuse” (melt) within a few
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seconds. This technique was not employed for this thesis for several reasons. First, the 

maximum beam size o f the laser is 1mm, smaller than most samples. Second, temperature 

control cannot be maintained accurately when temperature steps are necessary. And third, 

the delicate handling o f radioactive samples for laser extraction posses a health risk. 

Appendix A gives a complete detailed explanation o f the laser extraction system.

Samples heated with the resistive furnace were loaded directly above the crucible in 

the UHV volume in one o f two sample holders. The 129Xe* experiment used a twelve slot 

stainless steel sample holder with a mechanical feedthrough rod to drop the samples into the 

furnace crucible. The remaining data for this study was acquired using a Pyrex sample 

holder with magnets placed inside to deposit the samples to the crucible. As many as thirty 

samples were loaded at one time with the Pyrex sample holder.

Typical power loads applied to heating the furnace were approximately 300-1700W 

depending on the desired temperature setting. Temperatures were measured with type C 

(tungsten - 5% rhenium vs. tungsten - 26% rhenium) thermocouples placed on the outside 

base of the Ta crucibles. Temperatures on the inside base of the Ta crucibles were measured 

by optical pyrometry through a 7065 glass viewport upon the installation of a new crucible. 

After analysis of the first sample in a new crucible, deposition of silicates on the viewport 

made the optical measurement inaccurate.

By comparing the temperature measurements o f the optical pyrometer and 

thermocouple, a temperature gradient was determined between the bottom and top o f the
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EXTRACTION LINE MASS SPECTROMETER  
VG 5400

=<8>= < ------Vent Valve

ESS® Convectron Gauge 

Ion Gauge 

Turbo Pump 

Mechanical Pump 

Ion Pump

#1
Air Pipet & Storage Tank

O  SAES Getter

( ^ )  Titanium Sublimation Pump

^  "Charcooler"

Valve

Figure 3.1 schematically represents the two-component system used for analysis o f noble gases; the 
extraction line on the left and the VG 5400 mass spectrometer on the right.
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C rucible T em peratu re  versus Pow er

Pyrom eter, inside-top 
Therm ocouple, outside-bottom

0 200 400 600 800 1000 1200 1400 1600

P o w e r (W a tts )

Figure 3.2. Crucible thermal gradient between the bottom and inside-top. This measurement enables 
an initial calibration o f temperature versus power applied to the furnace (Fig. 3.3).
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Pyrom etric  T em peratu re  versus F urnace C u rren t

C u r r e n t  (A m p s)

Figure 3.3. Furnace calibration curve o f temperature versus current. As material was deposited into 
the crucible with each sample, the amount of power necessary to reach a specified temperature increased, as 
measured by the thermocouple. Accuracy o f the temperature control was approximately ± 25°C, for the 129Xe* 
experiment, and ±2°C for the 127I experiment.
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crucible at successive temperatures (Fig. 3.2).

Typically for noble gas experiments a sample is heated at successively increasing 

temperatures, analyzing liberated noble gases at each temperature step. This enables an 

isochron to be constructed to determine an age (see Chapter 1). However, for this study, gas 

content rather than radiometric ages was the primary objective, although a few samples were 

analyzed by step-heating (Table 4.2). Therefore, each sample was sufficiently heated at 

temperatures in the range of 1600°C for 5 to 10 minutes in order to liberate all the xenon 

contained in a sample in one heating step.

Furiflcation &  Separation

After extraction, thin films o f freshly sublimed Ti first purified the gas. The thin 

films were deposited for approximately 1 minute in the furnace volume. The samples for 

the iodine diffusion experiment were not subjected to Ti thin film gettering due to a failure 

in the Ti sublimation pump controller. In principle, titanium films chemically adsorb all 

reactive gases leaving He, Ne, Ar, Kr, Xe, CFfr and N*. However, this process is not 100% 

effective in removing all contamination and is limited by the exposed surface area of freshly 

sublimed Ti. The remaining gas was purified further by hot and cold gettering using A1 

16% - Zr 84% material from StlOl SAES getters in successive volumes o f the extraction 

line. A hot getter was maintained at an approximate temperature o f 400°C (by resistive 

heating from a tantalum element run at 2.25 A), where reactive gases, including N%, were 

pumped. The extracted gas was then expanded into a volume containing a cold SAES 

getter, run at room temperature, to pump % . Gases were initially exposed to each SAES
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getter for 5 minutes.

Separation of noble gases was performed by cryogenic methods using LN2 to cool 

activated charcoal. Xenon and krypton were condensed onto the activated charcoal (referred 

to as the "charcooler". Fig. 3.1) in a temperature range o f approximately -85 to -95°C over a 

20 minute period followed by a 10 minute period where the remaining uncondensed gases 

were pumped away. These times were determined by testing tire procedure with air spikes 

from the air tank reservoir on the extraction line. After isolating the charcooler from the 

pumps, the activated charcoal was heated to the normal running temperature of 180oC to 

desorb xenon and krypton. The gas was then expanded into the volume of the mass 

spectrometer for analysis.

Separation o f the noble gases serves a two-fold purpose. First, by separating the 

small amount o f xenon contained in a sample (typically 7xlO"10 cm3STP/g of 132Xe for 

Bjurbole) from the large amount of argon usually liberated (10‘3 cm3STP/g o f 40Ar, 

Hohenberg et al, 1981), the Ar background in the mass spectrometer was maintained at a 

minimum. The excess argon was pumped away through the extraction line. Second, 

collecting the limited amount of xenon into a small volume o f the extraction line close to the 

mass spectrometer increased the xenon signal by a factor of three.

Mass Spectrometer

Noble gas isotopic analysis was performed on a VG 5400 noble gas mass 

spectrometer. This is a  90° magnetic sector mass spectrometer with a 54cm equivalent 

radius that analyzes ionized gas in a static base vacuum o f 10"9 torn Ionization was



67

performed by a Neir type (Neir, 1940,1947) bright source operating at a trap current o f 200 

[xA for the heavy rare gases with a typical emission o f 500 mA. A voltage applied between 

the filament and trap (termed "electron voltage") of 79.4 volts yielded the maximum 

intensity. Focusing of the beam was accomplished in the source via an assembly of magnets 

and electrostatic plates (Kerwin, 1963). Ionized xenon was accelerated through a 4.5- 

kilovolt electrostatic potential, magnetically separated and analyzed on one of two 

collectors. Beams with current values o f < 6x l0 '13 amps were analyzed on a Balzers type 

217 electron multiplier with a 109 ohm resistor. Mass resolution was typically 600. The 

operating voltage for the electron multiplier was 2.1 kilovolt.

Data collection from the electron multiplier was achieved using EG&G Ortec ion 

counting electronics. The signal from the multiplier passed through an EG&G model 9301 

fast preamplifier with 50 ohm input impedance. The rise time was < 1.5 ns and the voltage 

gain was 10. An EG&G model 9302 amplifier-discriminator was set at a gain of 20 with a 

3.0 ns rise time and a pulse pair resolution < 10 ns. The discrimination voltage was set to 

minimize the noise o f the amplifier while not compromising the counting statistics. An 

EG&G model 996 timer incorporates a 100 MHz, 8 decade counter and blind preset timer. 

Computer control o f the ion counting via VG software was performed with an IEEE-488 

card in the 996.

Control o f the magnet was achieved through a 16 bit DAC in the high-resolution 

magnet supply. The DAC operates over four ranges with the DAC setting giving a linear 

relationship between the field and each DAC setting in each range. There is overlap 

between the ends o f each range insuring the computer's digital output can set any magnetic
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field value. The linear fit for each range was stored in an electronic calibration file.

The field setting o f the magnet was monitored from the current o f a Hall probe 

positioned in between the magnet pole pieces. The field setting as a function o f mass was 

stored in an electronic mass calibration file. Once a mass value had been selected, the 

computer controlling the system calculated the correct DAC setting to set the magnet to the 

required field.

The center o f the computer control system for the VO 5400 is the multiple interface 

where the latching and addressing o f all the digital signals used to control the mass 

spectrometer is processed. Communication between the computer and the hardware was 

done through an IEEE488 card on board the multiple interface (VG 5400 Instrument 

Manual).

Flow of O peration

Modified VG software, run from a 386 IBM compatible computer, controlled the 

operation o f the VG 5400, Upon the commencing of analysis a baseline noise band was 

measured several times determining an average and standard deviation value of the 

background. The first segment o f analysis o f the extracted gas consisted o f centering the 

magnet on the designated peaks. The baseline noise band was the threshold value used to 

consider threshold signals for the peak centering procedure. After the sample gas was 

expanded into the spectrometer, a  timer was started and peak centering began. At least two 

masses from the suite of isotopes to be analyzed were required for peak centering. The 

magnet field values o f the peak centers were then determined by a VG peak centering
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algorithm and used to construct an accurate mass calibration used for the mass range 

analyzed during that particular analysis.

After centering, at each mass value the intensity was measured by jumping from one 

programmed peak to the next using the field values from the mass calibration file. In 

between measurement o f peaks a programmed delay time, typically 3 seconds, allowed the 

magnet to settle to the next desired field value. The integration time o f each peak was 

programmed by the user, typically varying between 1 and 8 seconds depending on the 

intensity o f the signal expected. At least one "zero" value was measured at an intermediate 

mass value and subtracted from the measured intensities. At the termination o f this process, 

the data was stored on hard disk and the cycle was repeated a predetermined number o f 

times.

The first step in reduction of the raw data was accomplished with a sample 

calculation program from the VG software to determine initial intensities and ratios o f the 

isotopes measured. A straight line or curve fit was made on the data to extrapolate the initial 

values to T=0 sec with calculated error. The calculation of isotopic ratios was performed by 

a linear interpolation method (Dodson, 1978) since no two isotopes were measured at the 

same time. The remaining procedure for data reduction is covered in Chapter 4.
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Xenon Mass Discrimination

Slope=-0.106%/amu

Mass (amu)

Figure 3.4. Mass discrimination o f xenon for the electron multiplier for four different calibrations.
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Calibration & M ass Biseriminatiott

The sensitivity o f the mass spectrometer was measured by analyzing known 

amounts of xenon from standard air pipetted from a storage tank in the extraction line. The 

sensitivity was measured before the loading o f samples onto the extraction system. 

Typically there were 10‘15 moles (109 atoms) of xenon in the volume o f the mass 

spectrometer while analyzing. This means that on average approximately one out o f every 

104 atoms of xenon was counted every second.

Mass discrimination was also determined from the standard air pipette. The mass 

discrimination for these measurements is -0.106%/amu (Fig. 3.4). This is less than a -1% 

correction of the I28Xe and 129Xe signal and therefore not significant factor in the results o f 

this study compared to other sources of error.

EL Sample Preparation

Isotherm al Heatings

For the 129Xe* experiment approximately 650 mg o f whole-rock Bjurbole was 

ground and sieved to < 250 pm  in a glovebox flooded with dry nitrogen to reduce uptake o f 

Xe during crushing (Niedermann & Eugster, 1992). Additionally, grinding and sieving 

reduced sample heterogeneity through mixing while ensuring that the sample grains had not 

been reduced to a size below a typical diffusion domain (Harrison et al, 1991). The sample 

was then mixed and divided into 13 aliquots, each o f which was placed in an alumina 

crucible and sealed in quartz tubing under vacuum, (p < 10"3 torr). Each tube was placed in a
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Deltech vertical tube resistive furnace with MoSia heating elements and heated for a specific 

time and temperature (Table 3.1).

Table 3.1. Isothermal heating schedule for all experiments.
Temperature Time

100Q°C 1 hour 24 hours 4 days 14 days
1100°C 1 hour 8 hours 24 hours 3 days
1200°C 1 hour 6 hours 24 hours X

The aliquots were subjected to extended isothermal heating in the Deltech furnace 

instead o f the furnace o f the extraction line for two reasons. First, the extended times 

necessary for heating, e.g., 14 days at 1000°C, would have introduced a considerable blank 

correction if  performed on the extraction line. Second, when these experiments were 

performed the temperature control o f the extraction line furnace was not reliable to better 

than about 10%.

The Deltech furnace provided the accurate and precise (within ±1°C) temperature 

control needed over the duration o f heating times, accurate to three seconds. The timing o f 

the heatings was initiated when the temperature reached within ten degrees o f the target 

temperature, which on average was 4, 7, and 8 minutes for the 1000, 1100, and 1200°C 

heatings, respectively. From there an average o f 4, 9, and 9 minutes elapsed for the 1000, 

1100, and 1200°C heatings to reach the target temperature, respectively.

Splits of the heated aliquots, averaging 10 mg, were then weighed and loaded into Ni 

foil "boats" (typically 30 mg) and placed in the extraction system o f the VG 5400 mass 

spectrometer. During baking the samples were reheated to about 150°C in vacuum to expel 

adsorbed atmospheric noble gases. Gases remaining in the sample were then extracted and
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purified as described above. Two to three duplicate samples were run for each time and 

temperature step (Table 4.1) except for the 1-hour heating at 1100°C where duplicate 

samples were lost due to furnace failures.

Unheated ("raw") ground and sieved aliquots o f Bjurbole were also analyzed. The 

amount of extracted xenon from these aliquots were averaged to calculate the fraction o f 

129Xe* lost during the extended isothermal heatings. An additional heating o f Bjurbole at 

1200°C and two unirradiated raw samples were analyzed at a later date for the 129Xe* 

experiment to verify an inadvertent switching o f the initial 1-hour and 1-day sample labels.

To test for the diffusion o f 127I in Bjurbole, samples underwent extended isothermal 

heatings, irradiation and analysis with the VG 5400. The 127I isothermal heating experiment 

was conducted twice, due to the theft of samples sent for thin section processing (below) 

which were split from the first heating. For the first heating approximately 1 gram o f the 

meteorite was crushed, sieved and mixed, in the same manner as the 129Xe* aliquots, -180 

mg o f which was reserved for raw unheated aliquots. The remaining amount endured the 

same isothermal heating times and temperatures as previously done for the 129Xe* 

experiment (Table 3.1).

The second isothermal heating for the 127I experiment used approximately 540 mg o f 

uncrushed and unsieved Bjurbole which was processed again in the same manner as 

previous heatings, -180 mg o f which was reserved for raw unheated aliquots. Xenon 

analysis of these samples gives the ability to determine if, and to what extent, the effect o f 

crushing and sieving has on the thermal release behavior of Xe in Bjurbole.

Splits o f the aliquots o f each heating, averaging 30 mg, were weighed, loaded into
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A1 boats, sealed under vacuum in Suprasil tubing and irradiated with thermal neutrons at a 

flux o f 5x l013 n/cm2/s for 80 hours at the University of Missouri reactor. This converted 

some of the 127I to 128Xe*, enabling measurements to be performed on the VG 5400. 

Additionally, 79 mg o f Bjurbdle was binned into four samples of different grain sizes, (< 38 

pm, 39 - 149 pm, 150 - 249 pm, and > 250 pm) through sieving. These samples were also 

iiradiated to determine the effect of grain size on Xe content. Aluminum foil was used for 

the sample boats for this experiment since Sn foil melts at irradiation temperatures and Ni 

foil is not as malleable.

Enough Bjurbdle was used to allow for triple and double redundancy per time- 

temperature heating step for the first and second heatings (Table 4.2), respectively. The 

xenon extraction process for these samples was identical to the previous one except that the 

samples were loaded into a glass sample tree and the titanium sublimation pump was not 

operational at this time, as previously stated.

For the 127I isothermal heating experiment additional 1-hour and 10-hour heatings 

were performed in the furnace o f the extraction line since temperature control o f ±2°C was 

possible over a one hour period with the late addition of a Omega temperature controller. 

This enabled a comparison of the 1-hour isothermal heating performed on the Deltech 

furnace.

Unirradiated samples of Bjurbdle were made into thin sections. Samples were 

placed in epoxy, mounted on 1" round glass substrates, and then cut and polished to 

approximately 500 pm thick for laser extraction to determine the host phase o f 129Xe* 

(Appendix B).
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DDL Electron Microprotoe Analysis

Petrographic characterization o f the raw and isothermally heated samples, all 

unirradiated, was performed by electron microprobe analysis on a Cameca SX-50 using 

wavelength dispersive techniques. Thin section samples were mounted on 1” round glass 

substrates and polished to ~30 pm thickness for all the unground time-temperature steps 

(Table 3.1) and binned samples. Thin sections were carbon coated in a vacuum deposition 

chamber before loading into the Cameca SX-50.

Well-characterized standard samples were analyzed first to determine the peak shape 

and center o f the emitted characteristic X-rays. Chemical analyses of silicates were obtained 

using an accelerating voltage of 15 keV and a beam current of ~15 nA. The following 

standards were used for calibration: Mg and Si with a CaMgSiaOe glass prepared by J.F. 

Schairer (Carnegie Institute Geophysics Laboratory); Fe with a natural fayalite from 

Rockport, Massachusetts (Harvard University); Ca and A1 with a natural anortbite 

(University o f Chicago); Na with a natural albite from the Amelia Courthouse (University of 

Chicago); K  with a natural microcline from Asbestos, Canada (University of Chicago); P 

with a natural apatite from Durango, Mexico (Caltech); Ti with a natural ilmenite from the 

Ilmen Mountains, Russia (Smithsonian Institution, USNM 96189); Cr with a natural 

chromite from the Tiebaghi Mine, New Caledonia (Smithsonian Institution, USNM 

117075); Mn with a natural rhodonite (University o f Washington); Ni with a synthetic Ni- 

doped (5 wt. %) diopside glass prepared by D.J. Lindstrom; S with a natural troilite from 

Del Norte Co., California (Arizona State University).

Chemical analyses of Fe,Ni metals and sulfides utilized an accelerating voltage o f 15
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keV and a beam current o f ~15 nA. The standards for Fe, Ni, Co, Cr, Mn, Cu, An, Ti, and 

V  were pure metals. The standard for Ca and P was apatite, while those for S and Mg were 

troilite and CaMgS^Oe glass, respectively. Calcium and P were measured in the unknowns 

to detect phosphate inclusions that may not have been visible in BSE images. Magnesium 

was included in the analyses to detect any possible contamination from nearby 

ferromagnesium silicates (Kring et at, 1996).

As many as four crystal spectrometers were employed at one time for analysis o f 

emitted X-rays which were collected and counted on Cameca gas flow proportional 

counters, using P-10 (90% argon/10% methane) gas. For soft X-rays, thin polypropylene 

windows were used on two detectors, while Mylar windows covered the remaining two 

detectors for higher energy x-rays. Integration times for analyses were typically 30 seconds 

for each element.

BSE photographs were taken o f each sample analyzed using Polaroid 55 black 

and white 4”x5” film with 150-160 line pairs/mm and 22-25 line pairs/mm resolution for 

the negative and positive prints, respectively. The imaging detector for backscattered 

electrons consists o f three pairs o f silicon solar cell material.
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CMpfer 4. BATA BEBUCTION

In addition to the radiogenic component in a sample o f extracted xenon gas there are 

a number o f other non-radiogenic components - sources o f xenon other than 129I and 127I - 

that contribute to the signal detected on the mass spectrometer. A  component is defined as 

gas with a unique isotopic signature. These components must be subtracted from the raw 

data in order to reveal the radiogenic characteristics o f the sample. The amount o f gas 

contributed by any component to a sample can be determined by knowing its particular 

signature o f isotopic ratios.

The relevant non-radiogenic components for this work are system blanks of the 

vacuum system, spallation, and trapped xenon. Fission o f heavy nuclides can also 

contribute to the xenon content, but is negligible in Bjurbdle and will only be briefly 

discussed.

For the I29Xe* experiment all the data was completely reduced using customized 

BASIC routines. For the 127I experiment component corrections were performed using the 

data reduction code “ISAC” written for noble gas analyses. The final results, both the 

129Xe* and 127I experiment, such as diffusion parameters, gas amounts and activation 

energies, were calculated using customized BASIC routines.
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I. Compoment Decompositioim & SiiMractiom

Determining the amount o f xenon due to non-radiogenic components involves a 

process o f decomposition. Consider a three-isotope plot o f isotopes A, B, and C in which 

contains two compositions o f gas (Fig. 4.1).

A t the points “T” and “S” lie two compositions of gas determined by particular 

signatures o f the isotopic ratios. The line connecting points “T” and “S” represents a 

mixture of the two compositions (“mixing line”). On this line lies an observed data point R. 

The relative fraction o f an isotope A at point R, for example from component 2, is give by 

Podosek (1970),

- -  2 ' d . - ' i

With this information and the signatures o f the isotopic ratio o f the components the 

corrected ratio for an isotope “i” is.

_  M  -UL tr \ aJr ka. 
[a ]1 + [a }2 ( b

(4.1)

1 - /  ’
(4.2)
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Y=(C/A)

Componet 2

Observed Point

Component 1

X=(BZA)

Figure 4.1. Schematic o f a two-component diagram. The observed point, R, consists o f a 
combination o f components o f the set o f isotopic ratios, X and Y.
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where,

Ci = ratio after subtraction,

Ri= measured ratio.

Si = “signature” ratio o f component to be subtracted,

f  = fraction o f reference isotope to be subtracted, eq. 4.1.

A decomposition is necessary unless the amounts o f xenon from a component can be 

determined by another method. For this study only the amount of xenon from spallation 

was determined by a decomposition.

n, isac

All corrections for the 127I experiment were made using the noble gas isotope 

software package ISAC (ISotopic Analysis with Correlated errors). The benefits o f using 

ISAC are the ease o f automation in reducing large amounts o f data for all isotopes 

analyzed, the flexibility o f tailoring data reduction to a specific circumstance (i.e., 

irradiated samples) and the calculation o f correlated errors.

Errors are computed by ISAC from a second rank variance tensor. The advantage 

o f this approach is that the integrity o f the errors in the isotopic ratios is preserved 

through successive calculations and manipulations o f the data by virtue o f  the correlated 

errors in the off-diagonal elements o f the variance tensor. Thus, changing the reference 

isotope and then re-referencing to the original isotope results in the same isotopic error.

The errors displayed in three-isotope plots are computed by diagonalizing the 

variance tensor through a similarity transformation. The strange looking error bars that
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are not orthogonal to the plot’s axes are due to this transformation process (see Figure

1.2). A thorough discussion o f the mathematics o f data reduction incorporated in ISAC
0

can be found in appendix B o f Swindle (1986b).

Data reduction for the 129Xe* experiment was performed using simpler 

systematics that will be discussed in the next section.

HL System Blanks

Any noble gas mass spectrometer and extraction system contains an inherent amount 

o f background noble gases. The majority of the contribution comes from the furnace due to 

thermal liberation o f gas from the metal lattice of the crucible. The remaining contribution 

to the background results from adsorbed gases on the walls o f the vacuum chamber. This is 

due to previously processed gases remaining after a heating (“bake”) of the system, a 

previously run sample with high gas content, or possibly small leaks in the vacuum 

chamber.

To measure the background xenon, “blank” runs were performed on the system. 

These are sample processing procedures run without an actual sample. If  the blanks were 

too high compared to the amount of xenon expected from a sample then either the system 

would be checked for leaks, baked again, or the furnace cycled through an additional high 

temperature heating sequences until the blanks reached an acceptable level.

Blanks were measured for various temperature regions relevant for the heating 

procedures scheduled and were usually performed at the beginning of each day of operation. 

Blank levels for the 129Xe* experiment ranged from 1% for most samples to



approximately 10% for a few (Table 4.1).

Table 4.1. Xenon Bjurbole data from the 129Xe* isothermal heating experiment, 132Xe not corrected for 
blanks.

