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ABSTRACT ' «

Canyon Diabio metallic spheroids are roughly
spherical in form, approxim&tely 1l mm in diameter, consist
mainly of nickel and iroh and are found in conjunction with
Canyon Diablo meteo£ite fragments in the vicinity of
Barrinaer Meteorite Crater, Arizona.

Cénventional chemical techniques and a gas' source
mass spectrometer, using SF6\as the analysis gas, were used
to measure the sulphur contents and 348/323 ratios in
spheroid samples of different sizes. Also, material was
remcvea froﬁ various depths within.the spheroids by means

of ablation using a mixer/mill so that the radial dependence

of the sulphur contents and 34S/3ZS ratios could be studied.
3

-

This was the first time that the 4S/3ZS ratios in the Canyon

Diablo metallic spherbids have been measured.

It was found that the spherpids are enriched in
?48 compared to the Canyon Diablo meteorite fragments and
that the enrichment is greatéf in the smallexr spﬁeroids
than in the larger ones. Also, the layers’nearest the
surface gré more enriched thap the inner portions.

In order Eo investigate the poésible causes of this
enrichment the sulphur isétope effects associated with the

oxidation, dissociation and evaporatioh of the meteoritic
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mineral troilite, (FeS), were measured. The troilite samples
were heated in a furnace at approximately 1200°C in a dry-air

atmosphere for odxidation and in a vacuum for dissociation

F 3 .

and evaporation. In the oxidation experiment it was found
that'the residue hés a 5348 valu; relative to the starting
material of approximateiy -0.33 % apparently independent of
-the extent of Eeaction. Also, dissoéiation and evaporation
occur simultaneously in a two-branch reaction with the‘é34s
values of the residues strongly d;pendent on the extent of
reaction in a manner similar to the Rayleigh distillation
procéss. The sulphur isotope effects associated with
evaporation and dissociation were found to be (+4.8 + 0.3) %
and (+12.9 + 0.3) % respectively. Consequently,'the 6345
values (relative to the starting material) of the initial
products are respectively about -4.8 % and ~12.9 %. This

is the first time that the suiphur isotope effect associated
with the high température oxidation of troilite ﬁas been
measured. It is-also the first time that the sulphur isotope
effect associated with either the vacuum dissociation or
evaporation of t}oilite has been measured. This latter
information has proven useful in the interpretation of the

34

sulphur content and &~ S data obtained from the analyses of

lunar soils. The equations governing the relationships

between the §°%s values of the residue and products in

iv



two-branch first-order reactions are presented.

f

Published hypothetical accounts of the events that
led to the fanyon Diablo metallic spheroids having their
present\chem' 1l composition are reviewed and discussed.

The followjing new explanation is presented that is consistent
with the isotope ratio data and the chemical compositional
differences between the spheroids and the meteorite frag-
ments. It‘is suggested that the Canyon Diablo meteoroid
included a portion containing greater nickel and cobalt
contents than .-do the fragments presently found at the

crater site. This pbrtion was shock-melted by the impact
and splash-dispersed to form the spheroids. The 348
enrichment occurred when the spheroids lost sulphur by

: \
dissociation/evaporation upon exposure to the near-vacuum

of the meteoroid's train.
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CHAPTER 1
INTRODUCTION
A. Isotope Geochemistry '

Isotopergeochemistry has as its basis the slight
differences in the chmical properties of the isotopes of
an element. Differences in the chemical properties of the
isotopes of hydrogen, carbon, nitrogen, dxygen and other
elements have been established both‘theoretically and
experimentally (Thode, 1970). Measurements of variations
in the natural abundances of the isotopes have proved use-
ful in the study of biological and geological problems.

Sulphur isotope geochemistry is particularly
interesting because of the variety of the chemical form§
of sulphur and their widespread oécurrence in such diverse
materials as sea water, s7dimentary rocks, petroleum,
primary igneous rocks, voicanic gases, mineral deposits,
lunar samples and meteorites. The four stable isotopes of
sulphur with their approximate relative abundances are:

32 33 34 36

S (95%); S (0.7%); S (4.2%); and S (0.017%). Vari-

ations in the 34S/B?‘S ratio are usually measured since 348

and 328 are the two most abundant of the sulphur isotopes.