Time

S
i 132Xe(b) 

(132Xe s  100)
129Jfe " 132Xe ' 

Blank® " ^ B l a n k
I2??xe*(a)

132 Xe 132 Xe

0 18.0 6.15

Unheated

1.60 140.79 1.02 3.62
±0.1 ±0.25 ±0.01 ±6.76 ±0.04 ±0.24

0 21.1 7.41 1.60 115.01 1.01 4.39
±0.1 ±0.30 ±0.01 ±2.656 ±0.05 ±0.28

0 10.8 8.54 1.57 8.39 0.95 4.76
±0.1 ±0.08 ±0.00 ±0.30 ±0.04 ±0.26

0 12.4 7.13 1.54 69.75 1.06 3.77
±0.1 ±0.06 ±0.00 ±0.91 ±0.02 ±0.22

0 14.1 7.13 1.59 107.89 0.93 4.14
±0.1 ±0.05 ±0.00 ±1.39 ±0.03 ±0.21

0(d) 14.0 6.07 1.83 5.95 0.11 4.96
±0.1 ±0.04 ±0.00 ±0.73 ±0.26 ±0.19

0(d) 31.3 6.01 1.79 1.56 0.02 4.68
±0.1 ±0.02 ±0.00 ±1.31 ±0.70 ±0.18

1 hour 9.9 4.44
1000°C

1.78 111.94 1.03 3.41
±0.1 ±0.18 ±0.01 ±1.29 ±0.02 ±0.19

1 hour 2.4 4.91 1.73 8.39 0.959 3.56
±0.1 ±0.21 ±0.01 ±0.30 ±0.04 ±0.21

1 day 8.2 4.86 1.78 111.94 1.03 3.72
±0.1 ±0.21 ±0.01 ±1.29 ±0.02 ±0.22

1 day 5.1 5.19 1.73 8.39 0.95 3.72
±0.1 ±0.10 ±0.01 ±0.30 ±0.04 ±0.17

4 days 9.1 4.12 1.82 240.82 1.12 3.31
±0.1 ±0.17 ±0.01 ±9.63 ±0.03 ±0.19

4 days 10.8 3.58 1.99 62.59 1.09 3.50
±0.1 ±0.15 ±0.01 ±1.62 ±0.05 ±0.18

4 days 1.7 6.89 1.57 47.65 0.98 3.84
±0.1 ±0.41 ±0.01 ±1.10 ±0.03 ±0.31

14 days 10.40 3.11 2.03 240.82 1.12 3.13
±0.02 ±0.13 ±0.01 ±9.63 ±0.01 ±0.16

14 days 14.1 30.03 1.12 62.59 0.98 3.27
±0.1 ±1.22 ±0.00 ±1.62 ±0.00® ±0.91

14 days 2.4 3.55 1.96 47.65 0.98 3.37
±0.1 ±0.15 ±0.01 ±1.10 ±0.03 ±0.18

1 hour 17.0 5.14
1100°C

1.58 14.24 0.98 2.93
±0.1 ±0.03 ±0.00 ±0.50 ±0.04 ±0.16

8 hours 2.19 4.55 1.69 69.75 1.06 3.07
±0.02 ±0.04 ±0.01 ±0.91 ±0.02 ±0.13

8 hours 7.86 3.85 1.63 14.24 0.99 2.389
±0.02 ±0.01 ±0.00 ±0.50 ±0.04 ±0.12



83

Time Mass
(mg) (132X e= 1 0 0 )

l29Xe
132Xe

I32Xe
Blank® — B ta k

lzsXe*®

1 day 7.66 1.45 2.27 14.24 0.99 1.84
±0.02 ±0.01 ±0.01 ±0.50 ±0.04 ±0.04

1 day 5.04 1.66 2.08 53.93 0.93 1.78
±0.02 ±0.01 ±0.01 ±0.70 ±0.03 ±0.05

3 days 8.39 1.46 2.05 14.24 0.99 1.52
±0.02 ±0.01 ±0.01 ±0.50 ±0.04 ±0.04

3 days 2.17 1.67 1.71 107.89 0.93 1.21
±0.02 ±0.02 ±0.01

1200°C
±1.39 ±0.03 ±0.05

1 hour 8.10 1.58 1.65 111.94 1.03 1.01
±0.02 ±0.06 ±0.01 ±1.29 ±0.02 ±0.06

1 hour 16.9 1.32 1.79 27.03 1.01 1.03
±0.1 ±0.01 ±0.01 ±0.67 ±0.03 ±0.04

1 hour 9.7 1.09 1.80 27.03 1.01 0.86
±0.1 ±0.01 ±0.01 ±0.67 ±0.03 ±0.03

1 hour(d) 40.5 10.85 1.18 5.95 0.11 1.80
±0.1 ±0.04 ±0.00 ±0.73 ±0.26 ±0.33

1 hour® 18.4 2.74 1.66 5.34 0.42 1.79
±0.1 ±0.02 ±0.01 ±1.59 ±0.23 ±0.08

6 hours 7.54 0.81 1.84 50.51 0.98 0.67
±0.02 ±0.00 ±0.01 ±0.92 ±0.02 ±0.02

6 hours 8.85 0.75 1.80 50.51 0.98 0.60
±0.02 ±0.00 ±0.01 ±0.92 ±0.02 ±0.02

6 hours® 20.7 2.10 1.56 5.34 0.42 1.15
±0.1 ±0.01 ±0.01 ±1.59 ±0.23 ±0.06

6 hours® 24.0 2.28 1.62 5.34 0.43 1.40
±0.1 ±0.01 ±0.00 ±1.59 ±0.23 ±0,07

1 day 7.4 1.14 1.72 101.06 0.98 0.82
±0.1 ±0.02 ±0.01 ±1.83 ±0.02 ±0.03

1 day 4.37 0.77 1.67 50.51 0.98 0.51
±0.02 ±0.01 ±0.02 ±0.92 ±0.02 ±0.02

1 day® 29.9 0.15 1.39 5.34 0.42 0.06
±0.1 ±0.01 ±0.01 ±1.59 ±0.23 ±0.01

1 day® 24.3 0.20 1.30 5.34 0.42 0.06
±0.1 ±0.01 ±0.01 ±1.59 ±0.23 ±0.01

a 10'10cm3STP/g, errors are one a  
6 10'I5cm3S lP
c Leak in crucible gave dominant atmospheric component. 
d Suite o f  samples run and analyzed at a later date.

Blank and trapped corrections were made for the 129Xe* experiment. The 

reference isotope 132Xe was used in the data reduction. Other than 129X e , the most 

significant components contributing to the measured 129Xe (and the 129Xe/132Xe ratios) 

are trapped and blanks (Table 4.1). The calculated radiogenic 129Xe* is given by the
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product o f the amount o f 132Xe, corrected for blanks, and the difference between the 

129Xe/132Xe ratio and the mean o f the atmospheric (Ozima & Podosek, 1983) and 

Bjurbole trapped (Caffee e t  a t ,  1982) components ((129Xe/132Xe)x =1.01 ± 0,03),

Xe*= Xet
f ^ X e ] f 129 X e)

132 X e j l 132 X e)
(4.3)

From the measured (“M”) and blank (“b”) ratios.

129Xex
132X e)

f  o
U-/J (4.4)

where the quantity.

/ 1322feM ’
(4.5)

is the fractional contribution o f 132Xe from the blank component.

For the 127I experiment the relevant blank contribution for each sample heated was 

subtracted by ISAC using equation 4.2. Blank levels for the 127I experiment range from 

<1% for most samples to 20 and 40% for two isolated high temperature step extractions 

(Table 4.2). A  liberal 50% error was ascribed for all blank subtractions.

All isotopes in the data reduction here were initially referenced to 134Xe, versus
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132Xe in the 129Xe* isothermal heating experiment It was noticed that an error o f ~1% in 

reproducing the absolute amounts o f any isotope from ratios referenced to 132Xe, or 

130Xe, occurred when compared to the absolute amount o f the same isotope calculated 

directly with the VG software. This presumably was an artifact o f residual isotopic 

memory in the mass spectrometer. However, this artifact was not observed when data 

was referenced to I34Xe, thus rendering the decision to proceed with data reduction using 

this convention.

Table 4.2.a. Blanks for samples from irradiation #1 (127I isothermal heating experiment). 134Xe g  100.
Blank Temp

(°C)
134Xe

cm3STP
124J& ™Xe 128X e 129X e m Xe m Xe 132 Xe 136 Xe

ID
m Xe m Xe m Xe 134Xe 134 Xe m Xe 134 Xe 134 Xe

B l . l 1560 29.21E-15 2.93 3.94 40.75 299.41 50.57 292.20 305.88 86.88
±1.17 ±1.17 ±6.39 ±12.21 ±4.24 ±8.24 ±12.52 ±7.27

B1.2 1560 16.60E-15 4.59 4.52 63.60 241.17 29.23 243.16 262.95 96.12
±0.98 ±1.40 ±12.29 ±13.11 ±4.03 ±11.58 ±16.75 ±7.00

B1.3 1584 27.38E-15 0.00 2.96 128.67 184.83 16.35 525.76 177.82 98.88
±0.00 ±1.07 ±16.93 ±13.20 ±2.43 ±27.26 ±9.22 ±11.94

B1.4 1582 14.77E-15 0.00 2.01 201.82 324.95 18.99 947.64 210,16 112.23
±0.00 ±4.25 ±53.91 ±42.10 ±8.69 ±104.60 ±29.95 ±26.52

B1.5 1596 22.99E-15 0.00 0.86 97.24 107.46 11.61 488.94 115.04 101.97
±0.00 ±0.14 ±13.48 ±11.21 ±3.69 ±28.81 ±9.93 ±8.97

B1.6 1200 8.20E-15 0.00 5.05 125.38 141,54 21.12 757.75 138.62 129.59
±0.00 ±0.92 ±12.19 ±13.56 ±3.18 ±46.06 ±11.97 ±11.70

B1.7 1610 39.14E-15 0.00 0.94 109.89 215.35 26.84 517.84 163.62 86.56
±0.00 ±0.68 ±7.38 ±9.40 ±2.62 ±21.68 ±5.56 ±5.69

B1.8 1550 0.49E-15 64.84 158.55 241.20 691.15 307.64 2205.20 528.75 215.95
±215.20 ±156.70 ±225.60 ±255.20 ±174.10 ±1214.00 ±223.50 ±251.40

B1.9 1550 18.16E-15 4.08 9.81 88.98 290.21 37.37 675.14 290.86 116.52
±2.48 ±2.17 ±23.52 ±13.18 ±3.68 ±31.57 ±17.26 ±6.19

B1.10 1550 130.0E-15 1.90 1.09 33.27 231.61 38.92 201.77 241.86 89.07
±0.69 ±0.66 ±3.82 ±6.96 ±1.71 ±5.56 ±4.86 ±3.24

B i l l 1550 89.25E-15 1.15 1.98 35.21 246.97 34.70 201.83 239.69 85.63
±3.06 ±0.43 ±4.40 ±7.25 ±1.67 ±5.76 ±6.24 ±4.11

B1.12 1550 79.49E-15 0.76 0.73 39.96 272.61 36.51 231.15 255.04 86.24
±0.96 ±1.13 ±4:57 ±6.57 ±1.35 ±5.08 ±4.74 ±1.92

B1.13 1550 1.53E-15 57.57 44.34 353.12 285.02 40.57 203.00 232.60 115.97
±22.31 ±28.34 ±152.10 ±68.47 ±29.79 ±85.46 ±57.33 ±60.23

B1.14 1000 4.55E-15 11.82 13.03 220.55 254.57 52.83 210.94 265.65 115.53
±2.73 ±2.46 ±21.11 ±18.44 ±5.84 ±18.22 ±20.91 ±10.55
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Blank Temp
(°C) cm3STP

124 Xe 126 Xe 123 Xe 129 Xe 130 Xe m Xe 132 Xe 136 Xe
ID

lu X e 134 Xe 134 Xe 134Xe 134 Xe 134 Xe 134 Xe 134 X e
B1.15 1200 20.08E-15. 1.02 0.58 163.71 223.15 27.36 175.19 191.16 104.22

±0.88 ±1.11 ±8.02 ±8.79 ±1.43 ±4.90 ±5.91 ±5.46
B1.16 1550 2.32E-15 27.91 32.56 460.42 850.05 60.52 262.09 189.15 146.97

±10.91 ±12.33 ±85.49 ±131.90 ±13.27 ±54.49 ±34.11 ±34.96
B1.17 1200 33.76E-15 0.27 2.96 158.81 351.09 41.84 255.62 243.49 25.82

±1.29 ±1.97 ±8.31 ±17.23 ±3.90 ±14.97 ±9.98 ±2.94
BL18 800 7.94E-15 6.33 2.98 190.82 242.66 24.87 201.43 191.41 119.86

±1.15 ±1.26 ±12.16 ±10.72 ±3.81 ±11.08 ±11.01 ±4.56
B1.19 1600 3.35E-15 210.84 17831.00 373.36 107.93 316.07 123.37 109.68 498.94

±76.23 ±16340.00 ±64.69 ±91.24 ±202.20 ±73.26 ±222.50 ±156.50
B1.20 1200 L15E-15 160.57 235.73 384.59 389.55 265.21 28.24 302.81 495.83

±89.70 ±124.60 ±187.80 ±162.60 ±125.40 ±43.54 ±246.70 ±252.10
B1.21 1600 4.64E-15 12.41 5.22 347.29 387.87 37.39 235.71 280.06 144.10

±11.65 ±8.39 ±73.20 ±61.73 ±8.52 ±41.92 ±44.55 ±26.31
B1.22 1655 96.72E-15 0.00 1.03 120.43 164.51 15.95 155.86 132.18 117.16

±0.00 ±0.19 ±3.32 ±4.99 ±0.72 ±5.07 ±3.91 ±4.17

Table 4.2.b. Samples heated to 1000°C from irradiation #1. 13t Xe= 100.
Blank Time 
Used

Mass
(mg)

134Xe
cm3STP/g

124 Xe 126 Xe 128 Xe 129Xe 130X e 13IX e 132Xe 136X e
134X e 134 Xe 134X e 134Xe 134X e 134Xe 134Xe 134X e

B1.23 1 hour 22.9 7.42E-10 0.00 0.38 114.60 149.18 14.43 ' 117.01 123.13 123.25
±0.1 ±0.00 ±0.01 ±0.35 ±0.22 ±0.06 ±0.36 ±0.21 ±0.33

B1.2 1 hour 23.8 9.34E-10 0.00 0.34 95.86 129.19 13.11 105.67 115.74 126.69
±0.1 ±0.00 ±0.01 ±0.20 ±0.32 ±0.06 ±0.29 ±0.23 ±0.28

B1.9 24 hours 23.5 5.04E-10 0.31 0.25 75.08 107.91 10.67 113.40 103.63 129.87
±0.1 ±0.01 ±0.01 ±0.19 ±0.30 ±0.10 ±0.31 ±0.29 ±0.30

B1.23 24 hours 23.9 6.63E-10 0.00 0.37 114.15 162.77 15.69 123.07 128.45 122.65
±0.1 ±0.00 ±0.01 ±0.30 ±0.45 ±0.06 ±0.25 ±0.43 ±0.26

B1.3 24 hours 22.3 7.54E-10 0.00 0.39 103.25 156.69 15.47 119.82 126.31 124.05
±0.1 ±0.00 ±0.01 ±0.19 ±0.32 ±0.05 ±0.25 ±0.25 ±0.23

B1.10 4 days 22.2 6.10E-10 0.42 0.41 100.87 162.95 15.40 132.79 130.00 121.38
±0.1 ±0.02 ±0.01 ±0.39 ±0.52 ±0.07 ±0.37 ±0.37 ±0.27

B1.8 4 days 20.4 6.27E-10 0.40 0.37 85.87 156.00 15.20 131.83 129.00 121.63
±0.1 ±0.02 ±0.02 ±0.23 ±0.46 ±0.08 ±0.32 ±0.26 ±0.26

B1.2 4 days 23.8 6.61E-10 0.00 0.48 98.13 166.52 16.74 120.25 133.43 118.83
±0.1 ±0.00 ±0.02 ±0.50 ±0.24 ±0.07 ±0.19 ±0.29 ±0.58

B1.10 14 days 20.5 7.31E-10 0.43 0.36 91.31 147.58 14.14 156.37 123.40 123.28
±0.1 ±0.02 ±0.02 ±0.57 ±0.51 ±0.10 ±0.36 ±0.46 ±0.33

B1.8 14 days 19.9 7.70E-10 0.32 0.30 76.59 131.45 12.40 140.00 114.34 124.51
±0.1 ±0.01 ±0.01 ±0.29 ±0.29 ±0.09 ±0.42 ±0.36 ±0.41

B1.23 14 days 33.9 5.56E-10 0.00 0.55 131.93 210.24 19.90 162.56 149.20 116.11
±0.1 ±0.00 ±0.01 ±0.52 ±0.48 ±0.10 ±0.42 ±0.35 ±0.36
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Table 4.2.c. Samples heated to 1100°C from irradiation # 1 .134Xe s  100.
Blank Time 
Used

Mass
(mg)

134Xe
cm3STP/g

n iXe 126X e 12gX e 129X? 130Xe 131 Xe 132Xe 136 X e
X7AXe m Xe 134Xe 134 Xe 134 Xe 134Xe 134 Xe 134 Xe

B i l l  1 hour 23.8 4.87E-10 0.44 0.39 93.34 164.79 16.40 178.82 134.41 119.53
±0.1 ±0.02 ±0.02 ±0.30 ±0.51 ±0.11 ±0.56 ±0.38 ±0.32

B1.12 1 hour 21.3 6.20E-10 0.35 0.32 73.01 131.10 12.91 181.56 117.42 124.09
±0.1 ±0.02 ±0.01 ±0.27 ±0.38 ±0.07 ±0.61 ±0.40 ±0.28

B1.3 1 hour 21.2 7.13E-10 0,00 0.34 79.77 139.25 13.94 122.25 120.57 123.74
±0.1 ±0.00 ±0.02 ±2.23 ±3.68 ±0.34 ±1.69 ±1.66 ±0.81

B l.S  8 hours 21.2 5.60E-10 0.32 0.28 73.68 125.06 11.86 130.01 111.32 128.43
±0.1 ±0.01 ±0.01 ±0.28 ±0.30 ±0.07 ±0.30 ±0.30 ±0.31

B1.9 8 hours 21.5 5.18E-10 0.34 0.33 80.58 133.43 12.28 133.27 113.91 126.31
±0.1 ±0.02 ±0.02 ±0.36 ±0.48 ±0.10 ±0.38 ±0.36 ±0.37

B l.S  8 hours 22.5 6.12E-10 0.00 0.30 76.11 129.94 12.30 110.86 111.92 126.50
±0.1 ±0.00 ±0.02 ±2.92 ±4.81 ±0.42 ±2.31 ±2.14 ±0.80

B i l l  1 day 16.9 6.36E-10 0.29 0.16 38.99 77.43 7.41 94.74 91.10 130.84
±0.1 ±0.07 ±0.10 ±1.38 ±1.30 ±0.41 ±2.10 ±1.73 ±3.26

B1.9 1 day 21.6 5.58E-10 0.26 0.26 60.67 105.71 9.93 122.30 103.20 129.65
±0.1 ±0.01 ±0.01 ±0.27 ±0.31 ±0.07 ±0.30 ±0.26 ±0.51

B1.4 1 day 21.3 5.91E-10 0.00 0.31 68.54 124.99 12.11 113.19 112.15 125.56
±0.1 ±0.01 ±0.02 ±2.30 ±3.66 ±0.31 ±1.84 ±1.56 ±0.72

B l.S  3 days 11.9 7.33E-10 0.05 0.03 14.88 19.87 1.49 67.26 59.70 144.42
±0.1 ±0.01 ±0.01 ±0.13 ±0.11 ±0.03 ±0.23 ±0.16 ±0.52

B1.10 3 days 12.4 7.36E-10 0.54 0.70 238.40 336.08 27.38 460.61 189.10 105.36
±0.1 ±0.14 ±0.13 ±2.82 ±2.96 ±0.40 ±3.87 ±1.98 ±1.27

B1.4 3 days 21.5 5.23E-10 0.00 0.12 34.04 57.18 5,17 78.34 79.81 135.57
±0.1 ±0.00 ±0.01 ±1.03 ±0.91 ±0.06 ±0.71 ±0.47 ±0.44

Table 4.2;d. Samples heated to 1200°C from irradiation # 1 .134Xe = 100.
Blank Time 
Used

Mass
(mg) cm3STP/g

124 Xe 126 Xe 128X e l29Xe 130 Xe 131Xe 132Xe 136 X e
134Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe

B l.S 1 hour 20.2 5.68E-10 0.06 0.05 17.26 27.02 2.43 86.64 66.59 138.40
±0.1 ±0.01 ±0.01 ±0.08 ±0.12 ±0.03 ±0.26 ±0.18 ±0.45

B l.S 1 hour 25.1 3.80E-10 0.10 0.12 25.71 47.95 4.94 123.25 76.15 137.57
±0.1 ±0.01 ±0.01 ±0.21 ±0.28 ±0.05 ±0.52 ±0.33 ±0.37

B1.4 1 hour 15.5 7.08E-10 0.00 0.18 30.05 54.27 6.98 87.37 88.59 131.50
±0.1 ±0.00 ±0.01 ±0.59 ±0.68 ±0.07 ±1.12 ±0.56 ±0.39

B1.5 6 hours 22.9 5.86E-10 0.00 0.17 44.68 72.03 8.23 101.89 94.64 131.64
±0.1 ±0.00 ±0.01 ±1.07 ±1.88 ±0.20 ±1.46 ±1.08 ±0.66

B l.S 6 hours 17.6 5.91E-10 0.16 0.19 38.80 65.66 7.53 111.58 89.41 135.46
±0.1 ±0.01 ±0.02 ±0.20 ±0.26 ±0.04 ±0.30 ±0.25 ±0.30

B1.9 6 hours 19.7 6.41E-10 0.20 0.21 36.15 65.21 7.79 114.06 92.01 132.21
±0.1 ±0.01 ±0.01 ±0.20 ±0.23 ±0.08 ±0.26 ±0.40 ±0.24

B l.S 24 hours 20.5 6.83E-10 0.00 0.08 25.21 32.41 3.27 87.14 70.31 138.66
±0.1 ±0.00 ±0.01 ±0.96 ±1.21 ±0.13 ±1.59 ±0.80 ±0.35

B1.9 24 hours 21.5 5.13E-10 0.17 0.16 36.87 50.81 5.66 120.27 79.40 139.53
±0.1 ±0.01 ±0.01 ±0.18 ±0.22 ±0.06 ±0.33 ±0.20 ±0.39
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B1.4 24 hours 20.3 5.84E-10 0.00 0.15
±0.1 ±0.00 ±0.01

31.36 50.44 5.85 95.44 83.87 134.43
±1.09 ±1.60 ±0.16 ±1.66 ±1.23 ±0.50

Table 4.2.e. In situ diffusion at 1000°C o f  raw (A) Bjurbole from irradiation # 1 .134Xe e  100.
Blank Time Mass ” 4Xe 124X e 126X e l2*Xe 129Xe m X e 131 X e ,32Xe 136X e
Used (mg) cm STP/g m X e \u Xe

B1.14 1 hour 19.8 5.74E-10 0.07 0.07 19.44 23.69 2.83 71.27 59.84 144.91
±0.1 ±0.01 ±0.01 ±0.15 ±0.15 ±0.04 ±0.27 ±0.26 ±0.37

B1.13 10 min @ 1550°C 3.79E-10 0.84 0.79 175.03 327.73 31.36 200.72 214.06 97.70
±0.03 ±0.03 ±0.72 ±1.05 ±0.20 ±0.85 ±0.70 ±0.30

Total 9.53E-10 0.38 0.36 81.29 144.54 14.17 122.72 121.14 126.15
±0.02 ±0.02 ±2.65 ±5.17 ±0.49 ±2.22 ±2.63 ±0.84

Table 4.2.f. In situ step-wise heating o f  raw (B) Bjurbole from irradiation # 1 .134Xe s  100.
Blank
Used

Mass Temp 
(mg) (°C) cm3STP/g

l7AXe m X e 12SXe 129 Xe 130 Xe m X e 132 Xe 136X e
l34Xe 134 Xe m Xe 134 Xe 134Xe 134 Xe 134 Xe 134Xe

B1.20 29.0 700 0.27E-10 0.16 0.36 58.26 67.43 10.35 193.98 179.24 123.76
±0.1 ±0.11 ±0.23 ±1.38 ±1.26 ±0.35 ±1.94 ±1.40 ±1.04

B1.20 800 LITE-10 0.02 0.03 5.25 4.86 0.67 49.20 40.07 148.11
±0.04 ±0.04 ±0.20 ±0.13 ±0.06 ±0.42 ±0.46 ±1.11

B1.20 900 1.54E-10 0.04 0.05 6.44 9.90 1.31 53.52 44.93 146.44
±0.04 ±0.02 ±0.11 ±0.15 ±0.07 ±0.38 ±0.31 ±0.69

B1.20 1000 0.87E-10 0.22 0.24 38.44 69.69 7.99 100.92 92.15 135.23
±0.05 ±0.04 ±0.51 ±0.73 ±0.17 ±0.64 ±0.69 ±1.20

B1.20 1100 1.15E-10 0,82 0.90 128.14 288.25 30.39 210.84 209.91 101.06
±0.04 ±0.06 ±0.80 ±1.85 ±0.31 ±1.29 ±1.07 ±0.55

B1.20 1200 1.13E-10 1.05 0.80 193.35 381.54 37.50 234.26 239.05 90.96
±0.05 ±0.06 ±0.92 ±2.07 ±0.47 ±1.21 ±1.63 ±0.72

B1.21 1300 0.86E-10 1.01 1.02 145.75 352.36 39.08 222.17 241.62 86.26
±0.09 ±0.06 ±1.14 ±2.68 ±0.39 ±1.64 ±1.68 ±0.67

B1.21 1400 0.24E-10 0.92 0.89 220.63 417.76 35.99 222.23 239.70 91.07
±0.20 ±0.21 ±3.77 ±5.44 ±0.85 ±2.99 ±3.20 ±1.42

B1.21 1500 0.04E-10 1.34 0.51 278.87 463.17 34.06 232.30 232.32 87.18
±1.17 ±0.93 ±13.02 ±12.15 ±1.96 ±5.32 ±6.01 ±3.08

B1.21 1600 0.02E-10 2.84 0.31 256.42 423.12 38.30 204.77 227.66 88.83
±1.48 ±1.73 ±7.90 ±13.78 ±2.72 ±6.98 ±6.25 ±3.37

Total 7.28E-10 0.50 0.48 85.80 177.26 18.41 143.33 141.97 119.38
±0.02 ±0.02 ±1.51 ±3.22 ±0.34 ±1.65 ±1.79 ±0.60

Table 4.2.g. In situ step-wise heating o f  raw (C) Bjurbole from irradiation # 1 .134Xe e  100.
Blank Mass Temp 134Xe 124.&,’ ^ x e ^ x e  130Xe 131 Xe 132Xe 136X e
Used (mg) (°C) cm STP/g 1 3 4 134Xe 134Xe 134X e 134 134X e m Xe 134 Xe
B1.6 29.0 817 0.23E-10 0.00 0.90 44.51 236.71 36.89 280.85 265.11 85.51

±0.1 ±0.00 ±0.08 ±1.03 ±2.71 ±0.84 ±2.82 ±1.92 ±0.94
B1.6 910 0.05E-10 0.00 0.71 77.05 86.63 8.67 276.67 220.58 59.74

±0.00 ±0.32 ±5.35 ±3.73 ±0.81 ±12.05 ±4.68 ±2.86
0.00 0.37 68.06 64.86 10.93 192.81 175.13 89.57B1.6 1026 0.08E-10
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±0.00 ±0.22 ±2.94 ±1.68 ±0.50 ±6.42 ±2.64 ±2.34
B1.6 1096 0.06E-10 0.00 0.12 117.93 64.13 7.97 252.40 130.76 111.61

±0.00 ±0.16 ±3.53 ±2.01 ±0.40 ±9.68 ±4.33 ±4.02
B1.6 1211 0.16E-10 0.00 0.29 43.08 26.45 3.85 106.64 70.74 130.21

±0.00 ±0.05 ±1.15 ±0.58 ±0.21 ±1.92 ±1.43 ±2.46
B1.6 1317 0.43E-10 0.00 0.01 19.72 17.48 2.29 67.82 54.71 135.98

±0.00 ±0.03 ±0.50 ±0.31 ±0.10 ±0.79 ±0.91 ±1.88
B1.5 1401 0.80E-10 ,  0.00 0.05 17.78 23.43 2.95 59.32 50.57 145.03

±0.00 ±0.02 ±0.26 ±0.31 ±0.16 ±0.56 ±0.40 ±0.94
B1.5 1510 1.35E-10 0.00 0.33 51.37 92.74 9.91 91.21 90.06 135.84

±0.00 ±0.02 ±0.41 ±0.50 ±0.09 ±0.55 ±0.37 ±0.80
B1.5 1608 3.37E-10 0.00 0.74 146.46 292.62 29.40 180.65 198.55 102.29

±0.00 ±0.02 ±0.64 ±1.09 ±0.20 ±0.71 ±0.56 ±0.41
Total 6.50E-10 0.00 0.50 94.94 185.56 19.42 142.92 146.93 116.44

±0.00 ±0.02 ±1.55 ±3.21 ±0.32 ±1.35 ±1.65 ±0.57

Table 4.2.h. Total fusion o f raw (D) Bjurbole from irradiation # 1 .134Xe = 100.
Blank
Used

Mass
(mg)

Temp
(°C)

134Xe
cm3STP/g

124 Jte 126X e 128X e 129Xe m X e m Xe 132Xe 136X e
134Xe m Xe 134Xe 134 Xe 134Xe 134Xe 134X e . 134Xe

B1.9 27.5 1550 7.12E-10 0.50 0.44 81.36 168.93 17.72 137.41 138.04 118.47
±0.1 ±0.01 ±0.01 ±0.22 ±0.38 ±0.07 ±0.25 ±0.23 ±0.26

Table 4.2.1 In situ diffusion 1200°C o f raw (E) Bjurbole from irradiation # 1 .134Xe a  100.