Isotope fractionation can occur under equiilbrium
conditions ‘or in unidirectional reactions. As an example of
the former consider the equilibratfon of sulphur dioxide and
hydrogen sulphide. The isotopic cases involved are:

32 32
112 S —> 802

and 34 34
H,” 'S ——= "~ 'S0,

Equations such as these are usually combined to produce the

overall isotope equilibrium equation: 7
1 34 . 32 X 32 . 34
H,” 8 + 802 ——> H2 S + 802 .,

The isotopic equilibrium constant, K, can differ
slightly from uﬁity and the extent of this difference, (K-1),

is a measure of the equilibrium isotope effect. In the above

case
[34502] [H234S] |
K = 'T—'— ———'—3‘2—'— = 1.008 at-500°C (Thode, 1970)
[*4s0,] (1,7%s)

This means that under equilibrium conditions the 345/325 ratio

of the 502 is 1.008 times the 34

8/328 ratio of the st. It
should be noted that in order for the abo&e isotope equilibrium
to be established it is necegsary to have water present so

that reacﬁion paths for the sulphur isotopes are present.

As an example of isotope fractionation occurring in



a unidirectional reaction consider the reduction of sulphate

ion to hydrogen sulphide. The isotopic cases may be written

as:
k
= 1
32504 —_ H2325
and
_ ko
34502 _— H234s

The ratio of the specific rate constants, ki/kz, for the two
competing reactions can differ from unity and the extent of
this difference, (kl/kz-l), is a measure of the kinetic
isotope effect. 1In the example cited kl/k2 = 1.025 at 25°C
(Harrison and Thode, 1957). This means that since the

32 34

soz species reacts 2.5% faster than the so: species the

HZS produced at any instant is enriched in 325 or depleted

in 34S by this amount (2.5%) relative to the remaining S0,

Isotope effects:are usually small and isotope ratio
differences are more readily measured than absolute isotope
ratios due to cancellation of instrumental fractionation

effects so that it.i8 usual to express isotope ratio varia-

tions in the "del" (6) notation as follaws:

34,32

{7°s8/778)

63%s(x) = 3 sample ;| 4 1000.
' (*s/7%s) :

standard

The standard used is sulphur extracted from troilite (FeS)
from the iron meteorite Canyon Diablo, since it has been

suggested (Machamara and Thode, 1950) that the 34S/BZS ratio



L4
in iron meteorites is near the primordial value for the

Earth. Also, Canyon Diablo meteorite fragments are readily

available for interlaboratory standardization.
* 33 .. * .36
For mass-dependent processes the 6°°S and 67°S
values may be derived from the measured 6345 values since
an approximately linear relationship is predicted (Bigeleisen

and Wolfsberg, 1958) between the isotope fractionation and

the mass difference between the isotopes involved. For

sulphur the relationship 634S$=l.94 6338 and the relationship

)
6365251.90 6348 were derived by Hulston (1964). Thus, the

3 3

4S/3ZS, 33S/3ZS and 6S/3ZS ratios may be used to distinguish

a mass-dependent isotope effect, either chemical or physical,

from a nuclear effect. By using the above relationships and

34 633 36

measurements of,the 67 'S, S and &6 °S values Hulston and

Thode (1965) found conclusive evidence of cosmic-ray

spallation 365 and 338 in the hickel-iron phase of a number
of meteorites. .
- It is shown in Fig. 1 that there is a range of ~130 %

in the 634

the 6348 values in all of the materials shown in Fig. 1l has

S values of terrestrial materials. Discussion of ,

been presented elsewhere (Thode, 1970; Thode, 196}, and

* 33 36 34

replace 34S with "°5 or "°S in the definition of 57°S

—
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references therein) so that only a few general comments will
be made here. Sulphur which was involved in the sedimentary
cycle such as that in coal and petroleum displays a wide

34s

range of 5 values. This range is believed largely due to

the metabolic activity of bacteria (Desulfovibrio desulfuric-

cans) which reduce sulphate to hydrogen sulphide in anaerobic
environments. Previously it was stated that the kinetic
isotope effect in the chemical reduction of sulphate was
2.5% or 25%., However, the bacterial reduction of sulphate
is a complex process (Rees, 1973) and in nature a 0% to
50% kinetic isotope effect is observed depending on the
environmental conditions.