Blank Time Mass 126X e usX e 129 Xe m X e 131 X e 132Xe 136Xe
Used (mg) cm STP/g 15 i^ r

B1.15 1 hour 19.8 7.36E-10 0.33
±0.1 ±0.01

B1.16 10 min @  1550°C 1.40E-10 1.21
±0.06

Total 8.76E-10 0.47
±0.02

0.33 61.52 125.47 13.11 115.53 115.97 125.61
±0.01 ±0.17 ±0.30 ±0.05 ±0.22 ±0.26 ±0.31

1.06 165.67 367.87 38.78 224.49 242.90 89.37
±0.04 ±1.86 ±2.44 ±0.43 ±1.22 ±1.56 ±0.47

0.45 78.21 164.31 17.23 132.99 136.31 119.80
±0.01 ±1.04 ±2.35 ±0.26 ±1.07 ±1.25 ±0.44

Table 4.2.j. In situ diffusion at 1100°C o f  raw (F) Bjurbole from irradiation # 1 .134Xe = 100
Blank Time Mass 126 Xe 123 X e 129Xe m X e 131 Xe 132Xe l36Xe
Used (mg) cm STP/g JST^r IST^r

B1.15 1 hour 26.7 5.32E-10
±0.1

B1.16 10 min @1550°C 2.32E-10

Total 7.64E-10

0.32 0.33 61.13 111.11 12.29 121.48 114.00 129.70
±0.01 ±0.02 ±0.30 ±0.37 ±0.06 ±0.41 ±0.40 ±0.46

0.95 0.95 173.31 382.13 38.47 226.91 243.24 88.86
±0.03 ±0.05 ±0.75 ±1.22 ±0.24 ±1.00 ±0.63 ±0.35

0.51 0.52 95.20 193.42 20.24 153.50 153.25 117.30
±0.02 ±0.02 ±1.71 ±4.08 ±0.40 ±1.63 ±1.96 ±0.70
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Table 4.2.k. Total fusion o f raw (G) Bjurbole from irradiation # 1 .134Xe s 100.
Blank
Used

Mass
(mg)

Temp
(°C)

134Xe
cm3STP/g

m Xe 126 Xe 128X e 129Xe 130X e I3IX e 132Xe 136X e

134Xe lMXe I34X e 134X e 134X e 134X e 134X e 134X e
B1.9 22.6 1550 7.82E-10 0.61 0.54 111.19 204.13 20.64 152.90 155.05 115.33

±0.1 ±0.01 ±0.01 ±0.47 ±0.57 ±0.08 ±0.45 ±0.49 ±0.36

Table 4.2.1. Step-wise heating o f  sieved “38 pm” raw B rom irradiiation#l. 134Xe:= 100.
Blank
Used

Mass
(mg)

Temp
(°C)

T34Xe
cm3STP/g

l24Xe 126 Xe 129Xe 130X e 131X e 132Xe 136X e
m X e 134Xe 134X e 134Xe 134X e 134X e 134X e 134Xe

B1.6 7.09 908 10.78E-10 0.00 0.15 21.36 43.59 6.45 78.89 84.25 132.37
±0.02 ±0.00 ±0.01 ±0.17 ±0.35 ±0.07 ±0.45 ±0.32 ±0.67

B1.6 1009 1.78E-10 0.00 0.79 55.09 244.65 33.75 204.01 235.13 98.22
±0.00 ±0.10 ±0.62 ±1.88 ±0.46 ±1.73 ±2.47 ±1.18

B1.6 1113 2.49E-10 0.00 0.81 117.51 307.18 34.56 202.35 233.78 93.03
±0.00 ±0.07 ±1.24 ±1.37 ±0.43 ±1.91 ±1.59 ±1.29

B1.6 1223 0.03E-10 0.00 1.75 106.01 244.89 23.08 187.37 213.38 97.67
±0.00 ±1.30 ±7.76 ±15.00 ±3.20 ±12.67 ±11.59 ±5.93

B1.6 1330 0.03E-10 0.00 0.11 150.93 247.67 26.66 212.60 231.40 106.64
±0.00 ±1.70 ±9.95 ±9.70 ±3.24 10.89 ±9.38 ±7.52

B1.7 1412 0.03E-10 0.00 0.18 135.98 232.54 20.50 197.75 212.37 111.54
±0.00 ±0.69 ±7.29 ±9.12 ±2.99 ±11.96 ±7.99 ±6.18

B1.7 1511 0.03E-10 0.00 1.36 125.67 246.63 28.37 184.72 230.66 109.61
±0.00 ±0.84 ±10.43 ±8.87 ±2.80 ±7.26 ±9.37 ±3.53

B1.7 1627 0.82E-10 0.00 1.16 27.09 260.27 41.21 229.93 259.95 85.32
±0.00 ±0.11 ±0.78 ±3.90 ±0.78 ±3.79 ±3.77 ±1.79

Total 15.98E-10 0.00 0.38 41.16 119.50 15.77 120.58 134.29 119.86
±0.00 ±0.02 ±0.93 ±3.08 ±0.38 ±1.71 ±2.02 ±0.72

Table 4.2.m. Step-wise heating o f  sieved “75 jam” raw Bjurbole from irradiation # 1 .134X e = 100.
Blank
Used

Mass
(mg)

Temp
(°C)

134X e
cm3STP/g

124X e 126Xe 128X e 129X e 130X e 131X e 132Xe 136X e

134X e 134Xe 134X e 134Xe 134X e 134Xe I34Xe 134X e
B1.6 19.3 950 2.38E-10 0.00 0.11 39.60 30.39 3.69 82.53 68.35 140.85

±0.1 ±0.00 ±0.02 ±0.30 ±0.21 ±0.06 ±0.51 ±0.39 ±0.84
B1.6 1010 0.46E-10 0.00 0.64 83.63 216.89 24.73 186.21 176.34 111.29

±0.00 ±0.10 ±0.75 ±2.25 ±0.35 ±2.32 ±1.14 ±1.30
B1.6 1099 0.96E-10 0.00 0.81 157.79 338.01 33.35 212.62 220.04 95.00

±0.00 ±0.08 ±1.36 ±2.84 ±0.29 ±1.89 ±2.32 ±0.64
B1.6 1211 1.08B-10 0.00 0.82 203.79 390.72 35.67 207.63 223.99 91.90

±0.00 ±0.08 ±1.58 ±2.34 ±0.39 ±1.48 ±1.26 ±0.90
B1.6 1320 0.49E-10 0.00 0.84 212.86 392.25 32.94 201.45 214.69 98.93

±0.00 ±0.10 ±2.54 ±4.08 ±0.58 ±2.42 ±2.78 ±1.77
B1.5 1404 0.09E-10 0.00 0.67 175.44 320.82 28.34 246.71 176.19 106.12

±0.00 ±0.31 ±3.75 ±7.92 ±1.08 ±7.20 ±4.63 ±2.86
B1.5 1510 0.05E-10 0.00 0.59 151.87 295.32 31.28 392.51 190.43 91.91

±0.00 ±0.59 ±8.02 ±12.36 ±1.87 ±17.14 ±7.15 ±4.84
B1.5 1615 0.06E-10 0.00 0.93 133.46 275.94 27.00 426.62 198.29 104.44

±0.00 ±0.30 ±4.75 ±9.17 ±0.88 ±10.81 ±4.96 ±3.20
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Blank
Used

Mass
(mg)

Temp
(°C)

134Xe
cm3STP/g

124X e l2f>X e 128 Jfe n9Xe m Xe 131Xe 132 Xe 136 Xe
™Xe m Xe lMXe 134Xe lu Xe 134 Xe 134 Xe 134 Xe

Total 5.57E-10 0.00 0.50 115.01 210.42 20.22 157.59 150.77 115.91
±0.00 ±0.03 +1.98 +4.51 ±0.42 ±1.87 +2.09 ±0.77

Table 4.2m. Step-wise heating o f  sieved raw “150 pm" Bjurbole from irradiation # 1 .134Xe = 100.
Blank
Used

Mass
(mg)

Temp
CO

i34Xe
cm3STP/g

' 124X e 126 Xe 128Z e 129 Xe m X e 131 Xe 132Xe 136 X e
134J& 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe

B1.20 18.8 700 0.49E-10 0.20 0.10 45.50 43.04 6.89 181.48 107.09 123.73
±0.1 ±0.09 ±0.12 ±0.75 ±0.46 ±0.33 ±2.46 ±1.69 ±3.10

B1.20 800 0.69E-10 0.12 0.14 15.15 7.63 0.94 75.77 47.52 153.71
±0.05 ±0.08 ±0.56 ±0.42 ±0.04 ±0.91 ±0.79 ±1.28

B1.20 900 1.53E-10 0.04 0.01 11.71 9.72 1.09 52.75 48.72 147.41
±0.04 ±0.03 ±0.22 ±0.13 ±0.08 ±0.46 ±0.33 ±0.80

B1.20 1000 0.95E-10 0.18 0.20 46.66 61.65 5.84 100.00 81.08 134.70
±0.05 ±0.07 ±0.70 ±0.75 ±0.27 ±0.79 ±0.64 ±1.05

B1.20 1100 1.30E-10 0.65 0.80 136.60 281.04 28.37 201.62 193.19 97.12
±0.06 ±0.04 ±0.99 ±2.07 ±0.33 ±1.27 ±1.13 ±0.79

B1.20 1200 0.59E-10 0.99 0.92 223.69 410.07 36.43 240.58 235.55 91,32
±0.11 ±0.13 ±3.31 ±5.43 ±0.69 ±3.99 ±3.73 ±1.71

B1.19 1300 0.89E-10 0.73 1.10 183.42 378.00 36.79 222.06 234.73 86.43
±0.14 ±0.14 ±1.51 ±2.80 ±0.34 ±1.70 ±1.90 ±0.74

B1.19 1400 0.4 IE-10 1.13 1.27 209.81 396.96 37.59 213.57 229.13 88.11
±0.24 ±0.33 ±3.29 ±6.09 ±0.62 ±3.00 ±2.96 +2.22

B1.19 1500 0.06E-10 1.10 1.79 267.67 483.74 39.20 243.23 255.65 94.56
±1.27 ±1.33 ±13.65 ±13.97 ±1.90 ±6.24 ±5.91 ±2.80

B1.19 1600 0.01E-10 3.81 9.25 182.41 308.76 37.02 187.36 195.87 86.04
±2.60 ±3.80 ±15.94 ±13.43 ±3.56 ±7.06 ±7.77 ±5.57

Total 6.92E-10 0.44 0.52 97.14 179.11 17.43 147.86 136.95 118.46
±0.03 ±0.04 ±1.51 ±3,12 ±0.31 +1.53 +1.59 ±0.66

Table 4.2.0, Step-wise heating o f  sieved “250 pm” raw Bjurbole from irradiation #1, 134Xe = 100.
Blank
Used

Mass
(mg)

Temp
(°C)

134Xe
cm3STP/g

124 Xe 126X e . m Xe ,29Xe m Xe m Xe 132Xe 136 X e
134 Xe 134Xe 134Xe 134Xe 134 Xe 134X e 134Xe 134X e

B U S 26.7 700 0.39E-10 0.10 0.17 56.33 40.00 6.39 150.94 91.40 131.38
±0.1 ±0.04 ±0.04 ±1.05 ±1.19 ±0.42 ±1.44 ±0.99 ±1.18

B1.18 800 0.64E-10 0.07 0.11 17.17 7.02 1.13 77.04 51.13 152.87
±0.06 ±0.06 ±0.47 ±0.54 ±0.08 ±1.23 ±0.59 ±1.31

B1.18 900 1.18E-10 0.02 0.06 15.03 10.29 1.20 65.26 50.25 150.14
±0.03 ±0.03 ±0.24 ±0.14 ±0.06 ±0.37 ±0.46 ±0.98

B1.17 1000 0.66E-10 0.20 0.24 77.07 89.67 6.92 135.90 91.37 128.71
±0.05 ±0.05 ±0.74 ±1.07 ±0.13 ±1.07 ±0.75 ±1.04

B1.17 1100 0.91E-10 0.84 0.67 148.89 286.29 27.00 203.45 190.19 97.99
±0.04 ±0.07 ±1.10 ±1.28 ±0.33 ±1.03 ±0.88 ±0.76

B1.17 1200 0.79E-10 0.96 0.95 285.41 451.91 35.06 253.12 228.06 91.11
±0.06 ±0.07 ±1.78 ±2.44 ±0.31 ±1.56 ±1.37 ±0.66
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Blank
Used

Mass
(mg)

Temp
(°C)

13 a b  
cm3STP/g

174 Xe 126 Xe m Xe 129 Xe m X e 131 Xe 132 Xe 136 Xe
134 Xe m Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe

B1.17 1300 1.07E-10 1.07 0.99 158.25 365.08 39.03 237.92 244.69 88.67
±0.05 ±0.07 ±0.97 ±2.31 ±0.45 ±1.49 ±1.30 ±0.71

B1.16 1400 0.59E-10 0.90 0.98 184.23 393.49 38.13 237.32 243.25 87.96
±0.10 ±0.08 ±1.55 ±4.44 ±0.38 ±1.99 ±1.99 ±0.89

B1.16 1500 0.08E-10 1.42 1.05 199.46 415.78 40.08 267.58 242.16 89.72
±0.34 ±0.31 ±4.11 ±6.83 ±1.01 ±4.00 ±3.78 ±1.96

B1.16 1600 0.01E-10 0.58 3.29 208.63 349.52 39.70 238.65 225.45 82.63
±1.69 ±2.75 ±13.54 ±13.78 ±3.41 ±12.02 ±7.13 ±4.95

Total 6.31E-10 0.56 0.55 120.19 216.85 20.49 170.75 153.35 115.00
±0.02 ±0.02 ±1.67 ±3.28 ±0.32 ±1.48 ±1.60 ±0.60

Table 4.2.p. Fusion and step-wise heating o f  aluminum foil used in the sample “boats” from irradiation #1. 
134Xe 5= 100.

Blank
Used

Mass
(mg)

Temp
(°C)

134Xe
cm3STP/g

124 Xe 126Xe m X e 129J& 130 Xe 131 Xe 132 Xe 136 X e
134 Xe m Xe l34Xe 134 Xe 134 Xe 1MXe 134 Xe 134Xe

B1.2 19.2 1570 5.46E-10 0.02 0.02 1.60 2.05 0.33 35.92 55.98 142.85
±0.1 ±0.01 ±0.01 ±0.04 ±0.03 ±0.02 ±0.26 ±0.39 ±1.16

B1.2 18.1 862 3.71E-10 0.00 0.00 4.94 2.89 0.45 35.42 53.85 144.13
±0.1 ±0.00 ±0.00 ±0.09 ±0.08 ±0.02 ±0.36 ±2.48 ±1.36

B1.2 18.1 1583 1.19E-10 0.00 0.02 2.04 1.26 0.23 32.69 57.12 139.54
±0.1 ±0.00 ±0.01 ±0.07 ±0.05 ±0.03 ±0.37 ±3.26 ±1.05

Irradiation #2
Table 4.2.q. Blanks for samples from irradiation #2 (127I isothermal heating experiment). 134Xe g  100.

Blank
ID

Temp
(°C)

134Xe
cm3STP

124Xe 126 Xe m Xe 129JTe m Xe 131 Xe 132Xe 136 X e
134 Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe 134 Xe

B2.1 1650 6.38E-15 1.31 1.81 398.72 244.80 24.48 287.85 260.47 108.94
±2.14 ±2.67 ±23.33 ±13.69 ±3.14 ±12.64 ±11.56 ±6.07

B2.2 1650 41.41E-15 0.32 0.67 131.49 179.11 27.60 190.14 155.88 121.66
±1.17 ±1.19 ±9.29 ±6.53 ±2.21 ±4.62 ±11.94 ±3.34

B2.3 1650 114.97E-15 0.71 0.70 15.31 258.09 37.80 234.55 261.10 84.48
±1.36 ±1.35 ±3.22 ±7.65 ±1.83 ±7.00 ±6.70 ±3.41

B2.4 1650 106.92E-15 1.48 1.73 30.95 260.38 41.50 215.99 265.84 86.27
±0.97 ±1.02 ±2.03 ±7.98 ±1.38 ±6.43 ±5.51 ±3.84

B2.5 1650 11.96E-15 7.34 10.81 18.44 57.73 2.56 230.69 301.47 51.07
±10.81 ±9.25 ±8.56 ±23.62 ±14.50 ±30.72 ±18.93 ±13.74

B2.6 1650 41.59E-15 12.59 14.73 26.27 216.04 36.29 222.91 252.94 . 88.25
±10.61 ±10.89 ±8.66 ±17.20 ±12.11 ±17.60 ±23.31 ±9.74

B2.7 1200 I3.45E-15 1.91 4.18 59.66 309.13 45.35 388.07 297.51 105.26
±1.59 ±1.78 ±11.43 ±18.58 ±5.20 ±17.81 ±37.48 ±11.09

B2.8 1100 9.27E-15 56.66 3.17 106.00 235.28 90.77 223.71 230.77 112.79
±13.56 ±3.95 ±16.52 ±22.77 ±15.38 ±23.81 ±14.47 ±11.24
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Table 4 .2 x j^^ heated to 1QQ0°C from irradiation #2. 134Xe = 100.
Blank
Used

Time

II 134Xe
cm3STP/g

™ Xe 128X e n9X e 130X e 131Xe 132X e 136X e
m Xe n4Xe 134 134Xe 134Xe 134Xe 134Xe 134X e

B2.2 1 hour 30.2 9.48E-10 0.33 0.31 232.16 180.14 12.29 128.83 113.52 123.99
±0.1 ±0.01 ±0.01 ±0.27 ±0.33 ±0.06 ±0.22 ±0.18 ±0.24

B2.5 1 hour 30.6 10.74E-10 0.61 0.54 168.41 211.60 23.53 179.01 170.59 109.22
±0.1 ±0.02 ±0.03 ±0.40 ±0.40 ±0.10 ±0.34 ±0.32 ±0.22

B2.2 24 hours 31.3 6.82E-10 0.36 0.38 92.57 136.00 15.20 130.04 129.21 118.75
±0.1 ±0.02 ±0,02 ±0.22 ±0.32 ±0.06 ±0.29 ±0.27 ±0.21

B2.5 24 hours 35.2 5.91E-10 0.40 0.32 203.43 214.76 13.23 124.67 119.85 123.75
±0.1 ±0.03 ±0.03 ±0.54 ±0.38 ±0.09 ±0.33 ±0.27 ±0.27

B2.2 4 days 35.7 7.66E-10 0.54 0.52 142.98 222.13 21.41 169.00 159.27 110.59
±0.1 ±0.01 ±0.01 ±0.24 ±0.31 ±0.08 ±0.32 ±0.35 ±0.18

B2.3 4 days 32.2 8.47E-10 0.46 0.48 140.83 190.81 18.46 165.98 144.28 115.24
±0.1 ±0.01 ±0.01 ±0.34 ±0.26 ±0.08 ±0.26 ±0.20 ±0.17

B2.2 14 days 30.3 7.50E-10 0.34 0.36 99.55 149.28 14.37 141.76 124.98 120.80
±0.1 ±0.02 ±0.02 ±0.85 ±0.82 ±0.07 ±0.52 ±0.50 ±0.42

B2.5 14 days 34.7 7.74E-10 0.49 0.53 162.86 221.18 21.28 165.91 156.96 112.60
±0.1 ±0.03 ±0.03 ±0.39 ±0.47 ±0.06 ±0.29 ±0.34 ±0.23

Table 4.2.s. Samples heated to 1100°C from irradiation # 2 .134Xe s  100,
Blank
Used

Time Mass
(mg)

® X e
cm3SIP/g

124 Xe 126 X e 12SX e 129 Xe 130Xe m X e 132Xe 136 Xe
134 Xe 134 Xe m Xe 134Xe 134Xe 134Xe 134Xe 134Xe

B2.4 1 hour 29.2 5.85E-10 0.50 0.48 141.76 207.40 18.12 152.47 143.43 117.17
±0.1 ±0.02 ±0.02 ±0.38 ±0.53 ±0.10 ±0.33 ±0.32 ±0.30

B2.2 1 hour 34.2 6.43E-10 0.43 0.43 178.89 246.04 17.05 145.44 137.37 116.46
±0.1 ±0.01 ±0.01 ±0.36 ±0.57 ±0.09 ±0.32 ±0.28 ±0.27

B2.4 8 hours 34.1 5.83E-10 0.51 0.48 124.20 175.40 19.00 155.10 147.59 114.36
±0.1 ±0.01 ±0.01 ±0.35 ±0.40 ±0.07 ±0.32 ±0.36 ±0.27

B2.1 8 hours 28.9 8.13E-10 0.49 0.45 115.06 160.05 18.52 151.52 145.40 115.71
±0.1 ±0.01 ±0.01 ±0.27 ±0.46 ±0.09 ±0.31 ±0.35 ±0.31

B2.4 24 hours 32.3 5.69E-10 0.48 0.47 122.90 177.52 18.37 170.76 144.31 116.13
±0.1 ±0.01 ±0.02 ±0.44 ±0.39 ±0.08 ±0.35 ±0.33 ±0.28

B2.2 24 hours 30.4 9.72E-10 0.21 0.22 106.34 101.16 8.53 284.08 96.41 128.77
±0.1 ±0.01 ±0.01 ±0.17 ±0.27 ±0.04 ±0.44 ±0.16 ±0.25

B2.4 3 days 38.5 4.94E-10 0.39 0.41 181.73 218.44 16.82 147.07 136.28 117.96
±0.1 ±0.02 ±0.01 ±0.44 ±0.42 ±0.09 ±0.38 ±0.36 ±0.34

B2.3 3 days 27.8 7.70E-10 0.44 0.43 130.86 165.71 17.19 145.45 139.34 117.28
±0.1 ±0.02 ±0.02 ±0.29 ±0.37 ±0.08 ±0.23 ±0.19 ±0.31
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Table 4.2;t. Samples heated to 1200°C from irradiation # 2 .134Xe s  100.
Blank
Used

Time Mass
(mg)

i34Xe
cm3STP/g

124 126 Xe m X e 129 Xe 130X e 131 Xe 132 Xe 136 X e
134 Xe 134Xe m Xe 134 Xe 134Xe 134 Xe 134 Xe 134 Xe