Sulphur in basic sills and igneous rocks of primary

(3

origin has not been involved in the sedimentary cycle and so
it displays a narrower range of 6348 values close to é@ro.\
Some of this range is believed to be due to the small
equilibrium isotope effects between coexisting sulphide
minerals. Foxr example, at chemical equilibrium, the

differences between the,634

S values of coexisting galena

(PbS) and sphélerite (Zns) are of the order of 2% (Lusk and

Crocket, 1969) depending on the temperature of equilibrium.
The principal form of sulphur in meteorites is

troilite (FeS) although small amounts of other sulphur

compounds such as daubreelite (FeCrZS4), oldhamite (Cas),



and pentlandite [(Fe,Ni)988] have been found in some mete-
orites. The range of 6348 values in meteorites is very small
compared to the overall range in terrestrial samples. Thode,
Monster and Dunford (1961) measured the 6348 values in
seventeen meteorites of various classifications and found a
range from -0.3% to +0.2% (measured from the mean value).

A relatively rare class of meéeorites, the carbon-
aceous chondrite%{ contain some sulphur in different oxi-
dation states so that a larger range of 6348 values than in
other meteorite classes might be expected. Monster, Anders
and Thode (1965) measured the 6343 values in Orgueil, a
carbonaceous cpondrite, and found a value of -1.54 for the
sulphate sulphur and +3.0% for the elemental sulphur although
the weighted average for the two forms of sulphur was close
to 0.0%.

The sulphur contents and 5345 values of lunar samples °
from all the -Apollo flights have been measured. Thode and

348 values for the lunar basaltic

Rees (1976) found the &
rocks to lie between ~0.2%4 and 0.7%, yhile Gibson et al.
(1975) and Petrouski, Kerridge and Kaplan (1974) found values
ranging from ~1.6X% to +2.0% respectively. The 6348 values
for the lunar "soils" lie between roughly -3% (Chang, Lennon

and Gibson, 1974) and +13% (Kerridge, Kaplan and Petrouski,



1975). For a discussion of these results and the distribution

of 634

S values and sulphur concentrations throughout the
lunar soils of different grain size see Rees and Thode (1974),

and Thode and Rees (1976).

B. The Canyon Diablo Metallic Spheroids

The asteroids, which are feund mainly in the asteroid
belt between Mars and Jupiter, are surviving fragments from
collisions between relatively small planetary bodies
(Chapman, 1975). The usual orbit of an asteroid may be
perturbed by callision or gravitation so that it may
eventually enter the Earth's atmosphere where part of its
kinetic energy is transformed into heat and light. The
resultant streak of light observed in the sky is called a
meteor and the body producing the streak of light is called
a meteorcid. The heating of the meteoroid's surface causes
portions of it to melt and be s&ept away so that a fraction
of the meteoroid's initial mass is lost by this atmospheric
ablation. It is also common for the meteoroid to break
apart during its passage through the atmosphere. Once the
meteoroid makes contact with the ground it is cglled a
meteorite,

The smaller meteoroids are decelerated more by the
atmosphere than are the larger ones. Meteoroids with

initial masses up to a ton lose virtually all their
K

AN
)



preatmospheric velocity before striking the ground but
those with initial masses of ten tons or more retain
considerable fractionsof their preatmospheric velocities.
For instance, if vertical infall and an initial speed of
40 km/sec are assumed then a meteoroid of 1,000 tons
initial mass or greater retains more than a half of 1its
preatmospheric geocentric velocity (Mason, 1962).
Thousands of geocentric meteor velocities have
been measured at the egrliest section of their trail
(Bjork, 1961) and they all have been found ‘to be within
the range from “11 km/sec (the escape velocity from Earth)
to V72 km/sec (the maximum geocentric velocity for a body
»\Felonging to the solar system). The average geocentric
/meteor velocity has been found to be 15 km/sec {(Kinslow,
L 1965). . .

. Exactly what occurs when a massive meteoroid
collides with the Earth at meteoric velocities is not
perfectly understood [see (Chao, 1974) and (Charters,
1960)). Velocities of only 10 km/sec have been attained
in the laboratory and it is difficult to scale the small
pellet impacts to impacts with meteoroids weighing thousands
of tons. The kinetic energy per unit mass of bodies travel-

ling at meteoric velocities is of the same order as the

explosive energy per unit mass of TNT ('\«lOll 95%5) and

]
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shock pressures of 10 million atmospheres, about three
times the pressure at the center of the Earth, or greater, ,
may be attained upon impact (Bjork, 1961). Since shock
pressures of 2 Mb (1 Mb %106 athospheres) are sufficient to
completely melt iron (Olshaker and Bjork, 1961) it is be-
lieved that impacts of this magnitude could vaporize most
of the meteoroid and some df the targ%$ rock and soil.