B2.4 1 hour 31.8 6.18E-10 0.33 0.37 196.54 140.26 14.66 155.64 126.45 121.33
±0.1 ±0.02 ±0.02 ±0.39 ±0.32 ±0.06 ±0.33 ±0.23 ±0.22

B2.1 1 hour 32.5 4.26E-10 0.31 0.29 174.22 116.13 11.75 132.10 111.12 124.61
±0.1 ±0.02 ±0.01 ±0.41 ±0.40 ±0.07 ±0.31 ±0.30 ±0.28

B2.2 6 hours 31.6 0.49E-10 0.32 0.42 268.58 95.13 10.32 196.09 102.26 130.77
±0.1 ±0.06 ±0.08 ±1.86 ±1.00 ±0.18 ±1.46 ±0.97 ±0.75

B2.5 6 hours 31.7 5.53E-10 0.33 0.34 194.02 127.36 13.38 148.02 120.49 122.80
±0.1 ±0.01 ±0.02 ±0.51 ±0.42 ±0.06 ±0.42 ±0.29 ±0.44

B2.4 24 hours 34.3 4.57E-10 0.19 0.14 144.62 89.68 7.39 131.37 90.75 130.53
±0.1 ±0.01 ±0,02 ±0.40 ±0.29 ±0.06 ±0.30 ±0.21 ±0.38

B2.1 24 hours 28.2 5.06E-10 0.24 0.23 113.26 87.29 9.18 120.63 99.15 127.34
±0.1 ±0.01 ±0.01 ±0.37 ±0.28 ±0.10 ±0.34 ±0.20 ±0.37

Table 4.2 .il In situ diffusion 1200°C o f raw (H) Bjurbole from irradiation #2. 134Xe s= 100.
Blanks
Used

Time Mass
(mg)

lWjre

cm3STP/g
124 Xe 126jre 123 X e 129 Xe 130 X e 131 Xe 132 Xe m Xe
134Xe I34Jfe 134 X e 134 Xe m Xe 134 Xe 134 Xe 134 Xe

B2.7 1 hour 30.4 8.88E-10 0.44 0.41 74.04 161.42 16.31 133.22 133.97 118.62
±0.1 ±0.01 ±0.01 ±0.24 ±0.34 ±0.06 ±0.26 ±0.29 ±0.29

B2.7 10 hours 0.53E-10 1.65 1.10 121.54 367.14 40.92 213.49 250.90 88.57
±0.43 ±0.30 ±1.46 ±2.97 ±0.41 ±1.43 ±1.75 ±0.97

B2.6 10 min @ 1650°€ 0.42E-10 1.92 1.39 163.76 412.90 40.37 214.96 250.72 87.37
±0.21 ±0.16 ±1.92 ±3.84 ±0.69 ±2.56 ±2.44 ±1.15

Total 9.83E-10 0.57 0.49 80.41 183.20 18.66 141.02 145.24 115.67
±0.03 ±0.02 ±0.43 ±1.27 ±0.15 ±0.51 ±0.69 ±0.32

Table 4.2.v. In situ diffusion 1200°C o f raw (I) Bjurbole from irradiation # 2 .134X e = 100.
Blank
Used

Time Mass
(mg) cm3STP/g

l24Xe 126X e 128X e 129 Xe 130 X e 131Xe 132 Xe 136X e
134 Xe 134Xe 134Xe 134Xe 134Xe 134Xe 134Xe m X e

B2.8 1 hour 34.1 7.52E-10 0.37 0.40 51.16 124.76 13.25 121.78 119.80 123.32
±0.1 ±0.03 ±0.03 ±0.11 ±0.30 ±0.07 ±0.30 ±0.21 ±0.23

B2.6 10 min @1650°C 0.72E-10 1.13 0.92 143.16 379.75 37.57 226.32 236.47 91.87
±0,05 ±0.05 ±1.13 ±2.27 ±0.43 ±1.24 ±1.46 ±0.77

Total 8.24E-10 0.44 0.45 59.18 146.99 15.37 130.90 129.97 120.58
±0.03 ±0.03 ±0.54 ±1.47 ±0.15 ±0.66 ±0.70 ±0.28

Table 4.2. w. In situ diffusion at 1100°C o f raw ^  Bjurbole from irradiation #2. 134Xe = 100.
Blank
Used

Time Mass
(mg)

' ltiXe 
cm3STP/g

124Xe 126X e 128 X e 129 Xe 130 Xe 131 Xe l32Xe 136 X e
134Xe 134Xe 134 Xe 134 Xe 134 Xe 134Xe l34Xe 134 Xe

B2.8 1 hour 29.6 7.99E-10 0.31 0.30 90.10 129.71 9.98 103.63 103.28 127.89
±0.1 ±0.03 ±0.03 ±0.29 ±0.30 ±0.05 ±0.25 ±0.28 ±0.23

B2.7 10 hours 0.66E-10 1.14 0.60 252.20 480.95 39.51 253.72 247.95 90.01
±0.16 ±0.33 ±2.47 ±3.22 ±0.49 ±2.20 ±2.03 ±0.88

B2.6 10 min @1650°C 0.96E-10 0.81 1.07 249.74 484.42 39.69 259.33 247.10 89.38
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Blank
Used

Time Mass
(mg)

134Xe
cnfSTP/g

124 Xe 126 Xe 128 Xe 129 Xe 130 Xe 131Xe 132Xe 136 Xe
134Xe U4Xe 134 Xe 134 Xe 1MXe m Xe 134Xe 134 Xe
±0.10 ±0.10 ±1.17 ±2.15 ±0.59 ±1.37 ±0.92 ±0.56

Total 9.62E-10 0.41 0.40 117.27 189.46 14.99 129.58 127.66 121.42
±0.03 ±0.03 ±1.43 ±3.08 ±0.27 ±1.36 ±1.28 ±0.39

Table 4.2.x. In situ diffusion at 1100°C o f raw (K&L - two samples run together) Bjurbole from irradiation 
# 2 .134X e s l0 0 .  IV.
Blank
Used

Time Mass
(mg)

134Xe
cm3STP/g

124Xe 126X e 128 Xe 129 Xe 130X e 131Xe 132 Xe m X e

134Xe 134Xe 134 Xe 134 Xe m Xe 134Xe 134 Xe 134Xe
B2.8 1 hour 60.9 7.51E-10 0.29 0.25 86.97 136.48 9.95 113.04 103.10 127.45

±0.1 ±0.02 ±0.02 ±0.19 ±0.29 ±0.06 ±0.25 ±0.23 ±0.27
B2.6 10 min @1650°C 1.26E-10 0.99 0.95 360.97 605.64 38.40 258.27 241.41 89.49

±0.03 ±0.03 ±1.67 ±2.16 ±0.26 ±1.19 - ±0.92 ±0.37
Total 8.78E-10 0.39 0.35 126.43 204.04 14.04 133.95 123.02 121.98

±0.02 ±0.02 ±2.41 ±4.11 ±0.26 ±1.30 ±1.23 ±0.41

Table 4.2.y. In situ diffusion at 1000°C o f raw (M) Bjurbole from irradiation # 2 .134Xe = 100.
Blank
Used

Time Mass
(mg)

1$rXe
cm3STP/g

124X e 126Xe 128 X e 129 Xe 130 Xe m Xe l32Xe 136X e
134Xe 134Xe 134 Xe 134X e 134 Xe 134 Xe 134Xe 134 Xe

B2.8 1 hour 24.6 7.80E-10 0.11 0.16 55.41 40.03 3.57 67.57 73.04 136.91
±0.1 ±0.04 ±0.03 ±0.15 ±0.12 ±0.03 ±0.18 ±0.17 ±0.24

B2.7 10 hours 0.64E-10 1.13 1.07 505.36 686.00 34.37 266.35 223.48 93.07
±0.52 ±0.43 ±5.08 ±6.36 ±0.54 ±2.78 ±1.95 ±1.25

B2.6 10 min @1650°C 1.58E-10 0.98 0.67 292.14 520.50 40.84 263.09 253.82 87.59
±0.11 ±0.18 ±1.31 ±2.21 ±0.34 ±1.03 ±1.52 ±0.50

Total 10.02E-10 0.31 0.30 121.44 156.98 11.41 111.07 111.13 126.34
±0.05 ±0.05 ±3.17 ±5.66 ±0.40 ±2.15 ±1.92 ±0.57

IV. Spallation

While in space the constant bombardment of cosmic rays produces any number o f 

stable and radioactive nuclides in meteoroids. For Bjurbole the xenon produced from 

spallation is very small, < 1% for most data and ~1% for a couple o f data. The cosmogenic 

component values used to subtract the spallation component are from the ordinary chondrite 

St. Severin (Hudson, 1981).
r
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Table 4.3. Spallation composition for St. Severin (Hudson, 1981).
m Xe=100 124X e 126 Xe 12*Xe 129 Xe m Xe 132 Xe 134 Xe 136 Xe

noXe m Xe m Xe m Xe 130 Xe 130 Xe 130Xe 130Xe
Spallation 60.71 102.04 155.10 163.27 384.69 84.69 4.49 0.00

±3.85 ±6.25 ±13.94 ±42.02 ±28.66 ±8.02 ±1.56 ±0.00

Decomposition o f the spallation component was accomplished using the xenon 

isotopic ratios in Table 4.3 and the Bjurbole trapped composition based on the isotopes o f 

126Xe and 130Xe. The amount o f 130Xe due to spallation was determined and subtracted 

from the data by ISAC using equation 4.2.

Figure 4.2 shows the three-isotope plot for a sample of Bjurbole with the spallation 

and AVCC components plotted. The data clusters around the AVCC (Average Value for 

Carbonaceous Chondrites-identical to Bjurbole trapped for 126Xe and 130Xe) composition 

since the spallation component in Bjurbole is very small. Nevertheless, the corrections were 

made for the sake of completeness. V.

V. Trapped Compositions

Trapped xenon is incorporated during the formation o f parent body material and 

masks the radiogenic component upon thermal liberation in the laboratory. Sources o f 

trapped xenon are “solar” - implanted on the exposed surface o f the meteor from the solar 

wind, and “planetary”, termed for isotopic compositions which are similar to the terrestrial 

atmosphere (Signer & Suess, 1963; Pepin & Signer, 1965). There is little, if  any,, difference 

between solar and planetary Xe at the light isotope's, but planetary Xe is enriched in the 

heavy isotopes (Swindle, 1988). The planetary source is a mixture o f many other subtle 

components that are commonly grouped into the AVCC composition previously mentioned.
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A more detailed discussion o f this topic is not directly relevant to this work, but can be 

found in Swindle (1988).

The composition of the trapped component in Bjurbole is known and has been 

reported by several authors (Caffee e t  a l ,  1982 and Jordan e t a t ,  1980). This composition, 

along with the composition o f terrestrial air (Basford, 1973 and Ozima & Podosek, 1983), is 

shown in Table 4.4.

Table 4.4. Trapped (Caffee e ta l,  1982) and terrestrial air Xe (Basford, 1973) compositions, reference to 134Xe 
to be consistent with the data reduction procedure.
134X e=l6o 124 Xe 126X e 128X e 129 Ae 130 Xe m Xe 132Xe  

134 Xe
136 Xe

m Xe m Xe 134Xe m Xe m Xe 134Xe 134Xe
Trapped 1.20 1.07 21.466 273.560 42.09 213.87 261.78 84.03
Bjurbole 0.03 0.01 1.033 1.525 0.36 1.37 1.37 0.68

Terrestrial 0.91 0.85 18.396 253.467 39,02 203.40 257.80 84.92
Air 0.00 0.00 0.037 0.499 0.07 0.42 0.40 0.17
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Spallation and T rapped Xe in B jurbole

C hondritic
Spallation

AVCC

0.0 0.2 0.4 0.6 0.8 1.0 1.2

126Xe/130Xe

Figure 4.2. The spallation (blue circle) and AVCC components (green square) are plotted with raw 
Bjurbole on a three isotope plot. Trapped xenon is more dominant in Bjurbdle than the spallation component. 
The data plotted is blank corrected.
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The variation between these compositions is negligible with respect to the results o f 

this thesis. As mentioned earlier, the average o f the two compositions in Table 4.4, 

referenced to I32Xe, was subtracted for data from the 129Xe* experiment using equations 

4.3 - 4.5. In the 127I experiment ISAC subtracted the Bjurbole trapped value referenced to 

130Xe. Since this was the last step in the ISAC data reduction process the sole composition 

subtracted from the reference isotope 130Xe was the trapped component.

VI, Fission

The three sources o f fission produced xenon are from spontaneous fission o f 238U, 

extinct 244Pu and neutron-induced fission from irradiation o f 235U residing in A1 foil used 

for “boats” (Chapter 3). The isotopes o f xenon produced from fission are 132Xe, 134Xe, 

136Xe and 13'Xe. The standard three-isotope plot o f  130Xe/132Xe vs. 134Xe/132Xe (Fig. 4.3) 

reflects a mixture o f trapped and fissiogenic xenon from the sources previously 

mentioned. The low temperature steps contain the highest amounts o f the fissiogenic 

xenon while the remaining amount o f xenon is contained in the trapped component. The 

fission isotopic data in Figure 4.3 does not fall within the isotopic range o f fissiogenic Xe 

for reasons unknown. However, these anomalous values do not influence the results o f 

the experiments.
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Figure 4.3 shows the fission and trapped components remaining in a raw sample o f Bjurbdle after 
blank and spallation corrections. The trapped composition dominates the higher temperature steps relative 
to the fissiogenic components. The three sources o f  fissiogenic and trapped xenon create a range in which 
the spectrum is expected to fall (Lewis & Anders, 1975; Swindle et a l ,  1991; Wetherill 1953). The data do 
not fall within the isotopic range o f fissiogenic Xe for unknown reasons. But, these anomalies do not 
influence the final results.
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VEL Comparisom of B ata  Redmctiom Techniques

To compare the results o f the two data reduction techniques (ISAC versus 

equations 4.3-4.5) analysis o f the seven raw samples from the 129Xe* experiment were 

compared with results using ISAC. Even though the methodologies o f the two 

techniques are the same, the test was carried out to confirm the integrity o f the software 

written to analyze the first data set from the 129Xe* experiment.

These data were re-referenced to 134Xe and re-analyzed with ISAC using the 

Bjurbole trapped composition to conform to the analysis performed on the 127I 

experiment data. On average the two results for the seven raw samples agreed to three 

decimal places in most cases, well within the one a variation o f 129Xe* for the data set.

Table 4.5. Comparison o f  the seven raw Bjurbole samples analyzed by two sets o f  software - incorporating 
eq. 4.3-4.S and ISAC. Amounts o f  129Xe* are in cm3STP/g [10~10].
Raw Sample 
mass (mg)

"1®Xe* Results (eq. 4.3-4.5) 
reference to 134Xe

l4$Xe* ISAC Results 
reference to 134Xe

~ 1WXe* Results (eq. 4.3-4‘5) 
reference to 132Xe (Table 4.1)

18.0 3.605 3.605 3.616
21.1 4.415 4.415 4.384
10.8 4.536 4.536 4.763
12.4 3.561 3.561 3.796
14.1 3.997 4.006 4.135
14.0 4.804 4.804 4.961
31.3 4.543 4.543 4.676

average 4.209 4.210 4.333
Stdev, a 10.8% 10.8% 10.8%

The difference between using the average o f the terrestrial air and Bjurbole 

trapped compositions, (columns two and three o f Table 4.5) versus only the Bjurbole 

trapped composition (last column o f Table 4,5) is 2.8%. This is well below the one



sigma variation o f 129Xe* measured in raw Bjurbdle.
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Chapter 5. THE 129Xe* ISOTHERMAL 

HEATING EXPERIMENT

The next two chapters contain the noble gas mass spectrometry results o f the 

129Xe* and I27I isothermal heating experiments o f Bjurbole. This chapter deals with the 

consequence of thermal alteration o f the I-Xe system based solely on the mobility o f 

I29Xe* in Bjurbole and not on any mobility 127I is likely to have experienced during 

heating. Thus, the presentation o f the results reflects the chronological sequence o f 

events, not only this study, but also o f the study o f this subject over the past four decades. 

Chapter 6 addresses the thermal alteration o f the I-Xe system in light o f the mobility o f 

127I under metamorphic conditions.

From measured diffusion parameters o f  released 129Xe* the characterization o f the 

domains containing I along with closure temperatures o f the I-Xe system are compared to 

the thermal metamorphic history o f the L-parent body. I.

I. F ractional Loss of 129Xe

In an attempt to determine a correlation o f I-Xe ages with metamorphic grade 

Jordan et al. (1980) conducted stepwise heating on seven ordinary chondrites (grades 4 - 

6) including seven aliquots o f whole-rock Bjurbole (L4) irradiated as standards. The 

results are a  portion o f the data plotted in Figure 1.1 showing no correlation o f I-Xe age 

with metamorphic grade for any o f the chemical classes (however, Pb-Pb ages o f H 

chondrites do show an inverse correlation with metamorphic grade).
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Two years later Caffee et al. (1982) used this stepwise heating data to construct 

an Arrhenius plot o f 129Xe* released from the seven aliquots o f Bjurbdle. The plot is 

reproduced in Figure 5.1. The line fit to the data, assuming a single diffusion domain, 

yields an activation energy o f 3.6 eV (83 Kcal/mole) and a frequency factor (Do/a2) o f 107 

s"1. The fit for the single domain model gives a Dodson closure temperature of 540°C 

based on a cooling rate o f 5°C/Ma.

Cooling rates for L4 ordinary chondrites obtained by Fe-Ni data are 2-80°C/Ma 

(Willis & Goldstein, 1981) and 2.6°C/Ma from 244Pu fission track analysis (Fellas & 

Storzer, 1979). The Dodson closure temperature is a weak function o f cooling rate, 

changing the cooling rate by an order o f magnitude only changes the closure temperature 

by a small fraction (Fig. 5.2). A  cooling rate o f 5°C/Ma for L4 OCs was originally used 

by Caffee et al. (1982) and will be incorporated here in subsequent calculations o f Tc.

From the analysis o f Caffee et al. (1982) it appears plausible, i f  not likely, that at 

metamorphic temperatures for grade 4 metamorphism (700-800°C) diffusion could have 

reset the I-Xe system. In the region where the fit line (Fig. 5.1) passes through the 

temperature range o f grade 4 metamorphism the diffusion o f 129Xe* from a 10 {xvn size 

grain exceeds 50%. However, the usefulness o f these diffusion parameters is dubious, 

partially due to uncertainties in the stepwise heating temperatures (Caffee et al., 1982),
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Figure 5.1. An Arrhenius plot (reconstructed from Caffee et a l ,  1982) o f 129Xe* released from 
seven different aliquots o f whole-rock Bjurbole (Jordan et a l ,  1980). The single line fit to the data gives an 
activation energy o f  3.6 eV (83 Kcal/mole) and a Do/a2 value o f 107 s*1. The shaded area indicates the 
temperature range expected for grade 4 metamorphism and the dashed line indicates the value o f D/a2 
required for a 50% loss from a characteristic grain size (10pm) in 106 years.
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Figure 5.2 shows the weak dependency o f  the Dodson closure temperature on cooling rates. The 
percent change in closure temperature for cooling rates from 2°C/Ma to 80°C/Ma is less than 8%. Curves 
are based on diffusion parameters relevant to the analyses used here.
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but mainly due to deviations from linearity o f the data plotted.

Looking in more detail at the individual Bjurbdle samples o f Jordan et al. (1980), 

the model o f a single domain is unsatisfactory as each sample is distinguished making the 

non-linearity dramatically apparent (Fig. 5.3). Changes in the slope suggest different 

activation energies from multiple diffusion domains (compare Fig. 2.3). While 

outgassing from a single domain dominates for a particular temperature range, only an 

estimate o f the diffusion parameters, and thus the Dodson closure temperature, may be 

made for that domain since other diffusion domains contribute to the release o f 129Xe* at 

any given temperature (Harrison etal., 1991).

The Jordan data in the 1000 to 1200°C “mid temperature” range (marked in Fig. 

5.3) show a fairly consistent slope for all samples. This indicates that 129Xe* released in 

that temperature interval is dominated by a single domain which is outgassing via volume 

diffusion compared to domains which have become exhausted due to lower activation 

energies and domains which have yet to outgas significantly due to higher activation 

energies. Since the release o f correlated 129Xe* begins to occur in this temperature range, 

the domain observed (which contains over half o f the total 129Xe* content o f Bjurbdle) is 

significant.

Differences in the intercepts (DJa1 values) for each sample are due to the 

variations in the characteristic grain size a. The closure temperature is weakly dependent 

upon variations in the characteristic grain size. Given a constant activation energy and 

D0 for six o f the seven Bjurbdle samples from Jordan et al. (1980) (one sample gave 

inconsistent diffusion parameters), a variation in grain size from 10 pm  to 1000 pm gives
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a 150°C increase in the closure temperature.

Data from the 129Xe* isothermal heating experiment not only confirm the multi- 

domain characteristic o f 129Xe* in Bjurbole, but give quantitative information about the 

release mechanisms. At three temperatures in which Bjurbole was isothermally heated 

the release o f 129Xe* as a fimction o f time is shown in the fractional loss profiles in Figure 

5.4. Predicted loss curves (eq. 2.14) are shown in Figure 5.4 corresponding to diffusion 

parameters based on Arrhenius results from Caffee et ah (1982), the data o f Jordan et ah 

(1980) in the mid temperature range o f 1000°C - 1200°C, and from the 129Xe* isothermal 

heating experiment (cf.. Tables 5.1, 5.2 & Figure. 5.6). In each o f these predicted 

fractional loss curves the assumption is made that a single diffusive domain accounts for 

the release o f all the 129Xe ". Diffusion parameters from the second and third columns o f 

Table 5.1 were determined by a least squares fit to the Arrhenius results (see below). It 

must be noted that the extended isothermal heating data for any given temperature 

represents the total fractional loss o f 129Xe* in the sample, since the unheated samples o f 

Bjurbole that are used to normalize the fractional amounts contain 129Xe* from all

domains.
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Tem perature (°C)

’Xe* Released from Bjurbole
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Figure 5.3. An Arrhenius plot o f 129Xe* distinguishing each o f the seven aliquots of Bjurbole 
from Jordan et al., (1980) magnified in scale. Three distinctive trends in slope (activation energy) are 
observed; the mid temperature range (1000-1200°C), above 1200°C, and below 1000°C. When compared 
to the same data plotted in Figure 5.1, a multiple domain model seems more consistent with the release o f  
'"Xe*.
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Table 5.1. D/a2 values for the diffusion profiles in Figure 5.4.
Temperature Chaffee et al (1982) Jordan et. al. (1980) 1000°C- 

1200°C data
129Xe* Isothermal Heating 
Experiment

1000°C 5.67xlO‘V 1.48xl047 r 1.41x10* s"1
1100°C 6.19xl(rV 3.85xl0"7 s'1 4.12x10"7 s'1
1200°C 4.88x10-* s'1 6.43x10* s"1 7.63x10* s"1

The release o f 129Xe* from the least retentive domain(s) is illustrated in Figure 

5.4a. Approximately 12% o f the total 129Xe* is released at temperatures <1000°C in the 

first hour o f heating. Heating for 2.5 orders o f magnitude longer releases little, if  any, 

more I29Xe*. No single domain diffusion model can account for both the sudden release 

in the first hour o f heating and the relatively low fraction release during longer heatings 

(Table 5.1). However, there may be a gradual increase in the fractional loss consistent 

with a contribution from a diffusive domain, which is seen at 1100°C.

Figure 5.4b shows a profile o f increasing loss with time at 1100°C that suggests 

loss o f 129Xe* via volume diffusion. After 72 hours o f heating over 60% of the total 

129Xe has been released. However, no loss profile for a single domain diffusion model 

fits the amount o f 129Xe* released with any degree o f certainty (Table 5.1) including the 

profile predicted from the 129Xe* isothermal heating data.

Figure 5.4c shows the fractional loss profile at 1200°C from 1 to 24-hours along 

with predicted diffusion curves for both aliquots o f Bjurbdle (see Ch.3, section II). The 

initial data (solid circles in Figure 5.4c) show that approximately 20% of the 129Xe* 

remains in at least one highly retentive site above 1200°C. The 24 hour result from the 

heatings performed later (open circles in Figure 5.4c) show that virtually all the 129Xe* 

has outgassed. Nevertheless, as with the lower temperature experiments, the single
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domain diffusion profiles predicted (Table 5.1) do not satisfactorily match the data (Fig. 

5.4c).

However, the run products for the 1200°C experiments consisted o f a solid bead 

prior to heating in the extraction line, thus the diffusive conditions o f the samples have 

probably changed due to partial melting o f the domains (see Chapter 7). This situation 

does have precedence. Lee et a t (1991) demonstrated that the release o f radiogenic Ar 

from hornblende heated between 950 to 1050°C in vacuo is strongly controlled by the 

breakdown o f the original hornblende and the formation o f new phases. Therefore, the 

diffusion profile for the 1200°C data should be viewed with caution since it is likely that 

the loss o f I29Xe* was not due entirely to volume diffusion.