The explosive expansion of this vapour and the effects of
the shock wave combine to form an impact explosion crater.
The surfaces of the Moon, Mars, Mercury and Vends have

been scarred by the impact explosion craters formed by
meteoroids.‘*dn the Earth there are about 60 geological
structures that are thought to be impact craters (Dence,
1971). Glaciation and other geological processes on the
Earth have, of course, erased most of the evidence of

older craters.

The most-studied of Earth's meteérite craters’is
the 1,200 m diameter Barringer Meteorite Crater in Arizona,
U.S.A. The crater is associated with ffagments of what is
called the Canyon Diablo meteorite. About 20 to 30 tons ‘of
the Canyon Diablo meteorite fragments have been collected
from the enviroﬁs of the crater. These fragmeﬂtb are of
the octahedrite class of the iron meteorite group. Octa-

hedrites consist primarily of the nickel-iron alloys



11
\\
kamacite and taenite with minor inclusions of schreibersite
{(Fe,Ni)3P], troilité\(FeS) and cohenite (Fe3C).

In 1948 H. H. N\i\.‘n\inger (1956) separated metallyd
particles from the soil surrounding the Barringer Metéi;ite
Crater. These particies vary in shape from irregular to

,ielongate to spherical (Mead, Littler and Chao, 1965) and
range inlsize from microscopic to 3-4 mm in diameter (Kelly,
\ /Holdsworth and Moore, 1974). The particles consist pri-
‘marily of metallic nickel-iron with small amounts of cobalt,
phosphorus and sulphur (Blau, Axon and Goldstein, 1973)
Rut have‘a different chemical composition from the Canyon
.Diablo meteorite fragments. Nininger termed "these particles
"metallic spheroids" and suggested that they were conden-
sation droplets from the metallic vapour cloud formed by
the impact explosion.

J. S. Rinehart (1958) studied the distribution of
the metallic spheroids in a 80 square mile area.surrounding
the crater. He estimated that there was ~12,000 tons of
the spheroids in the soil surrounding the crater. The
pattern of distribution suggested that the meteoroid
approached frém a southwesterlf direction and pitched
forward the liquid(spheroids with other non-liquified
fragments when it collided with the earth.

Metallic spheroids of the type found at the
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Barringer Meteorite Crater are also found,egsewhere in
nature. Spencer (1933) described similarvmetallic sphe-
roids in the impactite glass (silica glass bombs) found
near the Wabar (Saudi Arabia) and the Henbury (Australia)
meteorite ‘craters. Mead, Littler and Chao (1965}, énd
Chao, Dwornik and Littler (1964) have also described
metallic spheroids in the impactite glass from the
Barringer Meteorite Crater and iﬁ southeast Asian tektites.
(Tektites are silica glass structures, usually -"about thumb;
size, of de%fted origin (Mason, 1962) found on the Earth's |
surface in limited reérons on terrains to which they'hévé

no apparent genetic associations.) Metallic spheroids

have also been found in the lunar material (Goldstein and’

, Yakowitz, 1971) and since meteoroid impacts take

place on Mars, Mercury and Venus (Hartmann, 1975) it might
be expected that they will also be found on those pianets.
There aré four different theories in the literature
concerning the formation of the Canyon’ Diablo metallic
spheroids. H. H. Nininger (1956)  argues that the spheroids
condensed frqﬁ the center of a explosion-produced métallic
vapou¥ cloud so that they were not exposed to the atmos;

phere until after they had condensed and solidified. .Low

temperature oxidation then destroyed all of the spheroids
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having compositions different than the ones found today.

’ Riﬁehart (1958) suggests that the spheroiés were
splashed out’ of the impact-melted meteoroid and were not
coﬂdensation droplets from a metallic vapour cloud.
However, he, like Nininger, suggests thaé only the sphe-
roids with certain compositions survived the oxidation of
weatheriqg.