It is possible that slight variations in the oxidation conditions during the two 

isothermal heatings at 1200°C could be responsible for the discrepancy in the 1200°C 

results. The possibility o f incorporation o f expelled xenon back into the sample during 

the extended heating was calculated by using the solubility o f xenon in basaltic material 

(Jambon et a t, 1985). The solubility is 5 orders o f magnitude too low to account for 

incorporation o f enough I29Xe* to be significant to the results presented here.
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Figure 5.4. Fractional loss o f 129Xe* versus time from whole-rock samples o f Bjurbole at 
temperatures o f (a) 1000, (b) 1100 and (c) 1200°C. Fractional loss profiles representing results for a single 
domain model are plotted using data from Caffee et al. (1982), the mid-temperature range (1000-1200°C) 
data from Jordan et al. (1980) and data from the 129Xe* isothermal heating experiment results (c.f. Figure 
5.6). See Table 5.1 for corresponding D/a2 values. Open circles in Figure 5.4c represent data from 
duplicate samples o f Bjurbole run at a later date to confirm the initial results. The data fail to agree well 
with any single domain model.
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The most likely explanation of the discrepancy between the results o f the two 

1200°C isothermal heatings is that a high temperature domain does exist, but is 

inhomogeneously distributed throughout the meteorite. This would be consistent with the 

12% variation in total I29Xe* content measured from the raw samples. Figure 5.5 shows 

the release peaks o f 129Xe* in Bjurbole from the stepwise heating experiments o f Jordan 

et al. (1980). Two distinct peaks are observed, one centered on 1200°C and a higher 

temperature peak centered about 1500°C. An additional small release peak o f 

approximately 5% is observed in one sample at 1000°C.

The broadening o f the peaks results from variations in grain size (Fechtig & 

Kalbitzer, 1966). The release temperatures of the Jordan et al (1980) stepwise heating 

results cannot be compared directly with the 129Xe* isothermal heating experiment 

presented here since the samples in the two experiments were outgassed using completely 

different heating schedules (cf., Lovera et a l , 1989).

The seven Bjurbole samples analyzed by Jordan et al (1980) do not display 

identical release peaks even though the heating schedules were identical. This suggests 

inhomogeneity o f the host sites o f I29Xe* within the meteorite. Thus, it is plausible that 

the retentive phase seen at high temperature in Figure 5.5, obviously present in three o f 

the seven samples, was present in the initial aliquot analyzed at 1200°C, but not in the 

second aliquot {cf., Fiq. 5.4c).
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EL A rrhenius Plots

The Arrhenius results o f Caffee et a t (1982) are compared to results from 

the129Xe* isothermal heating experiment in Figure 5.6. Data points denoted by open 

circles are from Jordan et at (1980) and represent step heatings at 1000, 1100 and 

1200°C for 40-minute intervals. Solid triangles represent data from this study. As stated 

before, the 1200°C data set may not be reflecting an accurate diffusion process since at 

this temperature the samples began to fuse into glass beads, thus changing the properties 

o f the material analyzed.

The long dashed line in Figure 5.6 is the fit for diffusion parameters reported by 

Caffee et a t (1982) for a single domain model using the complete data set yielding a 

closure temperature o f 544°C. The medium dashed line is a fit for a single domain model 

from the Jordan et at (1980) data in the intermediate (z.e., "mid" in Figure 5.3) 

temperature range and gives an calculated closure temperature o f 635 + 22°C. This is an 

estimated closure temperature, based on a 5°C/Ma cooling rate, which is slightly below 

the averaged fit for data from the 129Xe* isothermal heating experiment.

As previously mentioned in Chapter 2, a condition for the validity o f the Dodson 

closure temperature is that the cooling rate should be slow, (i.e., t  » a2fD(t=0)). This 

condition is not strictly met, with x «  alfD(t=0\ using peak metamorphic temperatures 

o f L4 OCs (600-700°C, Dodd, 1981) and the average diffusion parameters for all heating 

times based on the 129Xe* isothermal heating experiment. However, i f  the system was 

unaltered by thermal metamorphism, then the condition for slow cooling is irrelevant.
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Figure 5.5. Fractional loss o f 129Xe* versus temperature for seven Bjurbole aliquots from Jordan 
et al. (1980). A total o f three release peaks centered around 1000, 1200 and 1500°C are observed among 
the seven samples. An inhomogeneous distribution o f 129Xe* for gram-size samples o f Bjurbole can be 
inferred from the variations in release patterns between samples.
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To compensate for the short half-life o f 129I, the Dodson closure temperature was 

recalculated using equation 2.13. For a value o f A(129I)r = 0.1388 the corresponding 

geometric factor A is 40. The resulting closure temperatures are indeed greater than the 

values calculated using A=55, but are not significantly higher (Table 5.2).

Table 5.2. Diffusion parameter values and Dodson closure temperatures used for the Arrhenius plot data o f  
Figure 5.6.

Data Set Logio(D/a5") Activation Energy, Ea T c(0C),A=55 Tc (oC),A=40

Caffee et a l (1982)* 7.04 ±0.13 3.69 ±0 .10 544 ± 2 2 549 ± 23

Jordan et cd. (1980) 
(1000-1200°C)

11.62 ±0.52 4.92 ±0 .14 635 ± 31 640 ± 31

129Xe* Isothermal 
Heatings

12.29 ±0.32 5.09 ±0.09 644 ±  19 649 ±  19

Corrected Fit 28.76 ±1.32 9.64 ±0.34 823 (26,33) 827 (26,33)

Referenced to 
1000°C Data

18.84 ±0.37 7.02 ±0.11 753 ±  20 757 ± 2 0

* Diffusion parameters recalculated.

In Figure 5.6 the results for the data at 1000°C and 1100°C represent the initial 

12% (± 4%) loss o f 129X e' from the least retentive domain (Fig. 5.4a) and loss from the 

more retentive diffusion domain (Fig. 5.4b). The dotted “corrected’ line estimates the 

diffusion parameters for the domain seen in Figure 5.4b by subtracting the contribution 

from the least retentive domain from the data at both 1000°C (14 days) and 1100°C (1 

day). The estimated closure temperature is 823°C with a minimum o f 790°C (Table 5.2). 

This is a conservative estimate due to the uncertainty in the amount o f the least retentive 

domain. The closure temperature in this case surpasses the peak temperature of 700°C 

for grade 4 metamorphism.

The variation in 129Xe* content in the raw values is due to the low temperature
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component represented by the initial 12% loss in Fig. 5.4a. Alternatively, using the 

1000°C data (averaged through 4 days) as the primary reference for 129Xe* content 

instead o f the raw values, yields a closure temperature of 7530C ± 20°C, again above 

metamorphic temperatures experience by Bjurbole (L4) (Table 5.2).

TlfT.. Bifftisiom Lengths

In order for the I-Xe system to be altered by thermal metamorphism, the time- 

temperature history o f the parent body must be such that 129Xe diffusion distances are 

larger than the size o f the host domain, thus reducing the measured initial 129Xe’7127I 

ratio. Extrapolating results o f this study (solid line in Figure 5.6) to metamorphic 

temperatures produces a diffosivity o f D(650°C)=10"22 cm2/s. The mean displacement o f 

an atom at metamorphic temperatures for 106 years is 1.0 fim, less than the typical 

dimension o f a domain (z.e.. Chapter 2, section I). Based on these results, it is unlikely 

that 129Xe* could have been substantially redistributed during metamorphism to alter the 

initial 129X e7127I ratio.

r
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Figure 5.6. Data from Jordan et al. (1980) (open circles) are compared to results from the 129Xe* 
isothermal heating experiment (solid triangles) in the temperature range o f 1000-1200°C for the release o f  
l29Xe* from whole-rock Bjurbole. There is close agreement in diffusion parameters for the mid-temperature 
data o f Jordan et al. (1980) and the average values from 129Xe* isothermal heating experiment (short dash and 
solid line, respectively). As seen by the steeper slope, the activation energies for these two cases, 5.09eV for 
this work, are greater than that reported by Caffee et al. (1982) o f 3.6eV (long dashed line), thus increasing the 
Dodson closure temperature to 644°C. The dotted line is the fit corrected for the contribution from the least 
retentive domain (see section above) yielding a Dodson closure temperature o f 823°C.

The inset plot shows the diffusive response of the I-Xe system to metamorphism. The shaded area 
indicates the temperature range expected for grade 4 metamorphism and the horizontal dashed line indicates the 
value o f D/a2 required for a 50% loss from a characteristic grain size (10 /zm) in 106 years. Results from this 
study indicate that the minimal redistribution o f 129Xe* is unlikely to have altered the I-Xe system in Bjurbole.
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IV. Mesnlts from  Step-Heatings off O ther OCs

If  ordinary chondrites contain domains with a range of closure temperatures, some 

should outgas during metamorphism and the total amount o f 129Xe* should decrease for 

increasing metamorphic grade. Results from Jordan et al (1980) suggest that this is the 

case. However, Hohenberg & Reynolds (1969) demonstrated that the apparent age o f 

high-temperature isochrons, determined by retentive sites, are not disturbed by 1.5 hour 

heatings at temperatures (1200°C) greater than experienced naturally. Likewise, the 

meteorites studied by Jordan et a l (1980) are progressively more deficient in total 129Xe* 

content with higher petrologic grade (Table 5.3); except for the chondrite Menow 

(discussed below), but preserve high temperature isochrons. The less retentive domains 

that have been completely outgassed (e.g., low temperature domain(s) observed in the 

1000°C fractional loss profile) or partially outgassed (e.g., the diffusive domain observed 

in the 1100°C fractional loss profile) do not affect the determination o f these high 

temperature isochrons.

The 900°C step-heating o f Menow was interrupted due to the development o f a 

hole in the quartz jacket o f the furnace. The removal o f the sample to facilitate repairs 

introduced absorbed air as well as quartz fragments (Jordan et a l, 1980). Analysis shows 

that radiogenic 129Xe was not released until the 1200°C step. It is highly likely that a 

significant signature o f 129Xe* was lost at the lower temperature, thus, the results for 

Menow should be viewed with this in mind.
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Table 5.3. Metamorphic grade versus 129Xe* content

Ordinary Chondrite 
Samples

Range o f  Peak 
Metamorphic 

Temperatures (°C)(a)

[m Xe]*-10-10cm3STP/g(b). (129I/127I)0 . io-4^

H4 Menow 600-700 0.67 ± 0 . 0 # 1.63 ±0 .09

H4 Beaver Creek 600-700 1.51 ±0 .04 1.06 ±0.08

H5 Nadiabondi 700-750 0.66 ± 0.05 1.98 ±0 .27

H5/6 AmbapurNagla 700-950 0.70 ±0 .02 0.91 ± 0.06

H6 Kemouve 750-950 0.18 ±0.01 1.80 ±0.21

L4 Bjurbole 600-700 3.99 ± 0 . 5 # =1.09®

L5 Ausson 700-750 0.62 ±0 .02 1.32 ±0.15

L6 Peetz 750-950 0.20 ±0 .02 1.44 ±0.31

a. Motylewski (1978).
b. Jordan et al. (1980).
c. Appendix 5 o f  Kerridge & Matthews (1988b) (Ratios based on Bjurbole initial (129I/127I)o o f  1.09-10'4).
d. Value unreliable due to mechanical failure, see text.
e. Average o f the seven Bjurbole samples, 
f  Hohenberg & Kennedy (1981).

The statistics are not so good for the seven OCs samples (one o f each versus 

seven samples o f Bjurbole). However, from Figure 5.7 & 5.8 something o f the thermal 

histories o f the three domains (observed in Figures 5.3 & 5.4) can be inferred. The 

lower-temperature, less-retentive, domains have outgassed more with respect to the 

higher-temperature, more-retentive, domains. This can be seen from the shift in 

distribution in the fractional loss peaks with the increase o f metamorphic grade centered 

around 1200 and 1500°C in Figure 5.7 versus the dominant amount o f 129Xe* being 

released from Bjurbole (L4) around 1200°C (Fig. 5.6).

In Figure 5.8 the overall trend in slope is fairly constant from high temperatures 

down to roughly 1000°C and below where the amount o f the total 129Xe* released is 

small. Again, the statistics are poor, but the predominance o f two general slopes indicates



that the domains released at lower temperatures are more exhausted with increasing 

metamorphic grade thus enabling the activation energies o f the more highly retentive 

domains to dominate in the >1000°C temperature range.

Table 5.4. Diffusion parameters and closure temperatures for the seven OCs from Jordan et a/.(1980).
Sample Temp. Range (°C) Logio(D/a2) Activation Energy, Ea Tc(°C),A=55

H4 Menow 1200-1500 12.68 dk 0.71 5.89 ±0.23 772 ± 4 9  •

H4 Beaver Creek 1100-1600 8.44 ±0 .29 4.54 ± 0 .09 673 ± 2 2

H5 Nadiabondi 600-1500 0.33 ±  0.28 1.67 ± 0 .07 253 ± 2 4

H5/6 Ambapur Nagla 800-1350 0.82 ±0 .10 1.78 ±0.03 271 ±  10

H6 Kemouve 1100-1600 7.50 ±0.23 4.26 ±0 .07 650 ± 1 8

L4 Bjurbole0 1000-1200 12.29 ±0 .32 5.09 ± 0 .09 639 ± 1 9

L5 Ausson 800-1350 2.08 ±  0.35 2.24 ± 0 .09 361 ± 28

L6 Peetz 1200-1600 7.72 ±0.31 4.19 ±0 .10 627 ± 2 5

* Average o f  seven Bjurbole samples.
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F rac tiona l Loss o f  129Xe* 
from  O rd in a ry  C hondrites.

Data from Jordan et al.
(1980)

------- L6

-------H5
H5/6

Tem perature (°C)

Figure 5.7. The fractional loss o f l29Xe* from the seven ordinary chondrites analyzed by Jordan et 
al. (1980) display the changing distribution in gas content with metamorphic grade compared with the more 
consistent fractional loss pattern from Bjurbole (Fig. 5.5). Again as with Bjurbole, there appears to be three 
release peaks around 1000°C, 1200°C and 1500°C although the spread in each peak is more pronounced in 
the seven ordinary chondrite samples.

Note , the crucible failure at low temperature during the step-heating o f  the H4 chondrite, Menow - 
solid red line (see above). This causes the artificially high peak around 1500°C.
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T em p era tu re  (°C)

Xe* Released from Seven O rdinary  Chondrites

Data from 
Jordan etal. (1980).

--------H5
—  H4
— H5/6

— L6

1000/T(K)

Figure 5.8. An Arrhenius plot o f 129Xe* from the seven ordinary chondrites analyzed by Jordan et 
al. (1980). Unlike the Arrhenius plot for the seven aliquots ofBjurbdle (Fig. 5.3), there is less coherence in 
the trends in slope (activation energy). However, a general change in slope occurs in the neighborhood o f  
1000°C.
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V. T rapped m Xe Resells

Fractional loss profiles for trapped 132Xe (corrected for blanks) are shown in 

Figure 5.9. The diffusion profiles determined from the parameters o f Caffee et al. (1982) 

are plotted for comparison. The 1000°C data are different from the radiogenic 129Xe data 

(Fig. 5.4a) indicating release from a different site(s). The 1100°C data do not match the 

I29Xe* data (Fig. 5.4b) precisely either, but do show a similar trend o f loss over time. For 

the 1200°C data set, the fractional loss o f 132Xe closely matches that o f the 129Xe* 

fractional loss data for the initial data set (Fig. 5.4c), but is significantly lower for the 

later data.

The average activation energy for I32Xe diffusion is 3.3 eV (76 Kcal/mole) as 

compared to 1.9 eV (44 Kcal/mole) measured for Allende at 900°C and 1000°C (Herzog 

et a l, 1979). Similar diffusion studies on He and Ar have been performed using stepwise 

heating extraction. Most recently Trull & Kurz (1993) have reported 4He activation 

energies o f 4.3 eV and 3.0 eV in olivine and pyroxene, respectively, from Hawaiian 

ultramafic xenoliths. In contrast, Bogard et al (1990) noted 39Ar activation energies o f  

0.8 eV to 2.3 eV in whole-rock samples and plagioclase separates from step-wise heated 

mesosiderites. Baldwin et al (1990) reported an activation energy o f 2.6 eV for 

radiogenic 40Ar in metamorphic hornblende. In comparison, data from Jordan et al 

(1980) give an activation energy o f 3.7 eV for 129Xe* over the temperature range o f 800- 

1350°C and 4.9 eV in the temperature range o f 1000-1200°C. While the activation 

energy increases with mass for a given sample (Herzog et a l, 1979), this correlation does 

not strictly hold when comparing multiple samples.
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VI. Nom-BifiFuslott Scenario

Alternatively, domains that begin to outgas radiogenic 129Xe outside o f the 

1000°C to 1200°C temperature range may be doing so by the phase change (or more 

likely, from surface diffusion along grain boundaries) o f a host phase instead o f volume 

diffusion. Data from Figure 5.3 in the temperature range <1000°C yield a negative 

frequency factor indicating that release o f 129Xe* is not by volume diffusion. The initial 

12% o f 129Xe* released (Fig. 5.4a) is from this low retentive site.

It is possible, although unlikely, that the dominant amount o f xenon is contained 

in one domain which experiences a phase change between 900°C and 1000°C. This 

scenario does occur with the step-wise heating release o f Ar in vacuo correlated with the 

structural breakdown o f hydrous hornblende and the formation o f new phases (Gaber et 

al., 1988; Wartho et a l, 1991; and Lee et a l, 1991). The data here indicate that, i f  a 

phase change is occurring then, the resultant phase is more, not less, retentive in the 

1000°C to 1200°C temperature range in Figure 5.3. In this case a closure temperature, 

based on the higher temperature data, would be irrelevant for grade 4 metamorphism.
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132Xe Released at 1200°C
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Figure 5.9. Fractional loss versus time o f 132Xe released from whole-rock Bjurbole for 
temperatures o f (a) 1000, (b) 1100 and (c) 1200°C. Fractional loss profiles plotted are base on data from 
Caffee et a l ,  (1982). Solid circles represent initial data, open circles in Figure 5.9c represent Bjurbole run 
under duplicate conditions to confirm the initial 129Xe* results. Unlike 129Xe*, the release o f  132Xe 
generally increases with time for all temperatures, indicative o f  loss via diffusion.
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CMpfer 6. THE 127IISOTHEEMAL 

HEATING EXFEMMENT

1L Alteration o il-X e system based on 127I  ©iffusiom

This chapter presents results o f the 127I isothermal heating experiment that directly 

measures the thermal mobility o f I in Bjurbole. The long held view about thermal 

alteration o f the I-Xe system is that the mobility o f 129Xe* alone could alter the value o f Be, 

which assumes 127I to be significantly more retentive at metamorphic temperatures. This 

assumption has been called into question concerning the I-Xe system (Burkland et ah, 

1995). Analogously, Gopel et ah (1994) discuss the similar relationship o f mobility 

between U and Pb in the Pb-Pb system. I f  the mobility o f 127I at metamorphic 

temperatures is greater than that o f 129Xe* on length scales comparable to dimensions o f 

the host domain(s), then the resultant value o f R* would increase.

As described in Chapter 3, samples o f Bjurbole underwent extended isothermal 

heatings ex situ to induce thermal mobility o f I27I from the host phase(s). Irradiation o f 

these samples followed in order to convert 127I into 128Xe*, which was then measured by 

noble gas mass spectrometry. Unheated aliquots of Bjurbole were included in the 

irradiation packages (thus receiving the same production o f 128Xe*) to reference the 

fractional loss o f 127I in the heated samples.

Additional extraction features o f the 127I experiment performed on Bjurbole include 

in situ step-wise heatings o f raw samples and step-wise heating o f samples binned into four
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different ranges o f grain sizes. In situ extended isothermal heatings at 1000, 1100 and 

1200°C were also conducted for 1 hour and 10 hours duration enabling fractional loss 

measurements o f 129Xe* and 128Xe* independent o f a normalized rawBjurbole value.

HL Fractional Loss of I  and Xe

The first issue to be addressed is the significance of crushing and sieving on the 

release o f I29Xe* from Bjurbole. For the 127I experiment, twelve raw samples of Bjurbole 

were analyzed for Xe, (A through G, for irradiation #1 (“IR1”), and H  through M, for 

irradiation #2 (“IR2”)). Samples from IR1 underwent the same processing o f crushing and 

sieving as the samples from the 129Xe* experiment and the study o f Jordan et al. (1980), 

whereas the pristine structure o f Bjurbole was retained in the IR2 samples. The average 

amount o f 129Xe* from IR1 (Table 6.1) agrees to within error with the 4.33-10'10 cm3STP/g 

value from the 129Xe* experiment results, and 3,99-10'10 cm3STP/g value reported by Jordan 

et al. (1980). This is expected since the sample preparation procedures for both experiments 

were identical.

Analysis of the IR2 samples suffers from a complication due to a filament failure in 

the source of the mass spectrometer occurring at the latter end of the sample runs. The 

samples affected by this malfunction were a 1-hour, 24-hour and 14-day at 1000°C and a 6- 

hour at 1200°C plus all five of the raw samples (H through M, Table 6.1). After the repair 

the resultant calibration for these samples proved to be incredibly too high by a factor o f 

three. This was determined by comparing the 129Xe* amount in the IR2 raw samples (1.2 to 

1,4 -lO"9 cm3STP/g!) with the results from the Jordan et al (1980) and the earlier results
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from this study.

Therefore, the IR2 results reported here were recalculated using the calibration o f the 

IR1 samples. The complication with the calibration for the IR2 samples prohibits a rigorous 

comparison o f the fractional loss results. However, two points can be drawn from the IR2 

data. First, the I-bearing domains are heterogeneously distributed in the IR2 (pristine rock) 

samples - regardless o f the calibration chosen. Second, there is an excess o f the low 

retentive domain(s) in the IR2 samples which was presumably lost by the crushing and 

sieving procedure used on the IR1 samples. Both of these points are investigated more 

thoroughly below.

Table 6.1. Amount o f 129Xe* and 12SXe* in rawBjurbole samples [10'* cm3STP/g|.
Sample Heating Schedule 125Xe* 128Xe*

IRRADIATION#!

Raw “A” Isothermal, 1 hour @ 1000°C 5.00 7.06
Raw “B” Step-heat (700-1600°C) 4.21 5.56
Raw “C” Step-heat (800-1600°C) 3.86 5.49
Raw “D” “Fused” @ 1550°C 3.83 5.15
Raw “E” Isothermal, 1 hour @ 1200°C 4.59 6.07
Raw “F" Isothermal, 1 hour @ 1100°C 4.73 6.47
Raw “G” “Fused” @ 1550°C 5.48 7.87
Average ±  1 a 4.53 ±  13.4% 6.24 + 15.5%

IRRADIATION #2

Raw “H” Isothermal, 1 & 10 hours @ 1200°C 6.09 6.97
Raw “I” Isothermal, 1 hour @ 1200°C 3.92 4.22
Raw‘T Isothermal, 1 & 10 hours @ 1100°C 8.88 10.5
Raw “K&L” Isothermal, 1 hour @ 1100°C 9.90 10.5
Raw “M” Isothermal, 1 & 10 hours @ 1000°C 8.35 11.6
Average + 1  a 7.43 +  32.4% 8.76 + 35.1%

i
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Comparing the fractional loss results from IR1 and ER2 confirms the heterogeneity 

o f domains in Bjurbole. In the 1000°C ex situ heating (Figure 6.1a, unfilled circles), the 

fractional loss o f 129Xe* from IR2 varies for these samples dramatically over the 1-hour to 

the 14-day (=1209600 seconds) duration of heating. For instance, approximately 65% of 

m Xe* is released within 24 hours of heating at 1000°C for one sample from IR2. Two 

samples at 1 hour and 24 hours contained more gas than the five averaged raw samples, 

giving negative fractional loss values. Four samples do agree with the IR1 results (one at 1- 

hour, two at 4-days, one at 14-days o f heating), but after 14 days o f heating two samples 

from IR2 are separated by as much as 30%. Crushing and sieving does not completely 

eliminate the heterogeneous distribution, as can be seen at 24 hours for one sample from 

IR1. Recall from Chapter 5, Figure 5.4c, that the highly retentive domain(s) outgassing for 

T > 1200°C shows evidence of -10%  heterogeneity. However, none of the samples from 

m i  retained more 129Xe* than contained in the average o f the raw Bjurbole samples (A-G).

Samples heated in situ (triangles in Figure 6.1a) provide more insight into the story. 

For the 1-hour heating both m i  and IR2 release less than 20% o f 129Xe*, which increases to 

over 50% at 10 hours for IR2 (sample “M ”, Table 4.2y). La this case, the higher fractional 

loss of sample M  suggests that it predominantly consisted o f the domain(s) that outgasses at 

low temperature instead o f a well-mixed assortment o f all domains.

For the 1100 and 1200°C heating (Fig. 6.1b,c) the scatter in the IR2 fractional loss 

data progressively diminishes with the increase in heating temperature while the m i  data 

exhibit patterns similar to Figure 5.4. Again, in situ and ex situ samples from m i  follow a 

consistently increasing trend o f fractional loss versus time while samples from IR2
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containing proportionately less o f the highly retentive domain(s) remain scattered.

The IR2 results indicate that the domain(s) outgassing at T < 1000°C in Figures 5.4a 

and 6.1a is the major contributor to heterogeneity in Bjurbole. The heterogeneity o f this 

domain(s) also affects the fractional release o f 129Xe* at 1100 and 1200°C, but to a 

diminishing degree. As the less retentive domain(s) becomes exhausted outgassing o f the 

more highly retentive domains becomes dominant at higher temperatures (Fig. 6.1b,c).

Considering this evidence, it appears that the act o f crushing and sieving Bjurbole in 

the fashion described in Chapter 3 releases a portion o f 129Xe* from the domain(s) which 

outgas at low temperatures. The site o f this domain(s) is likely grain boundaries or mineral 

dislocations, sites “b” & “c” (Chapter 1). A series o f step-wise heating experiments with 

raw Bjurbole, using short temperature steps, would further quantify the degree o f 

heterogeneity. However, this is not particularly necessary for this study since (1) I-Xe ages 

are determined for I-correlated 129Xe* released at high temperatures, and (2) it is the thermal 

release patterns and the associated energies that are necessary for determining I-Xe closure 

temperatures, not amounts o f xenon.

The second issue to be addressed is the consistency o f the 129Xe* Arrhenius results 

from the 127I experiment with those from the 129Xe* experiment. The diffusion parameters 

o f 129Xe* for this new data set are derived from the Arrhenius plot in Figure 6.2 in the same 

fashion as results from Chapter 5 (Fig. 5.6). The Dodson closure temperatures for both 

experiments (Table 6.2) agree within error.
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Table 6.2. Diffusion parameter values and 129Xe* Dodson closure temperatures for the 1000-1200°C mid- 
temperature range o f  the Arrhenius plot data o f  Figure 6.2.

Experiment Isotope LogI0(D/a2) Activation Energy, 
Ea(eV)

Tc(°C),
A=55

Tc(°C),
A=40

T c f c j ,
Corrected Fit

I29Xe* Isothermal 
Heating Exp 
(ex situ)

129Xe* 12.29 ±0.32 5.09 ±0 .09 644 ±  19 649 ± 1 9 826 ± 2 6

127I isothermal 
Heating Exp: IR1 
(ex situ)

129Xe* 14.12 ±0 .49 5.59 ±0.13 673 ± 2 7 677 ± 2 7 879 ± 0 9

127I isothermal 
Heating Exp: IR1 
(in situ)

129Xe* 9.81 ±  0.33 4.23 ±  0.35 563 ±  70 567 ± 7 0 X

127I isothermal 
Heating Exp: IR1 
(ex situ)

127I 15.45 ±0 .57 6.00 ±0 .16 699 ± 3 2 703 ± 32 907 ± 0 7

127I Isothermal 
Heating Exp: 
IR1 (in situ)

128Xe* 4.96 ±0.85 2.81 ±0.23 413 ±  63 417± 63 X
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129Xe* Released at 1200°C

-------Caffee et al. (1982) Fit
-------Jordan etal. (1980)
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Figure 6.1. The fractional loss o f ,29Xe* is for samples o f Bjurbole from the 127I experiment (IR1 
& IR2). Samples for IR1 (filled circles and red triangles) were processed by crushing and sieving in an 
effort to homogenize I-bearing domains. The fractional release patterns are similar to samples from the 
129Xe* isothermal heating experiment (Chapter 5).

Samples from IR2 (unfilled circles and blue triangles) were not crushed and sieved, preserving the 
heterogeneous distribution o f I-bearing domains, as observed by the random fractional release patterns.

The predicted fractional release curves from results discussed in Chapter 5 are displayed 
for reference to Figure 5.4.
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Figure 6.2. Arrhenius results for the release o f  129X e* (ex situ  & in situ) during isothermal heating for 
samples from IR1. Fits for the tw o different heatings are shown w ith the respective D odson closure  
temperatures. The closure temperature for the ex  situ  sam ples, 673°C, agrees w ith the results from the 
129X e* within error.

The D odson  closure temperature for the ex situ  data, corrected for the low  temperature domain, is 
879°C. This is w ell above the peak metamorphic temperature range o f  grade 4  metamorphism.
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The retentive nature of I27I in Bjurbole is addressed below in the fractional loss 

curves o f Figure 6.3 and the subsequent Arrhenius plot of 6.4.

Figure 6.3 shows the fractional release o f 127I, from measured 128Xe* extracted from 

the ex situ DRl and JR2 samples, for the three isothermal heating temperatures. For all 

temperatures, the theoretical fractional loss curve is plotted for a single domain model based 

on Arrhenius results from the 127I loss. The in situ samples, representing the amount o f 

128Xe* (not 127I) liberated during post irradiation isothermal heating, are plotted in 

comparison to the ex situ samples and will be discussed later. First, the results o f the 

fractional release o f 127I from the ex situ samples will be addressed.

After 24 hours o f heating at 1000°C (Fig. 6.3a) approximately 44% of the 127I is 

released from the ex situ sample - the same sample that showed a high release o f 129Xe* in 

Figure 6.1a. Thus, it appears that this sample heated for 24 hours is anomalous, likely not 

representative o f the distribution o f I-bearing domains in Bjurbole. Five of the ex situ 

samples produced negative fractional loss values, (two for 1-hour, two for 24-hours and one 

14-day heating), because they retained more 128Xe* than the average raw Bjurbole.

At 1100°C (Fig. 6.3b), the fractional loss of ex situ IR1 samples starts to resemble 

the volume diffusion pattern, and fractional loss amount, exhibited by 129Xe* for the same 

temperature (Fig. 6. lb).

Heating for 24 hours at 1200°C (Fig. 6.3c) does not liberate all the 127I contained in 

Bjurbole for any of the samples analyzed. In fact, the fractional release never exceeds the 

maximum 85% (one ex situ sample at 1-hour), but plateaus at -70%  for the duration of the 

heating. The amount o f 128Xe* retained is greater than that of 129Xe* retained in the same
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samples (Fig. 6.1c).

The overall release pattern of 127I at the three heating temperatures is similar to that 

of 129Xe* indicating release of both isotopes is in constant proportion (thus, the linear results 

in three-isotope plots, see Figure 1.2). Additionally, the fractional release o f 129Xe* and 

128Xe* referenced to the average raw Bjurbole was calculated omitting the highest and 

lowest Xe containing samples (“G” & “D”, respectively). The results were not significantly 

different. !

The Arrhenius results o f the fractional release o f 127I from Figure 6.3 are plotted in 

Figure 6.4 and fisted in Table 6.2. The activation energy for 127I, and the resultant Dodson 

closure temperature, is higher than that for 129Xe* by about 30°C. At first glance, this may 

seem to be an insignificant difference. However, for a diffusivity o f D(650oC) = 5-10'24 

cm2/s, the mean displacement o f an atom o f 127I in a 10 pm size grain at metamorphic 

temperatures for 106 years is 0.1 pm, one tenth the diffusion length o f I29Xe* (Chapter 5). 

While the mobility o f 127I at metamorphic temperatures is less than that o f 129Xe*, it is not 

zero as has been previously assumed.
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Figure 6.3. The fractional loss o f 127I (ex situ samples - filled and unfilled circles) is plotted due to 
pre-irradiation isothermal heating at 1000 (a), 1100 (b), and 1200°C (c) as measured by the irradiation product 
28Xe*. The loss o f 1271 from the IR1 samples proceeds in a similar fashion as 129Xe*. Approximately a 

constant -20% loss is present for all times at 1000°C. At 1100°C the loss increases monotonically indicative o f  
volume diffusion, and at 1200°C the amount o f loss does not reach 100% after 24 hours o f  heating The in situ 
samples show the fractional release o f 128Xe*.
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Difffwsion off 128Xe*

Overall, the fractional loss o f I28Xe* from in situ samples exceeds the fractional loss 

o f 127I from the ex situ samples for like heating times, and for all three isothermal heating 

temperatures. This increase in fractional loss can be accounted for by the -40%  excess o f 

128Xe* contained in the IR2 samples (Table 6.1) that is lost in the IR1 samples from 

crushing and sieving (Table 6.1). The excess 128Xe* contained in the in situ samples is 

liberated early from low retention sites producing a large difference in fractional loss 

compared to the ex situ samples. This difference is seen to decrease with increasing heating 

temperatures as the more retentive domains contribute to the loss of gas.

As can be noted from Table 6.2, the measured activation energy o f 128Xe* is roughly 

half that o f 129Xe*. At first glance this seems rather odd since both isotopes are chemically 

inert and, at high temperatures, originate from the same sites. The reason for the 

discrepancy lies in the fact already mentioned; excess m Xe* compared to 129Xe* released at 

lower temperatures. Outgassing o f multiple domains for any given temperature results in 

frequency factors (D/a2) in the Arrhenius plot decreasing in time as less retentive domains 

become exhausted and more retentive domains become dominant. Thus, the excess 128Xe* 

released from the one time (1-hour) in situ heating drives the frequency factor up (higher 

“F ” s in eqs. 2.16) for lower temperature data giving a lower measured activation energy.

An alternative consideration is the potential for destruction or alteration o f the 

domain site due to reactor produced recoil o f I28Xe* during irradiation by thermal neutrons. 

However, the energy imparted is -220 eV which is not enough to move the target atom 

more than a few lattice spacings (Drozd & Podosek, 1977).
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Figure 6.4. Arrhenius results plotted for the release o f 127I (ex situ - filled circles) and 128X* (in situ - 
red triangles) during isothermal heating for samples from IR1. The release o f 128Xe* (long red dashed line) 
progresses much more rapidly than 12 T (short green line) as indicated by an almost 300° difference in the 
Dodson closure temperatures. The fit to the ex situ data, corrected for the low temperature domain, gives a 
Dodson closure temperature of907°C, well above peak temperatures for grade 4 metamorphism.

Within the uncertainties, the retentiveness o f 127I is greater than that o f 129Xe*. While both isotopes 
are highly retentive under thermal metamorphic conditions, the degree o f thermal alteration o f the I-Xe system 
is dependent on the mobility o f both.
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The -20-45% difference between the fractional loss o f 128Xe* in the in situ samples 

(Fig. 6.3a) again suggests that the distribution o f domains is not homogeneous (IR1 - 1-hour 

heating, and IR2 - 1-hour and 10-hour heatings). While this would be expected from the 

pristine IR2 samples, the domain(s) containing the excess 128Xe* released at low 

temperatures is not homogeneous for the thoroughly mixed samples from IR1.

HL Bimneti Samples of Bjurbole

The 129Xe* released from step-wise heating of the binned raw Bjurbdle samples 

provides an opportunity to understand the relationship between the release characteristics o f 

I and Xe as a function o f grain size. While this type o f analysis is not a substitute for a frill 

and rigorous mineral separation process, it was considered a useful exercise. It provides 

insight into the release process o f I and Xe in Bjurbdle, particularly when combined with 

electron microprobe analysis of the mineralogical composition.

The fractional amount of total mass o f bulk Bjurbdle represented by the binned 

samples is shown in Table 6.3 along with the total Xe content for each.

Table 6.3. Approximate size distribution and Xe content o f  binned samples from 1RL
Sample Label Range o f  

Particle Size 
(gm)(a)

Sample Mass 
(mg)

Mass Percent 
ofBulk  

Bjurbdle

Amount o f  
129Xe*

[10"10 cm3STP/g]

Amount o f  
m Xe*

[10"10 cm3SIP/g]
38 gm 0 -3 8 7.09 ±0.02 16 -1 8  % 2.73 ±0.12 5.11 ±0.18
75 gm 3 9 -7 5 19.3 + 0.1 1 9 -22% 4.39 ±0.14 5.77 ±0.20
150 gm 7 6 -1 5 0 18.8 + 0.1 2 9 -3 1 % 4.54 ±0.19® 6,03 ±0.26®
250 gm 151-250 26.7 ±0.1 3 2 -3 6 % 5.26 ±0.24 6.86 ±0.34
RawB 29.0 ±0.1 100 % 4.21 ±0.21 5.56 ±0.32

AveRaw 100% 4.53 ±0.61 6.24 ±0.97
(IR1)

a. Range based on sieve size used.
b. Amount low due to equipment failure - see text.
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Figure 6.5 & 6.6 show the release pattern o f 129Xe* and 128Xe*, respectively, as a 

function o f temperature for the four binned samples, as well as from the step-wise heating o f 

raw Bjurbole (sample “B” from IR1). All samples are referenced to irradiated raw 

Bjurbole from IR1 (Table 6.1). In both Figures all but the 38 //m  sample peak in 

fractional release o f Xe at 1200°C. (The dip in the 150 /zm sample at 1200°C is due to a 

hard-disk failure on the computer controlling the mass spectrometer that occurred just 

prior to analyzing the sample gas. Recovery o f the system took seven hours involving the 

use o f dated software and software controlled settings, resulting in inaccurately low 

measurements for the 1200°C step. The system was revived to its original state prior to 

resuming the next temperature step analysis o f the 38 /zm sample.)

As the binned size increases the amount o f gas released from the high retentive 

domain(s) also increases at temperatures > 1300°C, for both 129Xe* and 128Xe*. This 

indicates that the extra Xe contained in progressively higher bin-sized samples (Table. 

6.3) is contained in the domain(s) that outgas at high temperatures. The release o f excess 

128Xe* occurs at low temperatures (< 1000°C, Fig, 6.6) as expected.

The experiment o f Jordan et al. (1980), and the results o f the IR1 and IR2 

experiments, demonstrate the inhomogeneity o f domains in Bjurbole in terms o f 

concentration per unit mass, but say very little about the spatial distribution o f these 

domains. If  domains are not evenly distributed throughout the meteorite then there must 

exist local concentrations where I and I-correlated Xe are “clustered” (Fig. 6.7) in host
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Fractional Loss o f  129Xe*
Raw Bjurbole: Binned Samples

.......... Raw Bjurbole (B)

-------- 38 pm

--------75 pm

--------150 pm /  \ //

-------- 250 pm /

Tem perature (°C)

Figure 6.5. Fractional loss o f ,29Xe* from the four binned samples and one raw Bjurbole 
sample (“B”) are plotted against temperatures from step-wise heating. All but the 38 /zm sample 
peak in release o f 129Xe* at 1200°C (dip at 1200°C for 150 /zm sample due to equipment failure - 
see text). The data show that as the bin size increases the amount o f gas released from the high 
retentive domain(s) also increases for temperatures greater than 1300°C.

The fractional amount is referenced to the average 129Xe* released from irradiated raw 
Bjurbole from IR1 (Table 6.1).
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Fractional Loss o f 128Xe* 
Raw Bjurbole: Binned Samples

.......... Raw Bjurbole (B)

-------- 38 pm

--------75 pm

--------150 pm

-------- 250 pm

600 800 1000 1200 1400 1600

Tem perature (°C)

Figure 6.6. Fractional loss o f I28Xe* from the four binned samples and one raw Bjurbole sample 
(“B”) are plotted against temperatures from step-wise heating. All but the 38 /im sample peak in release o f  
128Xe* at 1200°C (dip at 1200°C for 150 //m sample due to equipment failure - see text). The data show 
that, as in the case o f 129Xe*, the amount o f gas released from the high retentive domain(s) also increases 
with increasing binned size at temperatures greater than 1300°C. A fair amount o f 128Xe* is released at 
lower temperatures (< 1000°C) compared with Figure 6.5, contributing to the higher total amounts (Table 
6 . 1) .

The fractional amount is referenced to the average 128Xe* released from irradiated raw Bjurbole 
from IR1 (Table 6.1).
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Figure 6.7. A schematic representation is shown o f a possible spatial distribution o f three different 
I-bearing domains (red, green and blue) in Bjurbole. The domains reside in clusters interspersed with non 
I-bearing material that may be extracted in the crushing and sieving process.
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X e *  f r o m  B i n n e d  S a m p l e s

X e* A vera g e  Raw

X e *  f r o m  B i n n e d  S a m p l e s

X e* A verage R aw

0 50 100 150 200 250  300

B in S iz e  ( p m )

Figure 6.8. Xenon content as a function o f binned size is plotted for both 129Xe* and 128Xe* and 
compared to the average Xe content from raw Bjurbole. Grains on the order o f -150  pm and smaller, on 
average, contain less Xe per unit mass than that o f  the bulk sample, while grains -250  pm contain more. 
The shaded regions represent the range o f error in Xe content for the average o f the raw Bjurbole samples.
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minerals separated from like minerals by some length scale. The action o f binning the 

crushed and sieved samples gives some clues as to the length scale distribution o f 

domains

The highest concentration o f Xe is found in the 250 fim. sample (above that o f raw 

Bjurbole), is roughly equivalent for the 150 pm sample and drops below raw Bjurbdle for 

the remaining samples (Table 6.3 and Figure 6.8). The process o f sifting and separating 

grains according to size has segregated material deficient in I-bearing domains from the 

250 / m  binned sample leaving grains concentrated with domains on a ~250 pm  length 

scale.

A number o f scenarios resulting from the action o f crushing and sieving may 

explain the trends observed in Figure 6.8. First, clusters o f domains may become 

ruptured from the crushing process thus liberating Xe. Progressively more Xe is retained 

for larger bin sizes in the higher temperature range, above 1200°C, and the total amount 

o f Xe also increases with bin size. Thus, at least the highly retentive are likely not 

becoming ruptured. If  any rupturing is occurring it would presumably be from the low 

retentive sites, grain boundaries and/or mineral dislocations.

Second, diffusion pathways in grains would decrease with decreasing bin size, 

and thus grain size. While more Xe would be liberated sooner from smaller grains, the 

total amount contained in any particular sample does not depend on how soon it was 

released.

Third, the trend in Figure 6.8 could be a random, non-reproducible effect. This 

can not be ruled out given the one-time sampling, but the systematic trend o f increasing
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Xe content with increasing bin size suggests that segregation o f domains has occurred.

Fourth, and most likely, is that (on average) the material constituting the space in 

between clusters is ground up into finer particles than the material that actually hosts the 

clusters. The sieving process segregates the finer (largely cluster-poor) material from the 

larger, and coarser, cluster-rich material resulting in the positive correlation between Xe 

content and grain size. This would be consistent with the notion o f I-bearing domains 

residing in refractory (“hard”) minerals. Such a case may have chondrules, or fragments 

o f chondrules, with coarse olivine/pyroxene grains and I-rich mesostasis (Goswami et a t, 

1998) interspersed with the more friable meteorite matrix which would be Xe-poor.

The distribution o f grain sizes was determined from BSE photographs o f the grain 

mounts used for microprobe analysis. The longest dimension o f the grains was 

measured. The vertical and horizontal scaling for BSE images is not 1:1, but varies by a 

few tens o f percent for certain magnifications. However, the orientations o f the grains 

are random (Figures 6.9,11,13,15), and the scaling effect is not expected to produce a 

systematic error. Another artifact in the BSE photos is that the contrast is automatically 

controlled by software. While silicate grains are always less bright than troilite (FeS) and 

metal grains, there is a variation in contrast between photographs for like minerals.

Grains from the 250 yum sample, shown in Figure 6.9, are generally rectangular in 

shape and appear to have been cleaved along crystalline boundaries. The overall texture 

o f the meteorite is retained in this size distribution. Pieces o f porphyritic chondrules - 

assemblages o f ~50 /o n  size silicate crystals (phenocrysts) embedded in fine grained 

glass, are prevalent as are metal and sulfide inclusions. A few particles o f fine-grained
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textured material, likely to be from the matrix, are also apparent in the photograph. A 

histogram o f the sample (Fig. 6.10) shows a roughly bi-modal pattern with a number o f 

small “crumbs” at -5-10 ^ m  and larger amount o f grains centered around 225-250 fxm. 

A  photograph o f the 150 /zm sample (Fig. 6.11) shows grains that are similar in texture 

and shape as those in Figure 6.9. A  number o f -5-10 /zm “crumbs” are still present - 

likely produced by handling the friable material. The main distribution o f grains spans 

40-60 /zm and is centered around 100 /zm (Fig. 6.12).

As the bin size decreases to 75 /zm the distinguishing textures o f the meteorite are 

less evident (Fig. 6.13) as the grain size approaches the scale o f identifiable structures, 

such as chondrules. The size distribution is clustered around a single peak o f -5 0  /zm 

(Fig. 6.14). The grains are more irregularly structured with chemical compositions 

composed predominantly o f troilite (FeS) with a few silicate grains and even fewer metal 

Fe,Ni grains. The grains from the 38 /zm sample are highly irregular in shape (Fig. 6.15) 

and composed almost entirely o f troilite sparsely mixed with silicate grains. Most o f the 

grains are from 2-5 /zm in size with a few as long as 40-55 /zm, but thin enough to pass 

through the sieve (Fig. 6.16).

The average amount o f xenon atoms per grain is shown in Table 6.4 for the binned 

samples based on an average grain size for each sample and a mean density of 4 g/cm3 for 

Bjurbole.
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Table 6 .4 . Average amount o f Xe per grain in binned samples.
Sample 129Xe* [atoms/grain] i28Xe* [atoms/grain] Dominant Minerals
38 pm 12 22 troilite
75 pm 961 1,263 troilite
150 pm 4,653 6,181 olivine, pyroxene
250 pm 25,523 33,899 olivine, pyroxene

M ultiple Isochrons in BjurfoSle?

At this point it is reasonable to ask if  the process o f binning the crushed and sieved 

Bjurbdle into four different grain size distributions has separated I-bearing domains such as 

to resolve multiple ®o (two isochons observed by Robert Brazzle in Bjurbdle, private 

comm.) from that of bulk Bjurbdle (Fig. 1.2). Multiple isochrons would be a significant 

discovery indicating that the I-Xe system is dating more than one event. I f  this is the case, it 

is most probable that the Xe contributing to two E* is released at high temperatures, since 

this is where most o f the I-correlated Xe is released. Given this scenario, and the likelihood 

that the highly retentive domains exist in large refractory chondrule minerals such as 

pyroxene and olivine, the crushing and sieving process should not be able to resolve 

multiple isochrons since these minerals are fairly ubiquitous in all the binned samples (as is 

troilite). However, the process of binning the crushed and sieved Bjurbdle may prove 

fruitful if  129Xe* and I outgas in slightly different proportions at lower temperatures versus 

higher (in a subtle manner not resolvable from fractional release curves).

Figure 6.17 and 6.18 show the results from the step-wise heating analysis of the 

binned and Raw B samples for 129Xe* and 128Xe*, respectively. For both 129Xe* and 128Xe* 

the slopes o f all the samples from 1300-1000°C are relatively consistent with each other 

(e.g., same activation energy). However, for a given temperature the frequency factor. D/a2,
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is greater for the 38 jam sample than for the others. Given a constant initial diffusant, D0, for 

all binned samples, the effective grain size a for the 38 pm sample would have to be three 

orders o f magnitude smaller to be consistent with the data; unlikely given the grain size 

distributions o f the samples (Fig. 6.16). The more likely case is that the reduced amount o f 

Xe contained in the 38 pm sample is from the low retentive domain(s) released not via 

volume diffusion, but from grain boundaries and/or mineral dislocations (“b” and/or “c” 

sites - Chapter 1). Since the step-wise heating schedule began at 908°C instead of 700°C, 

the identity o f the domain responsible for the outgassing (whether it be the low retentive or 

diffusive) can not be determined with confidence. However, the heating schedule did 

include the high temperature steps revealing that no 129Xe* or 128Xe* was present where the 

highly retentive domain(s) would outgas.

The Dodson closure temperatures for the binned and Raw B samples are consistent 

with each other (within error) over the temperature ranges specified, for both 129Xe* and 

128Xe* (Tables 6.5 & 6.6). Three isotope plots for each binned sample are shown in Figures 

6.19 through 6.22. The calculated slopes (Tables 6.7 & 6.8) give E*s and I-Xe ages, relative 

to Raw B, for linear regression fit with the AVCC composition and without, respectively. 

Within the errors, there is no distinguishable trend that is dependent on the range of binned 

sizes. Therefore, if  there are multiple isochrons in Bjurbole they are not resolvable with the 

procedure used to produce the binned samples.
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Figure 6.9. Polaroid photograph o f 250 f i  m sample grains.
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250 M icrons

Grain Size (m icrons)

Figure 6.10. The grain size (measured from the largest dimension) distribution for the
250 f l m  binned sample has a mean grain size o f 161 /im  out o f a total number o f 94 grains
measured. Bars are 10/*m wide.
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Figure 6.11. Polaroid photograph o f 150/2 m sample grains.
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30 --------------------------------------------------------------------
150 M icrons
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Grain Size (m icrons)

Figure 6.12. The grain size distribution (measured from the largest dimension) for the
150 f l m  binned sample has a mean grain size o f 91 /2m out o f a total number o f 253 grains
measured. Bars are 5 f i m  wide.