Blau, Axon and Goldstein (1973) and Kelly,
Holdsworth and Moore (1974) also both suggest that the
material in the spheroids was never in the vapour phase
but was éplaéhed out of a homogeneous liquid formed by
the impactlevénﬁ. 'They also'both sugge;t that the spheroids
were oxidized as they flew through tﬁe air to land in their
_present positions. However, Blau et al. maintain that the
spheroids were produced from a liquid which was formed
oﬁly from the sulphide-rich regions of the meteoroid,

':while Kelly’gi al. believe that the liqﬁid consisted of
a‘melt formed equally from all regibns of the meteoroid.

' F. G. Hawley (Nininger, 1956, p. 88) found a

sulphur con£ent of 0.96 weigh£ percent in the Canyon Diablo

metallic spheroids. ‘Tﬁere is uncertainty concerning the

amount of sulphu£ in the pre-impact meteoroid since the

sulphur is irregularly distributed as nodules of troilite

-(FeS) in theé nickel-iron matrix. .Blau et al. believe the




spheroids are enriched in sulphur compared to the original
meteorite, while Kelly et al. believe the spheroids have
lost sulphur. They both suggest that the spheroids have
lost some sulphur by oxidation during their flight through
the atmosphere after the impact. Since there was a possi-
bility of loss and thus a péssibility of isotope fraction-

ation it was decided that a study of the sulphur content and

6348 values might provide useful information.

In later chapters the experiments that were per-

formed are fully described but a brief summary is provided

here. The sulphur content and 6343 values were first measured

-

to determine if there were any differences in these guantities

between the spheroids and the unaltered meteorite fragments.

After a 6345 difference was established then sulphur content

34

and 6~ 'S measurements were performed on the outer and inner

portions of the spheroids to see how these guantities varied
ith depth.

Since two of thé/formation theories suggested that
the spheroids had been tholten, an experiment was cdarried out
to measure thg sulphur isotope fractionation, if any, which
occurxed during £ie oxidation of troilite (FeS), the only }
sulphur-bearing mineral in the spheroids (Mead, Littler and

Chao, 1965). =

Since one of the formation theories suggested that

¥

-
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the spheroids condensed out of an oxygen-free atmosphere
an experiment was carried out to determine if any sulphur
isotope fractionation occurs during the vacuum dissociation

of troilite which takes place at "1200°C.

N



CHAPTER 2
EXPERIMENTAL
A. Troilite Heating

1. Furnace Description

A Fisher Scientific Company "microcombustion”
furnace, which incorporates a specially wound, one-piece
Nichrome wire heating coil, was used to heat troilite
samples. It could be heated to its maximum temperature,
~1300°C, in about ten minutes. A thermocouple located
between the heating wires in the top of the heating ele-
ment was used to estimate the temperature of the sample.
Diagrams of the furnace and connected apparatus are shown

in Fig. 2 and Fig. 3.

2. Troilite Dissociation

e

The dissociation of troilite experiments were carried
out in the following manner.. A troilite sample was weighed
and pléced in a quartz glass tube, sealed at one end and open
to the vacuum system at the other (see Fig. 2). The tube
was enclosed in a gquartz glass sleeve (A in the Figure)
to prevent direqt contact with the heating wires. The
.sample was heated under vacuum overnight at a temperature

of 400°C to remove any water which could conceivably be

16
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adsorbed on the sample. The temperature was then raised
until a value of 1100°C was indicated on the thermocouple
gauge. Since this temperature was sufficient to melt the
troilite samples the actual temperature of the sample must
have been about 1200°C, since troilite melts at ~1196°C
(Weast, 1968). A section of the sample tube between the
furnace and the vacuum system.was surrounded by dry ice to
ensure trapping the emitted vapours in a narrxow length of
tube. The elemental sulphur produced by the digfociation
of troilite, and the evaporated troilite condensed on this
cold section of the tube. After the duration of the
experiment and the cooling of the apparatus the residue
section of the tube was separated from the condensed
products section. The section containing the residue was
placed in a desiccator until later conversion to silver
sulphide‘(see Chapter 3, section 6) while the condensed
products section was immediately placed in a Soxhlet
apparatus (see Chapter 3, section 5) for the conversion of
the elemental sulphur to copper sulphide.

3. Troilite Oxidation

The oxidation of troilite experiments were carried
out in the following manner. The troilite was wéighed and
placed in a quartz capsule closed at oneg”Zend (see Fig. 3).

The capsule was then sealed inside the furnace chamber by

18
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means of a Cajon fitting (A in the figure). The furnace
chamber was then evacuated and finally filled with air dried
by passing it through a 10 cm column of CaSO4. The capsule
was pushed into the center of the furnace by means of the
magnetic plunger after the temperature of the furnace was
indicated to be 1100°C (see Section 2, abové). The

sample in the capsule was heated for a predetermined period
of time and then removed to the cool regions of the tube.
The gas in the chamber was slowly pumped out through a

glass coil immersed in liquid nitrogen so that the sulphur
dioxide (and bossibly some sulphur trioxide) were condensed.
The glass colil contained a sintered glass disc near the

vacuum end to ensure that none of the solid SO, escaped

2
during pumping. The §olume of the sulphur dioxide was
measured manometrically and it was then transferred to a
sample tube where it was stored until ready for further
chemical treatment and mass spectrometric analysis.

B. Chemical Conversion Techniques

1. Conversion of 802 to baSO4

The fragile glass tip of the sample tube containing
the sulphur dioxide is broken beneath the surface of
approximately 400 ml of distilled water contained in a beaker

so that the water rises in the tube as the sulphur’
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dioxide dissolves in it. Five ml of saturated bromine
water and 1 ml concentrated hydrochloric acid is then
added and the solution brought to a boil. Ten ml of a
boiling barium chloride solution (10% by weight) is then
added and the solution maintained at a boil until the
turbidity disappears (usually 45 min.)’

The cooled solution is then filtered through Whatman
#40 ashless filter paper. The BaSO4 precipitate, after
being washed five times with distilled water, is transferred,
together with the filter paper, into a crucible and ashed.
The remaining Baso, is then converted into Agzs (see Chapter
3, section 6).

2, Elemental Su;phuf Extraction

Elemental sulphur is extracted by means of a Soxhlet
extractor using acetone and a piece of copper mesh. The
acetone is allowed to boil for about 10 hours during which
time the elemental sulphur reacts with the copper mesh to
form copper sulphide. The copper mesh is then treated with
HC1l in a r&flux apparatus to form Ag25 as described below
in Section 6.

3. Preparation of Ag,S

Both sulphides and sulphates are converted to Ag,S

before fluorination. 1In the case of sulphate sulphur this
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is done as follows. BasO, is boiled with a reducing
mixture originally described by Luke (1943) consisting -
of HCl, HI, and H3P02. The st generated is first pre-
cipitated as CdS in a cadmium acetate solution and finally
as Ag25 with the addition of AgNO 4 solution. In the case

of acid soluble sulphides, H,S is generated by boiling

2

weighed samples with 8N HCl and the H.S 1s precipitated

2
as Agzs as described above. The Agzs precipitate is
washed with NH4OH to remove any AgCl present and with
distilled water four to five times to remove all ion
contaminants. This is done by repeating the process of
centrifuging, decanting and adding distilled water. The
purified Agzs‘is dried, weighed and stored in thg¢ aluminium
foil weighing packets until subsequent fluorination.
Preliminary experiments showed that 100% of the
st generated was recovered as CdS using a single cadmium
acetate collector. Standard silica-troilite mixtures were
prepared to test the yields obtained by the above procedures.
Table 1 shows that a mean yield of 92.20% was
obtained. The standard deviation for an individual
measurement was calculated to be +4.36%. These results
are for samples yielding about 1.24 mg of sulphur as sulphide.
Additional measurements of the yield and repro-

ducibility were carried out on artificial troilite obtained



TABLE 1

YIELD AND REPRODUCIBILITY MEASUREMENTS

ON ARTIFICIAL TROILITE-SILICA MIXTURE

Silver
Sample sulphide Sulphur
Sample weight weight content *Yield
number (gggms) (milligrams) (ppm) %

1 0.68232 6.97 1,322 95.94

2 0.62774 6.12 1,261 91.51

3 0.62884 6.00 1,235 89.62

4 0.62864 6.30 1,297 94,12

5 0.62792 5.93 1,222 88.68

6 0.62822 6.35 1,308 94,92

7 0.62838 6.00 1,235 89.62

8 0.62845 6.20 1,277 92.67

9 0.62848 6.08 1,252 90.86
10 1.25705 12.91 1,329 96.44
11 1.88502 19.28 1,322 95.94
12 3.13607 33.02 1,362 38.83
13 1.22083 12.05 1,277 92.67
14 0.85848 8.72 1,314 95,36
15 0.84975 8.46 1,288 93.47
16 0.84597 9.01 1,378 100.00
17 0.83645 8.09 1,251 90.78
18 0.83561 8.11 1,256 91.15
19 0.84962 8.32 1,267 91.94
20 0.84911 7.83 1,193 86.57
21 0.85042 8.12 1,235 89.62
.22 0.84932 7.89 1,202 87.23
23 0.85076 7.49 1,139 82.66

(92.20 + 0.84)%.

the mean = i m—

%guare root of the number of samples multiplied by

0.84

= +0.91%,

Mean yield and standard deviation of the mean =

Standard deviation of the mean as a % of

the standard deviation of the mean as a % of the mean =

V23 x +0.91% = +4.368%,

100% yield sample.