Figure 6.13. Polaroid photograph o f 75yUm sample grains.
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50 r---------------------------------------------------------------
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Figure 6.14. The grain size distribution (measured from the largest dimension) for the 75
//m  binned sample has a mean grain size o f 55 f l m  out o f a total number o f 475 grains measured.
Bars are 5 /Zm wide.
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Figure 6 15. Polaroid photograph o f 38//m  sample grains
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50 r-------------------------------------------------------------------
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Figure 6.16. The grain size distribution (measured from the largest dimension) for the 38 f i m

binned sample has a mean grain size o f 15 yMm out o f a total number o f 505 grains measured. Bars are 1
f i m  wide.
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Table 6.5. Arrhenius parameters for the release o f  129Xe* from binned samples ofBjurbole.
Sample Log10(Do/a2) Activation Energy, Ea (eV) Tc (0C),A=55 Temperature Range, 

(°C)
38/tm 13.44 ±1.45 4.71 ±0.37 544 ± 76 908-1113

75jUm 8.00 ±0.46 3.62 ±0.12 497 ±31 950-1320
150/tin 5.90 ±0.29 3.13 ±0.08 458 ± 2 2 900-1600
250/tin 6.88 ±0.37 3.46 ±0.11 498 ± 27 900-1600
RawB 8.60 ±0.54 3.89 ±0.15 . 534 ± 36

Mid Temperature Range (1000-1200°C)
900-1400

38jUm 4.05 ±3.77 2.30 ±1.03 316 ±288
75jUm 9.11 ±1.01 3.89 ±0.28 518 ±65
150 jUm 8.13 ±1.68 3.68 ±0.46 524 ±112
250jUm 9.05 ±0.52 3.94 ±0.14 531 ± 34
RawB 11.94 ±1.20 4.72 ±0.33 589 ± 70

Table 6,6. Arrhenius parameters for the release o f  128Xe* from binned samples ofBjurbole.
Sample Logio(bo/a2) Activation Energy, Ea (eV) Tc (0C),A=55 Temperature Range, (°C)
38/m i 14.10 4.83 547 1009-1113
75jUm 3.83 ±0.39 2.37 ±0.11 340 ±31 950-1320

150 jUm 3.41 ±0.17 2.32 ±0.05 340 ± 1 4 900-1500
250 3.76 ±0.12 2.43 ±0.03 357 ± 9 900-1600
RawB 5.11 ±0.26 2.81 ±0 .07 408 ± 1 9 900-1400

Mid Temperature Range (1000-1200°C)
38jUm -0.878 ±3.59 0.923 ±0.982
75jUm 6.23 ±0.58 3.04 ±0.16 487 ±41
150//m 4.08 ±1.10 2.50 ±0.30 364 ± 84
250jUm 5.16 ±0.02 2.81 ±0.01 407 ± 2
RawB 7.79 ±0.47 3.52 ±0.13 483 ± 3 2

Sample Slope Ro [lO^] AT (Ma)
38/tm 0.82 ±0.03 1.10 ±0.07 -0.21 (-1.10,0.71)

75/lm 0.87 ±0.01 1.17 ±0.05 -1.70 (-2.06,-1.33)

150//m 0.83 ±0.01 1.12 ±0.05 -0.60 (-1.01,-0.81)
250yttm 0.84 ±0.01 1.13 ±0.03 -0.86 (-0.89,-0.84)
RawB 0.81 ±0.01 =1.095 ±0.029 = 0

Table 6.8. I-Xe ages o f binned samples relative to Raw B from IR1. Values determined from free fit line.
Sample Trapped

129Xe/f30Xe
Slope ' Ro f i c n AT (Ma)

38jUm 6.25 ±0.12 0.92 ±0.06 1.12 ±0.10 -0.49 (-1.93,1.04)

75jUm 6.04 ±0.27 0.96 ±0.06 1.17 ±0.10 -1.70 (-3.14,-0.17)
150 jUm 5.78 ±0.14 0.98 ±0.14 1.20 ±0.21 -2.17 (-5.45,1.62)
250/tm 5.97 ±0.17 0.85 ±0.03 1.04 ±0.07 1.24(0.34,2.17)
RawB 6.13 ±0.27 0.90 ±0.07 =1.095 ±0.029 = 0
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Temperature (°C)

Figure 6.17. The activation energies (line slopes) for 129Xe* Arrhenius data do not deviate 
dramatically from one another (Table 6.4). The difference in intercept for the 38 flm sample with respect 
to the remaining samples suggests that for the smallest grains only the low retentive domain(s) is present.
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Temperature (°C)

1600 1400 1200

128Xe* Released from Bjurbole

—• — 38 microns 
—▼ — 75 microns 
—■— 150 microns 
— A— 250 microns

Raw Bjurbole (B)

1000/T(K)

Figure 6.18. The activation energies (line slopes) for 128Xe* Arrhenius data do not deviate 
dramatically from one another (Table 6.5). The shallow slope at low temperatures indicates the ease o f  
liberation o f ,28Xe* (not to be confused with 127I) at these temperatures.

As with the 129Xe* results, the dominance o f the low retentive domains(s) in the smallest grains 
explains the behavior o f the 128Xe* data for the 38 pm sample.
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Three Istope Plot of Binned 38 pm Bjurbole

Fit to A VCC

------- Free Fit

rAVCC

128X e*/130Xe

Figure 6.19. Three-isotope plot o f 38 f i m  sample. The value o f the slope o f the AVCC fit line is
0.82 and 0.92 for the free fit line (lines fit to filled in circles). The trapped 129Xe/130Xe ratio is 6.25
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Three Istope Plot of Binned 75 pm Bjurbole

Fit to AVCC

Free FitA V C C /

Figure 6.20. Three-isotope plot o f 75 //m  sample. The slope is 0.87 from the fit to AVCC and
0.96 for the free fit (lines fit to filled triangles). The trapped l29Xe/130Xe ratio is 6.04.
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Three Istope Plot of Binned 150 pm Bjurbole

-------  Fit to AVCC
-------Free Fit

Figure 6.21. Three-isotope plot o f 150 f l m  sample. The slope is 0.83 for the AVCC fit line and
0.98 for the free fit (lines fit to filled squares). The trapped 129Xe/130Xe ratio is 5.78.
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Three Istope Plot of Binned 250 pm Bjurbdle

Fit to AVCC

-------Free Fit

AVCC

Figure 6.22. Three-isotope plot o f 250 yUm sample. The slope is 0.84 for the fit to AVCC and
5.97 for the free line fit (lines fit to filled triangles). The trapped 129Xe/l30Xe ratio is 6.13.
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While the identity o f the I-bearing domains in ordinary chondrites is not known, 

analysis o f the textural and chemical changes in the isothermally heated samples o f 

Bjurbdle has provided some additional evidence. The release o f the low retentive 

domains responsible for the -20%  loss and the retention o f the last -15%  o f 129Xe* could 

be correlated with textural and/or mineralogical changes in the sample. These types o f 

changes can also be relevant for the domain that outgasses in a diffusive manner observed 

in the 1100°C isothermal heatings. As was previously mentioned, a condition for 

diffusive loss is that the system remains stable during the heating event. Recrystallization 

or melting o f minerals likely to be candidates for containing the host domains would 

undermine the reliance o f volume diffusion on the mechanism by which most I-correlated 

Xe is released.

Microprobe analysis o f metals/sulfides and silicates was performed separately due 

to calibration constraints. Given the large amount o f time required to perform a complete 

analysis o f all the heated material (11 thin sections x 2 calibration configurations) only a 

portion o f the total inventory o f samples were analyzed for metals & sulfides and/or 

silicates (Table 7.1). These selections were based on the relative textural changes noted 

from BSE imaging between samples in conjunction with the observed behavior o f 

fractional loss profiles o f I29Xe*. Samples o f unheated Bjurbdle were analyzed for both 

metal & sulfides and silicates for comparison with isothermally heated products.
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Table 7.1. Isothermally heated samples o f Bjurbole analyzed for metals & sulfides and silicates.
Temperature______ ____________________________Time_______ ________________________

1000°C (s,m) 1 hour (s) 24 hours (s) 4 days (s,m) 14 days
1100°C (s,m) 1 hour (s,m) 8 hours 24 hours (s,m) 3 days
1200°C (s,m) 1 hour (s,m) 6 hours (s,m) 24 hours x

(s) = Analyzed for silicates.
(m) = Analyzed for metal & sulfides.

I. Raw  B jurbole 

M etals & Sulfides

Metallic iron represents about one-third o f all the Fe in the L4 chondrite group 

(Van Schmus & Wood, 1967) and is found in Fe,Ni phases which are partitioned into 

kamacite ( 4 - 7  wt.% Ni), martensite (-7-30 wt.% Ni) and taenite (-30-70 wt.% Ni). 

Many o f these metal and sulfide grains, along with a mixture o f many types o f fine

grained silicates, constitute the material occupying the space between chondrules, called 

matrix. Metal and sulfide grains are not exclusive to matrix, but can also be found in 

chondrules.

In Bjurbole, grains o f metals and sulfides are often found intermingled together in 

the matrix forming large metallic/sulfide assemblages. A thin section o f unheated 

Bjurbdle (Figure 7.1) shows just such an assemblage o f a -200-250 jum light structure 

surrounded by silicate grains (darker material), interspersed with smaller grains o f metal 

and sulfides. The brightest portion o f the grain is a mixture o f taenite and kamacite, 

while troilite appears light gray. The troilite in this grain, and many others, is 

stoichiometric FeS (Table 7.2).



Table 7.2. Atomic percent o f  metals and sulfides found in unheated Bjurbole. Errors are one a.
name Fe Ni Co S
taenite 59.75 39.75 0.32 X

±9.32 ±9.43 ±0.19 X

kamacite 94.54 3.98 1.10 X

±1.97 ±1.20 ±0.17 X

martensite 85.77 13.22 0.86 X

±3.65 ±3.60 ±0.14 X

troilite 49.73 X X 49.97
±0.34 X X ±0.48
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Figure 7.1. A large ~200-250 yUm metal/sulfide (light) grain in unheated Bjurbdle is surrounded 
by silicate (dark) grains. The lighter portion o f the metal/sulfide grain is a mixture o f taenite and kamacite 
metal. The gray material is troilite. Both Fe,Ni metal and FeS are often found ingrained together in 
unheated Bjurbdle
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Silicates

Olivine, (Mg,Fe)zSi0 4 , and pyroxene, (Mg,Fe,Ca)Si0 3 , are two mafic minerals - 

silicate minerals whose cations are predominantly Fe and/or Mg - that constitute the 

majority o f silicate material in chondrites.

The mineralogy o f olivine and pyroxene are quantified by the molecular ratios o f 

the cations contained in them. The values fayalite,

Fa 100-
FeO ' 

FeO + MgOJ ’
(7.1)

and ferrosilite.

JR?=100-
FeO

. FeO + MgO + CaOj
(7-2)

are measures o f the relative amount o f Fe in olivine and pyroxene, respectively. Strictly 

speaking, fayalite and ferrosilite are end-member groups of olivine and pyroxene whose 

sole cation is Fe. The corresponding measure o f Mg is forsterite (Fo) and enstatite (En) 

in olivine and pyroxene, respectively and wollastonite (Wo) for Ca in pyroxene.

Additional silicates in need o f mention are listed in Table 7.3. Separation o f these 

minerals from bulk samples o f ordinary chondrites for I-Xe analyses was recently done 

by Brazzle et al. (1996). Feldspars were found to contain radiogenic Xe, as were apatite
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grains. While these are relevant minerals, they are secondary thermal products found in 

meteorites with metamorphic grades o f 5 and higher. Thus, the mineralogy o f L4 

Bjurbole is deficient in these minerals.

Table 7.3. Additional minerals found in OCs.

Mineral Empirical Formula
Feldspars:

albite (Ab) NaAlSigOg
anorthite (An) CaAlzSizOg
orthoclase (Or) KAlSisOg

spinel MgAl204
apatite Ca3(P04)2

Figure 7.2 shows a large ~500 /tm  POP (Forphyritic Olivine Pyroxene, Table 7.4) 

chondrule with -200 /tm  phenociysts (crystals) o f olivine and pyroxene intermixed with a 

fine-grained, glassy material called mesostasis that is darker gray and interstitial to 

olivine and pyroxene.

Alterations in these textures and mineralogy were monitored in the isothermally 

heated samples o f Bjurbole in order to correlate with the release patterns o f  I and Xe.

Table 7.4. Chondrule terminology (Gooding & Keil, 1980;Kring, 1988).
T er% __
POP "

PO
PP
BO
RP
GOP

GP
Crypto
crystalline

Description__________________________________ ___________________________________
Porphyritic Olivine and Pyroxene: phenocrysts o f  olivine and pyroxene in glassy or fine
grained mesostasis
Porphyritic Olivine: phenocrysts o f  olivine in glassy or fine-grained mesostasis 
Porphyritic Pyroxene: phenocrysts o f  pyroxene in glassy or fine- grained mesostasis 
Barred Olivine: elongated, prismatic olivine phenocrysts oriented parallel to each other. 
Radial Pyroxene: thin pyroxene crystals radiating in fan-like sheafs.
Granular Olivine and Pyroxene: small, equant olivine and pyroxene crystals with little 
mesostasis
Granular Pyroxene: small, equant pyroxene crystals with little mesostasis 
hrtergrowth o f extremely fine-grained pyroxene crystals and minor 
amounts o f  mesostasis.
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Figure 7.2. A large - 5 0 0  / im  porphyritic o liv ine and pyroxene chondrule is em bedded with  
phenocrysts o f  oliv ine and pyroxene in unheated Bjurbole. The darker interstitial m esostasis is com posed  
o f  fine-grained g lassy  silicates.
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n . IsothermaHy Heated Bjmrbole 

Metals & Snffides

The changes in the mineralogy and texture o f the metal and sulfide phases under 

the isothermal heating conditions are dramatic. Starting at the 1000°C 1-hour heating, 

and continuing for the subsequent heatings, the formation o f metallic/silicate veins, the 

migration o f Fe from kamacite and troilite to taenite and the formation o f Fe,Ni 

inclusions in FeS grains are evident from BSE photographs and microprobe analyses.

Veins

For heatings at 1000°C the most obvious textural change has occurred with the 

pronounced increase in the density and coarseness o f metallic/silicate veins. These are 

present, but rare and subtle in unheated Bjurbole. These features occupy fissures in 

silicate grains that are near sulfide and metal grains and are typically less than 10 fivsx in 

size.

This alteration is evident right from the beginning with the 1-hour heating (Fig. 

7.3). The elemental composition o f the material is primarily oxidized Fe, and Ni, 

determined from the less than 100% total weight percents consistent with the calibration 

for metals and sulfides. The analyses also showed the presence o f Si and Mg in the 

veins, but this is likely due to the presence o f neighboring silicates in the path o f the 

electron beam.

The growth o f  the veins presumably results at the expense o f  Fe and Ni diffusing
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from neighboring troilite and kamacite into Mg,Si rich environments. The textures 

indicate that Fe, Ni, and S in the original coarse metal-sulfide assemblage is mobilized, 

diffusing outward into the surrounding silicates to form a halo. Elsewhere, this type o f 

mobilization produces distinct veins.

FeS; Fe,Ni blebs

In the unheated samples, the stoichiometry o f troilite is Fei.ooSj.oo, with virtually 

no Ni, for nearly all measurements. This quickly changes with Fe ranging from -46-49 

at.% and Ni -0.5-3 at.% when the samples are heated. After an initial 1-hour isothermal 

heating at 1000°C, Fe,Ni -2 0  fim  “blebs’ begin to form in troilite (Figure 7.4). These 

blebs continue to form at the expense o f Fe in the troilite, becoming larger as the 

isothermal heating temperatures increase (Figure 7.5). For the 1200°C heating some 

Fe,Ni blebs are as large as 100 ptm (Figure 7.6). At 1200°C troilite has become 

reorganized as noted from the textural changes o f smooth boundary layers.

The trend in Fe and Ni content in troilite is shown in Figure 7.7. Nickel is 

virtually absent in FeS for raw Bjurbole, but immediately reaches -  0.5-2.5 at.% under 

isothermal heating temperatures as the Fe content diminishes. Nickel content versus 

isothermal heating type is plotted in Figure 7.8. A -1.0-1.5 at.% spread in Ni content is 

prevalent for all heating indicating that chemical equilibrium has not been reached, even 

after heating for 24 hours at 1200°C.
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Figure 7.3. A sam ple from the 1-hour heating at 1000°C show s the m obilization o f  Fe, Ni and S 
from a m etal/sulfide grain into the surrounding silicate form ing a halo o f  veins
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Figure 7.4. A m agnified im age o f  a troilite grain show ing the formation o f  sm all Fe,N i “blebs" 
after heating for 1 hour at 1000°C.
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Figure 7.5. For the 1 100°C 1-hour heating the F e,N i “blebs” in troilite have grow n in size  as the 
sm aller blebs com bine to form larger ones.

sa
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Figure 7.6. After heating for 1 hour at 1200°C the Fe.Ni “b leb s' have grow n to - 1 0 0 //m  in size, 
roughly the sam e size at the original troilite grain Chromite has also formed on the outer portion o f  the 
sulfide/m etal grain.
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Ni vs Fe - T ro ilite
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Kamacite/T aenite to Taemite

The magnified image (Figure 7.9) o f the Fe,Ni portion o f the metal/sulfide grain 

in Figure 7.1 reveals fine ~20 fim  structures o f intertwined taenite and kamacite. The 

light features are taenite with 50 at.% Fe and Ni, and the gray features are kamacite with 

~3 at.% Ni. This fine intermixing (seen in more than one metal grain in the unheated 

samples) was absent in all isothermally heated samples analyzed. For example, a line 

scan on the metal grain heated at 1000°C for 1 hour (Figure 7.3) reveals a uniform Ni 

concentration o f -24-30 at.%. The Ni concentration drops to a uniform 6 at.% across a 

Fe,Ni grain heated at 1100°C for 8 hours indicating that the isothermal heatings have 

eliminated the fine intermixing o f taenite and kamacite present in unheated Bjurbole.

Figures 7.10-12 show the progression o f Ni versus Fe content in kamacite, 

martensite and taenite, respectively. In kamacite (Fig. 7.10) the Fe and Ni content for 

unheated raw Bjurbole is rather scattered, reflected in the intertwining -2 0  fiva structures 

o f kamacite and taenite seen in Figure 7.9. The 92-98%, and 2-7% range in Fe and Ni, 

respectively, disappears for the heated samples as the Ni content increases with 

decreasing Fe, clustering around 92 wt.% Fe and 7 wt.% Ni. Taenite is the benefactor o f 

Fe-deficit troilite and kamacite. Figure 7.12 reveals the concentration o f Fe in taenite at 

-65-80 wt.% for the heated samples from a rather broad distribution in unheated 

Bjurbole.

The behavior o f Fe,Ni metal in the isothermally heated samples o f Bjurbole is 

best understood upon examining the Fe,Ni phase diagram (Figure 7.13). Formation o f 

the Fe,Ni grains at metamorphic temperatures (~600-700°C) and low Ni concentrations
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(-7-8 wt.%) produced grains mixed in kamacite (a-iron) and taenite (y-iron). Heating 

these grains to temperatures o f 1000°C and greater eliminated the a-iron concentration in 

favor o f y-iron. Thus, kamacite is absent (Figure. 7.20), but taenite is prevalent (Figure. 

7.12) for samples heated for any extended period o f time.

The mass balance o f Ni and Fe between troilite and metal during the course o f the 

isothermal heatings is an issue not yet resolved.
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Figure 7.9. Intertwined taenite (light) and kamacite (gray) in a magnified image of the unheated 
metal/sulfide grain from Figure 7.1. This structure, prevalent in unheated Bjurbole, is absent in the 
isothermal I y heated samples. Figure 7.3.
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Ni vs Fe - K am acite
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Ni vs Fe - Martensite
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Ni vs Fe - Taenite

•  RawBjurbole 
■ 1000°C - 1 hour
A 1000°C - 14 day
O 1200°C - 1 hour
o  1200°C - 6 hour
□ 1200°C - 24 hour

Fe (wt%)

Figure 7.12. Ni versus Fe in taenite for raw Bjurbole and isothermally heated samples.
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Fe,Ni Phase Diagram

y-taenite
(face-centered cubic)

a +y

a-kamacite 
(body-centered cubic)

Nickel (mg/g)

Figure 7.13. Iron-Nickel phase diagram o f a-kamacite and y-taenite. Grains o f a+y Fe,Ni metal 
are present in unheated Bjurbole, which become transformed into y-taenite upon heating at 1000°C and 
above. Reproduced from Wasson (1985).
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Silicates

Texture

Comparison o f the silicate texture between unheated Bjurbole and that heated to 

1000°C shows effectively no alteration. The structure o f POP (Figure 7.14) and BO 

(Figure 7.15) chondrules has remained intact as compared to unheated Bjurbole (Figure 

7.16, unheated BO chondrule not shown). The angular shaping o f the phenocrysts and 

barred crystals has remained after annealing at 1000°C. Even after 14 days, the 

cryptocrystalline structure o f the mesostasis in between olivine crystals, along with the 

matrix, have retained the unheated textures (Figure 7.17).

Heating for 1 hour at 1100°C causes a coarsening o f the once fine-grained 

mesostasis (Figure 7.18). Figure 7.19 is a chondrule, heated for 8 hours at 1100°C, where 

the texture appears to have coarsened from the fine thin glassy texture, characteristic o f 

unequilibrated chondrules, possibly o f the cryptocrystalline type. Matrix material has 

also become altered during the 1100°C heating. Figure 7.20 reveals that a cementing o f 

particles in the matrix rimming a chondrule o f large unaltered olivine crystals. Large 

pyroxene and olivine crystals (such as the barred olivine chondrule in Figure 7.21) retain 

a pristine texture even after heating for 3 days at 1100°C despite the cementing o f smaller 

particles heated for less time.

For the 1200°C heatings the texture has undergone dramatic alterations with the 

large silicate crystals becoming equilibrated with the surrounding environment. This is 

seen quite well in Figure 7.22 where the once angular edges o f olivine grains have
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become chamfered after 1 hour o f heating. The well-defined contrast between silicate 

crystals and fine structured mesostasis, present in the unheated and lower temperature 

samples, significantly has deteriorated. The original structure, fine or coarse, present in 

the mesostasis has been lost due to melting, leaving glass material observed in Figures 

7.22 and 7.23. Additionally, grains o f chromite (FeOaCU) have formed, apparently 

nucleating in the midst o f silicate material.

After heating for 24 hours at 1200°C most silicate grains have lost any 

resemblance o f texture present prior to heating. In Figures 7.23a and 7.23b there is also 

no evidence o f chondrules which may have been present in this material prior to heating. 

Neighboring grains have become joined together with the loss o f any internal structures 

such as cracks or veins. Chondrules are highly refractory, where melting can take place 

somewhere between ~1300-1500°C, depending on the mafic content (Wasson, 1985). 

With very little o f the original texture remaining the onset o f chondrule melting appears 

imminent for the samples heated to 1200°C.
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Figure 7.14. A porphyritic o liv ine and pyroxene chondrule heated for 4 days at 1000°C has 
texturally remained unaltered compared to the sam e type o f  unheated chondrule in Bjurbdle (Figure 7.16).
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Figure 7.15. A barred oliv ine chondrule heated for 24 hours at 1000 C has remained texturally

unaltered.

b s
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Figure 7.16. A porphyritic o liv ine and pyroxene chondrule in unheated Bjurbole.
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Figure 7.17. After 14 days o f  heating Bjurbdle at 10 0 0 ’C even the matrix and the 
cryptocrystalline structure o f  the m esostasis have remained unaltered
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Figure 7 18. The first sign o f  textural alteration o f  silicate material occurs after 1 hour o f  heating 
at 1 100°C with the coarsening o f  the once fine-grained m esostasis

sa
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Figure 7 .19  A chondrule heated for 8 hours at 1100°C show s a coarse grained texture The 
chondrule may be the remnant o f  a cryptocrystalline chondrule with a once fine-grained texture
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Figure 7.21. A  large barred oliv ine chondrule heated for 3 days at 1 lOO' C retained the unheated 
textural structure.
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Figure 7.22. For heatings at 1200°C the large silicate crystals have becom e altered. For the 1- 
hour heating the once angular features o f  the o liv ine grains have becom e rounded and sm ooth  
A dditionally, the contrast betw een the silicate crystals and the m esostasis has becom e reduced
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Figure 7.23 Chromite (enlarged in "b") has nucleated in the silicate material o f a sample of 
Bjurbdle heated for 24 hours at 1200°C
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M ineralogical A lteration

Figure 7,24 shows the Fa content measured in olivine versus sample type. Olivine 

remains fairly stable at 1000°C after 1 hour with Fazs-ze. The range, and average, in Fa 

for each sample type remains roughly the same for the rest o f the heatings, with minor 

exceptions for the 1000°C heatings at 1 and 24 hours, and the last heating at 1200°C for 

24 hours. Presumably, Fe would become completely equilibrated in olivine after heating 

to such high temperatures, with the data collapsing to a singe Fa value. It is possible that 

complete equilibrium has not yet been achieved for such short heating times. Thus, the 

continual spread in Fa, for the later heatings, could be attributed to the proximity o f the 

measured olivine grains to Fe supplying troilite, which have yet to become equilibrated. 

Alternatively, the reduction-oxidation conditions may have varied slightly from one 

heating to another, affecting the Fe migration.

For the 1200°C samples, the Fe content is similar to the raw samples, ranging 

from Fa24.5-25.5- As mentioned previously in the context o f texture, the silicates have 

become equilibrated with the surrounding matrix and mesostasis at 1200°C. Thus, 

despite the limited sampling o f microprobe data at 1200°C, it is likely that Fe has 

reached, or is close to reaching, equilibrium in olivine.

Figures 7.25 show that Fe in pyroxene has become homogenous after the first 

heating at 1000°C, with Fsio-22 for the raw samples narrowing to FS20-23 for the heated 

samples combined. For Mg the En pattern (Figure 7.26) virtually mirrors that o f Fs for 

Fe in pyroxene. The range o f Mg is Engs-?? for the raw samples, reducing to En74.?9 for 

the heated samples. Presumably pyroxene is also a benefactor o f Fe from troilite at lower



209

temperatures than olivine remaining stable throughout the higher temperature heatings. 

HE. C orrelation w ith Release o f Xe

The mineralogical and textural changes that are evident from heating Bjurbdle at 

1000°C, even the shortest duration o f time, is the formation o f  veins surrounding 

metal/sulfide grains. From in situ laser extraction analysis Goswami et al. (1998) report a 

comparably greater amount o f I in troilite (although the measurement was reported to be 

uncalibrated) and pyroxene (a few tens to over 100 ppb) than olivine in the unequilibrated 

LL3 ordinary chondrite Semarkona. It is conceivable that the ~20% release o f 129Xe* for 

temperatures < 1000°C was liberated from low retentive sites in troilite (a less abundant 

mineral in OCs than silicates) as diffusion o f Fe formed the veins observed in Figures 

7.3, 7.14 and 7.17. The fact that the excess 128Xe* is also liberated for the same 

temperature range strengthens the likelihood that the high I content in FeS is the host to 

the low retentive domain(s).

By 1100°C, the trends in metal and sulfide alteration observed in the 1000°C 

heatings are not as striking. This draws the focus to the silicates. There are three 

possible scenarios that could explain the diffusive loss of 129Xe* and I28Xe* observed 

over the duration o f heating at 1100°C. The first is that iodine may reside in the fine

grained mesostasis observed to coarsen during heating. Goswami et al. (1998) measured 

40-160 ppb o f I in the mesostasis o f Semarkona chondrules. If  the mesostasis is the host 

o f this domain then, because o f the changing texture (/.<?., unstable phase) during heating, 

the mechanism o f loss via volume diffusion must be suspect. Loss o f 129Xe* and I could
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Fs vs Isothermal Sample Type
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En vs Isothermal Sample Type
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be the result o f melting o f  the fine glasses or possible phase transitions occurring in the 

varied chemistiy o f the mesostasis. Support for the mesostasis being the sole host o f this 

domain is undermined by the binned sample results o f Chapter 6. The low I and Xe 

content found in the <150 /zm binned samples, likely containing much o f the friable 

mesostasis, shows a deficit (Fig. 6.8) o f I and Xe compared to the bulk raw amount.

The second scenario is that the large silicate crystals found in chondrules and not 

the interlacing matrix, play host to I. All during the 1100°C heating these silicates remain 

stable in texture and mineralogy, thus providing a stable phase necessary for release o f 

Xe via volume diffusion. Iodine is present in chondrules bearing pyroxene (40-160 ppb) 

and olivine (20-45 ppb) (Goswami et ah, 1998). Caffee et ah (1982) reported an 

enrichment o f 129Xe* in 10 individual chondrules o f  Bjurbdle versus the bulk rock.

Additionally, the results o f Chapter 6 adds credence to this scenario since the 

129Xe* and 128Xe* content for the large sized binned samples (containing predominantly 

chondrules) exceeds that o f  bulk Bjurbdle. Thus, there may exist high-density clusters o f 

this second domain in olivine and pyroxene crystals (Fig. 6.7). Given the diffusion 

parameters for 129Xe* from Chapter 6, an atom o f Xe would diffuse less than 3 pm in a  

10 pm grain in 3 days suggesting that this domain must reside on or close to the grain 

surface.

The third scenario is that a combination o f the previous two scenarios exists. Due 

to the range o f uncertainty in the data for the fractional release o f 129Xe* and I at 1100°C, 

this third scenario cannot strongly be supported or refuted.

The highly retentive domain(s) containing 15-20% o f 129Xe* and I in Bjurbdle has
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yet to outgas after heating to 1200°C (Figs. 5.4c & 6.3c, respectively). Figures 7.22,23 

show that equilibration in texture o f silicates has occurred at this temperature. It is 

possible that this domain may also be present in the phenocrysts o f olivine and pyroxene, 

but be o f such a nature as to become released only upon the breakdown o f the crystalline 

structure o f the host upon melting.

Another consideration is the absence o f  cracks and veins at 1200°C, present at 

1100°C. With the decrease in the surface-to-volume ratio of the silicates, significant 

passageways for outgassing o f the diffusive domain observed at 1100°C may not be 

available for the remaining I and Xe still present in the domain. The isothermal heatings 

involved lowering samples into an already hot furnace - not a slow ramping to the target 

temperature. Once placed in the furnace the time necessary for the 1200°C samples to 

reach 1190°C from ambient air was 8 minutes, accurate to within 1 minute. For the 

predicted 129Xe* diffusion curve shown in Figures 5.3c and 6.1c, only 17% o f 129Xe* 

from the second domain could become liberated at 1200°C in 8 minutes from a stable 

domain. After 1 hour the fractional loss would be 40%.

The significance o f the calculation is that the second domain could not have 

become exhausted during the time that the surface-to-volume ratio decreased in the 

samples heated to 1200°C. For a 10 / m  grain an atom o f Xe would travel 1.5 /tm  in 1 

hour at 1200°C, and 7 jim  after 24 hours. This would make it difficult for Xe to become 

liberated unless residing near a grain boundary. The resultant environment at 

temperatures o f 1200°C would be that o f non-uniform concentration gradients o f I and Xe 

in the reformed grains. Thus, the subsequent fractional loss curves from such a situation
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would not be monotonically increasing functions o f time as plotted in Figures 5.3c and 

6.1c. However, the ~15% o f 129Xe* (Figure 5.3c) heterogeneously distributed, indicates 

the presence o f an additional domain unique from the diffusive second domain.

The temperature o f the 1200°C heatings are greater than that experienced in 

nature (peak metamorphic temperatures experienced by grade 6 meteorites is 950°C). 

Regardless o f the previous consideration, the retentive nature of the I-Xe system in 

Bjurbole measured in this thesis remains valid. The “corrected fit” to the Arrhenius data 

(Figure 5.6c - that which exclude the highest and lowest retentive domains) reveal an 

exceptionally retentive system. Additionally, the most retentive domain containing the 

last ~15 % o f 129Xe* (seen at 1200°C) is not an artifact o f the altered phase o f the second 

domain since it was found to be heterogeneous - intermittently appearing regardless o f 

the thermal alteration o f the sample.
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CEnaipter 8. SUMMARY, CONCLUSIONS 

& FUTURE WORK

L Sum m ary & Conctasions

The seemingly random pattern o f I-Xe ages among ordinary chondrite meteorites 

has called into question the feasibility o f the I-Xe system as a useful chronometer for 

dating early solar system formation events. Either the system has been altered by some 

primordial event, or it is dating events occurring over a ~60 Ma period, which exceeds 

the formation time o f parent body asteroids. The focus o f this thesis has been to study the 

I-Xe system’s response to the thermal metamorphism experienced early in the history o f 

the L-chondrite parent body.

The release o f radiogenic 129Xe, and I-derived 128Xe, from Bjurbdle does not obey 

a single domain model, as has been previously thought, but outgasses as a function o f 

temperature from multiple domains. O f the three I-bearing domains resolvable with the 

isothermal heating technique employed in this work, the two observed outgassing during 

the 1100 and 1200°C heatings are highly retentive. The activation energies of 129Xe* and 

127I, and thus Dodson closure temperatures o f the diffusive domain outgassing at 1100°C, 

are high when compared to other radiometric chronometers used for dating meteorite 

specimens. The determined Dodson closure temperatures for 129Xe* and 127I at least meet 

the mid range o f peak temperatures for grade 4 metamorphism experienced by Bjurbdle, 

even by conservative calculations. The more liberal interpretation o f the data (the
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attempt o f isolating the diffusion parameters o f the diffusive domain) increases the 

Dodson closure temperature o f 129Xe* well above the temperature range o f grade 4 

metamorphism by a couple o f hundred degrees.

The most retentive domain(s) remaining after heating at 1200°C appears to obey 

the "cage" model release mechanism. I-Xe ages determined from this domain, very 

likely, have not been altered by thermal metamorphism.

The release mechanism o f the least retentive domain(s), observed outgassing at 

1000°C, can not be resolved from the data except to say that the host domain(s) has been 

depleted o f 129Xe* and 127I at this temperature. The contribution o f this domain to the 

high temperature isochons is minimal, at best.

Comparison o f the thermal release characteristics reveal 127I to have a more 

retentive nature than 129Xe*; enough so that the displacements o f each isotope due to 

diffusion from a host domain under thermal metamorphic conditions differ by an order o f 

magnitude. However, when comparing the magnitudes o f displacement to a 

characteristic domain length, the amount o f significant loss o f either isotope is negligible 

over a reasonable time scale o f heating.

Microprobe analysis o f the isothermally heated samples was performed in an 

attempt to monitor mineralogical and textural changes occurring during heating that 

could be correlated with the release o f 129Xe* and 127I. While the data do not enable a 

definitive identification o f the I-bearing phases in Bjurbole, additional information has 

been gained to advance the search.
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The sudden diffusion o f Fe from sulfide grains at the initial heating o f 1000°C for 

1 hour suggests that the least retentive domain(s) are likely associated with troilite. The 

increase in the formation o f veins surrounding metal/sulfide grains implies that the 

domain(s) reside along grain boundaries and/or mineral dislocations, either o f which lie 

close to the surface of such structures.

Throughout the 1100°C heating, pyroxene and olivine grains remain stable in 

texture and mineralogy compared to the matrix and mesostasis that coarsen during the 

heating period. If  the -60%  o f 129Xe* observed in the domain outgassing during the 

1100°C heating reside in olivine and/or pyroxene phenocrysts then the condition o f phase 

stability for volume diffusion can be more confidently assumed (an obvious prerequisite 

for determining a Dodson closure temperature).

Data from the crushed and sieved samples, which were binned according to grain 

size, suggest that domains are more concentrated in the larger structures (cf., phenocrysts) 

versus finer grained structures {cf., matrix and mesostasis). This does not rule out the 

possible presence o f I-bearing domains in the matrix and mesostasis, but indicates that 

the larger silicate material may have been formed in a richer I environment.

The heatings at 1200°C have significantly altered the textural structure o f the 

silicate material; all fine-grained structure has been erased along with any resemblance o f 

chondrule boundaries. Regardless, at least one domain, resolvable from the data, 

containing -15%  o f the total 129Xe* still resides in Bjurbdle at this temperature which is 

heterogeneously distributed. Also, due to the changing environment it is likely that the 

release pathways o f the second domain (grain boundaries and/or surface features) have
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been erased at 1200°C within the first few minute o f heating. The release patterns o f the 

second domain would then not be expected to increase as a smooth monotonic function o f 

time.

It is possible that, since the condition for slow cooling in Dodson’s formalism is 

not strictly met with cooling rate data and the diffusion parameters measured here, a more 

rigorous formalism may be necessary to derive a closure temperature for the diffusive 

domain seen outgassing at 1100°C. Even so, the activation energies measured show a 

very retentive system. Additionally, the last domain(s) seem remaining for heatings at 

1200°C definitely contribute to the high temperature correlation seen in three-isotope 

plots. With this in mind, it appears (although can not be stated with absolute certainty) 

that the I-Xe system in Bjurbole remained unaltered from the thermal metamorphic event 

experienced by the L-parent body during the early history o f the solar system. Then, 

what do the I-Xe ages mean?

The results o f this thesis lend support to a number of scenarios. The possibility o f 

a solar nebula heterogeneous in I is one means o f explanation. This scenario has 

precedence, notably with oxygen isotope data and possibly 26Al. The heterogeneity o f I 

would be unique since the isotopic ratio varies on length scales o f the meteorite samples, 

compared to oxygen isotopes that vary between meteorite groups. Shock is another 

possibility, but is not very credible at this stage. There is no evidence to support high 

quality I-Xe isochrons resulting from samples that show no measurable shock histories. 

A final scenario, but more difficult to prove as the previous arguments, is that the I-Xe 

system is dating a complex formation history that occurred over the ~60 Ma time span
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indicated by the measured ages. What that history may is can only be purely speculative 

here. However, it should be noted that the <d M a formation time scale o f parent body 

materials is based primarily on solar system formation models and is not universally 

accepted (Podosek & Cassen, 1994).

EL Future Work

There are a few logical steps that should be pursued in the light o f the results 

presented in this thesis. Primarily, it would be desirable to further constrain the retentive 

nature o f the I-Xe system in ordinary chondrites for each of tiie host domains o f I.

Brazzle et al. (1997) have completed the laborious task o f separating minerals 

from a few selected ordinary chondrites o f various metamorphic grades. The degree o f 

uncertainty in the heating temperature o f their extraction process prohibits the 

determination o f diffusion parameters, and thus, Dodson closure temperatures.

Repeating the mineral separation process and xenon analysis under accurate 

temperature controlled step-heated extractions would be very advantageous. The iodine 

composition o f specific minerals, along with the results of Chapter 7, would be a 

tremendous aide in determining the identity and textural location o f the I-bearing phases. 

With the xenon analysis, the retentive nature o f the domains, and thus closure 

temperatures, hopefully could be established and well separated (from any existing non- 

diffusive domains). The advantage of doing this for ordinary chondrites o f various 

metamorphic grades is that the presence o f iodine could be traced from primary minerals 

in unequilibrated meteorites to secondaiy minerals (c /, feldspar) in higher metamorphic
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grade samples.

Apart from mineral separations, numerical modeling o f the diffusion o f I29I, 

129Xe*, and 127I, during metamorphic events would be useful. Assuming that the 

diffusion parameters o f radioactive 129I are the same as 127I, data from Chapter 6 could be 

used to calculate The amount o f xenon measured from a step-wise heating experiment 

(and thus Mo) is determined from the concentration gradient present in I-bearing domains 

according to Pick’s law. Since 129Xe* diffuses faster than I, the concentration gradient o f  

129I + 129Xe* forming during cooling could be different had metamorphism not occurred. 

Analysis could then be expanded to include a range o f activation energies and a 

distribution o f grain sizes.

It is likely that continued advances in remote sensing will enable more detailed 

observations o f solar nebula forming in our region o f the galaxy, thus further constraining 

planetary formation models. Additionally, sample return missions from asteroids could 

give greater insight into the thermal structure o f ordinary chondrite parent bodies.
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Apipenndk A. LASER EXTRACTION SYSTEM

1  Laser

Laser extraction o f noble gases from small grains of material can be performed on a 

small volume of the extraction line (Fig 3.1).

A  LiConix 5100 is a 6-watt CW multiline argon-ion water-cooled laser. The 

dominant wavelengths of emission are 514.5, 496.5, 488.0 and 476.5 ran. The 5100 has a 

low divergence multimode output with a beam divergence o f < 1.0 mrad and the beam waist 

o f (1/e2) < 1.5 mm. The power range obtainable is from 1 mW to 5.65 W.

The laser can be operated in two modes, either light mode or current mode. In light 

mode a diode in the laser head monitors the intensity o f the beam and adjusts the current to 

maintain the setpoint power determined by the user. In current mode, a constant current, 

designated by the user, is applied to the laser cavity (Fig. A. 1).

The output intensity is not constant in this mode, ±3.0%, due to small thermal 

variations of the laser cavity. A manual polarizer (Fig A.2) attenuation the intensity of the 

beam below 1 mW.

EL Laser Viewing & Focusing System

Target illumination is achieved with a US Laser TV Viewing & Focusing system

(LVF) (Fig A.3).
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The laser beam is first reflected 90° by a mirror from CM Laser Corporation coated 

for argon wavelengths (coating AR1-2037-450). The beam then enters the manual polarizing 

attenuator, is expanded through a 10:1 upcollimator, and reflected by a kinematic dichroic 

mirror to a 40-mm objective lens. Spot sizes from 1 mm to approximately 7 mm are 

achievable by adjusting the focusing barrel o f the objective lens.

The theoretical diffraction limited spot size o f the LVF is 2.7 pm. The spot size was 

measured by exposing Polaroid 55 film and negative to the beam at approximately 47 mW of 

power fixed to an angled block (18° inclination). The block with film and negative was 

drawn through the beam causing an hourglass shape exposure (Fig A.4).

The narrowest part o f the exposure is the measurement o f the beam size which is no 

greater than the resolution of the negative, 63-6.1 pm (150-160 linepairs/mm) (Fig. A.5 

(negative)). Therefore, any imperfections in the optics o f the LVF do not compromise the 

beam size to more than 6.7 pm.

The laser system, laser and optics, are mechanically stabilized on a Melles Griot 

optical table. The vibration isolation table is equipped with casters enabling movement to 

and from the extraction line. The samples are loaded into a 2.75-inch diameter vacuum 

chamber with a 7056 glass viewport ported from the extraction system. The chamber rests 

below the focusing barrel o f the LVF on a heavy stainless steel platform attached to the 

railing mount o f the LVF. Adjustment o f the sample target area is achieved with a X-Y 

micrometer stage attached to the flange of the sample chamber.
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Laser Power vs. Applied Current

10 15 20 25 30 35 40

Current (Amps)

Figure A. 1. Output Power o f the LiConix 5100 versus applied laser cavity current.



225

Attenuation vs. Polarization Angle

Angle (degrees)

Figure A.2. Normalized attenuation with manual polarizer compared with the expected cos26 fall off in
intensity.
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US Laser Viewing & Focusing System

CCTV cam eraCamera mirror

45° Mirror10:1 UpcollimatorbeamsplitterDichroic

Laser beam

Optical railing

Focusing barrel

Objective lens  

Sam ple chamber

Figure A. 3. US Laser TV Viewing & Focusing System.
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Laser Beam

Direction of motion

Figure A. 4. Schematic of the experiment to measure the laser beam waist size.
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Figure A. 5 A Polaroid image of the laser beam waist measurement The thinnest portions of the lines 
were used to measure the upper limit o f the beam waist, 6.3 to 6.7 pm
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The target is monitored via CCTV. The image of the target is passed through a 

kinematic dichroic mirror, an optical OG 570 filter and finally reflected by a 50/50 beam 

spitter into a 135 mm lens for a CCTV camera. The TV signal is passed to a black and white 

monitor and recorded by VCR.

The image scale on the monitor was calibrated using a Ronchi ruling, quoted at 100 

mm/line pair. The Ronchi ruling was first calibrated (Table A. 1) on a Nikon Optiphot 2-Pol 

petrographic microscope. The CCTV image scale was determined by on screen viewing o f 

the Ronchi ruling and measuring the peak and valley dimensions.

Table A 1. Calibration o f Ronchi ruling for CCTV imaging (peak & valley data in urn).
Data# ! 2 3 4 " 5 6 7 8 9 id 11 Scale

Um/mm
Peak 53.10 52.60 52.66 52.58 53.17 52.45 52.87 52.99 53.22 52.96 52.86 3.78

Valley 49.41 49.88 49.97 49.68 49.26 48.35 49.22 49.75 49.47 49.76 49.47 3.67
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Appendix ®. LASER EXTRACTION OF NOBLE GASES 

FROM AN ASSEMBLAGE OF MINERALS CONTAINED 

IN ORDINARY CHONDRITES

L Introduction

The motivation for extracting noble gases with the in situ laser technique is two-fold. 

First, for small samples, extraction by laser irradiation substantially reduces the blank 

component induced by heating a large amount o f metal in a typical furnace extraction 

method. The second motivation is for surgical extraction o f noble gases from targeted 

minerals within an assemblage o f other species. Because o f this second motivation, the 

technique of searching for the host phase(s) of I through laser extraction o f xenon from 

meteorite material is addressed here with emphasis on the equipment used by the laboratory 

for noble gas mass spectrometry at the University o f Arizona and by Goswami et al. (1998). 

The challenge of this second technique is to degas a target mineral with laser irradiation 

without degassing the neighboring minerals from thermal conduction.

To successfully achieve such a goal requires irradiation at a frequency that optically 

couples with the target mineral to produce very localized heating while minimizing the 

conduction of thermal energy to neighboring minerals. Kirschbaum (1985a,b) used laser 

microprobe techniques to find 129Xe* in sodahte-rich inclusions in Allende, but the 

wavelength used was not reported.

Therefore, given an assemblage of minerals in typical ordinary chondrites, with
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known optical and thermal properties, it is possible to calculate ideally what the range and 

magnitude o f heating induced by irradiation o f a specific target.

In other words, for a mineral candidate with an absorption coefficient a  and thermal 

conductivity K, what is the maximum temperature T that can be achieved with a laser o f 

wavelength X such that at the grain boundary the temperature is low enough as to not degass 

the neighboring mineral? This is the analysis that is presented in this appendix for the 

mineral olivine using the thermal conductivity and the suitable absorption coefficients 

wavelengths of radiation characteristic o f Argon-Ion (University o f Arizona) and Q- 

switched Nd:YAG (Washington University, St. Louis) lasers (Nichols et al, 1995).

HL Calculations

The temperature profile o f a semi-infinite solid irradiated by a laser with a gaussian 

intensity distribution has been derived by Lax (1977),

T
2tiK \  w

N(R,Z,W ) = T^N iR^ZyW ), (B .l)

where P is the total incident power o f the beam, K  is the thermal conductivity, w is the beam 

waist, and, N(R,Z, W) is the normalized temperature distribution o f the target. The variables.

R = r I w, Z =■ z I w, W = aw. (B.2)
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are the radial distance and vertical depth from the beam center and the beam attenuation 

normalized to the beam waist. For an infinite attenuation, W —> oo, the temperature at the 

beam center (/M ), Z=0), becomes Tmax

For the time-independent case, the heat equation reduces to Poisson’s equation with 

the source term of the laser.

The solution of equation B.3 gives the form o f the normalized temperature distribution.

In the limit o f R much greater than beam waist the normalized temperature becomes the 

expected result for a point source.

(B.3)

(BA)

(B.5)
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Since the scale size o f the mineral targets are on the order of ~10 pm to a few 100 

pm, equation (B.4) must be solved to arrive at a relevant temperature distribution for a given 

beam width.

Figure B. 1 shows the solution o f equation B.4 for W-12 (for GaAs with 1/a «  1 //m  

and a beamwidth of 12 jam; Lax, 1977) where the temperature drops off with increasing 

depth and radial distance from the beam center. The attenuation coefficient for olivine as a 

function o f temperature and wavelength (Fukao et ah, 1968) is shown in Figure B.2. For the 

wavelengths of Argon-Ion and Nd:YAG lasers, 0.5 pm and 1.0 pm respectively, and for all 

temperatures plotted, olivine is rather transparent. For a measured theoretical beam waist o f 

2 /zm at a wavelength o f 0.5 pm  (Argon-Ion), 1/a is «  107pm  and W »  10-3 . Figure B.3 is 

a plot o f the normalized temperature for olivine at 1300 K. For virtually every depth (value 

of Z) the normalized temperature varies by no more than 0.5%, where most of the beam 

passes through the mineral and into the volume below. The corresponding plot for the 

Nd:YAG laser is shown in Figure B.4 for a 10 pm  beam waist (Nichols et ah, 1995) where 

the temperature gradient is more pronounced than for the Argon-Ion beam. The fall in 

normalized temperature over 500 pm  is ~2%.

For irradiation by an Argon-Ion laser at 30 W using a thermal conductivity o f 

1.84 W/cm-°C (Fukao et ah, 1968), the maximum temperature is 1200°C, with the 

resultant beam center temperature o f 22°C (Figure B.3). Likewise, for irradiation by a 

Nd:YAG at 100 W  for olivine the maximum temperature at beam center is 2750°C. From 

Figure B.4 calculation gives a temperature at beam center o f 80°C.
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W=12

------- Z=1
------- Z -2

— Z=3

R

Figure B .l. The normalized temperature distribution o f GaAs for fV=l2 with 1/a « 1 jum and a 
beamwidth o f  12 /zm. Lax (1977).
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30G*K

500°K

J100*K
•700*K
•500°K
300eK

2.2 2.5 3
Wave  Length  ,

Figure B 2 The absorption coefficient o f olivine plotted as a function o f  temperature and wavelength. 
Reprinted from Physics o f Earth and P la ttetary Interiors, 1, Fukao et al, Optical absorption spectra at high 
temperatures and radiative thermal conductivity o f olivines, 57-62, 1968, Figure 3, with kind permission o f  
Elsevier Science - NL, Sara Burgerhartstraat 25,1055 KV Amsterdam, the Netherlands.
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W=0.00206
0.008

Olivine at 1300 K 
a= 2 fim0.007

0.006
—  Z=5

H 0.005

0.004

0.003

0.002

R

Figure B.3. The normalized temperature distribution for olivine irradiated with a 2 /zm beam o f a 
Argon-Ion laser. The radial temperature gradient falls by -0.5% over 100 /zm (R=50). The vertical 
temperature gradient (variation in Z) is virtually zero. The profiles for calculations done with optical absorption 
coefficients reported by Fukao etal. (1968).



237
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Figure B.4. The normalized temperature distribution for olivine irradiated with a 10 /im beam o f a 
Nd:YAG laser. The radial temperature gradient falls by ~2% over 500 jum (R=50). The profiles for 
calculations done with optical absorption coefficients reported by Fukao eta/. (1968).
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JUL CometosioBS for A r-A r laser & Nd:YAG

The results from equation B.4 give temperatures much lower than experienced in 

the laboratory (Goswami et a t, 1998), if  the optical and thermal parameters o f olivine are 

similar to pyroxene. The fact that silicates can reach melting temperatures with Nd: YAG 

and Argon-Ion lasers indicates that the assumption o f a homogeneous and isotopic 

material is too simple to calculate an accurate temperature from equation B.4. However, 

it still is a useful exercise to be able to calculate temperature distributions with this type 

o f modeling given accurate optical and thermal parameters o f materials o f interest.
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