*Based on the assumption that sample No. 16 was a

~

23



TABLE 2

YIELD AND REPRODUCIBILITY MEASUREMENTS

ON ARTIFICIAL TROILITE

Silver
Sample sulphide *
Sample ' weight weight Weight Yield
number (milligrams) (milligrams) $ S %
5.20° 7.94 19.82 32.30 89.85
5.21 8.07 20.35 32.63 90.76
5.22 7.52 19.04 32.76  91.13
5.23 6.27 15,27 31.51 . "87.65
5.24 11.21 27.80 32,09 89.26
5.25 10.00 25.34 32.79 v 91.21
5.26 10.66 26.98 32,75 ° 91.10
v14 . -115.46 300.35 33.66 93.63
V15 114.53 297.38 33.60 ~93.46

Mean yield and standard deviation of the mean =
(90.89 + 0.63)%.

Standard deviation of the mean as a percent of the
mean = 533 x 100% = 0.69%.

Square root of\}he number of samples multiplied by
the standard deviation of the mean as a percent of the
mean = 2.07%.

*Based on a sulphur content of 35.95% sulphur

(see text, page 25 and page 27).

e ——— - - ~- - - [ - e e ——— e ——— = -
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from' Cerac/Pure Inc. of Butler, Wisconsin. That company
provideé a weight percent sulphur content value of 35.95%
for that troilite sample from spectrographic analysis
(see Chapter 4, section A for more details concerning the
handling of this material). The results of the yield and
reproducibility measurements are shown in Table 2. A
mean yield of 90.89% was obtained which is not signif-
icantly different from that obtained using the silica-
troilite mixture. The standard deviation of an individual
measurement is 2.07%, which is smaller than that obtained
using'tﬁe éilica-troi?ﬁte mixture. Perhaps this is due
to a greater water-adsorptive capacity of the fine silica
powder. .

The major losses are believed to occur because
complete femoval of silver sulphide from the narrow cadmium
a;etate solution. inlet tube and the centrifuge tube is
difficult. These losses are mechanical so that there
would be no aséociatedf;sotope fractionation.

-

4. Preparation of SF¢ *

The fluorination of Ag,S samples to form SF¢ is
carried out in the‘apparatué illustrated in Fig. 4
previously described b{’Thdde and Rees (1974). The appara-
tus is essentially a vavuum-Iine with a bromine penta-

LY
fluoride dispensing system (A in the Figure) and nickel
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tubes (B) in which the Agés samples are reacted with the
BrFS. A gas chromatégraph (C) separates gaseous contaminants

from the SF The‘BrF5 dispensing system and manifold of

60

reacti es is essentially the same as that described by

Clayton and Mayeda (1963). The gas chromatograph uses
helium as a chr rer gas and a coiled six foot column of
1/4" O.D. COpperutubing packed with a 5A° molecular sieve.
The. column is in a furnace so that it may -be baked at the
end of an operating day but separations are performed at
room témperaturef The helium flow has its own pathway,
separate from the vacuum system of the flubrinatidh line,
but ppere is one bypass route through the input arm of the
gas chromatograph (frép A) and. another bypass route through
the collecting trap (trap.C) at the other end of the column.
The silver sulphide sample is wrapped in the alumin-
ium foil boat used in weighing and placed in a reaction tube.
The air is then pumped out after which 420 x molar excess
of BrFg is added to the reaction tube. The temperature of
the.removable furnate placed to enclose the reaction tubes
is'raised to ~330°C and this temperature is maintained for
‘about 16 hours. The furnace is then remouea and’ the
;.:esulta.nt'SF6 is separated from the unreacted Bst.and

other reaction products by a combination of vacuum distil-

+ lations and gas chromatography. After liquid nitrogen

£ mnd

. . .
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-

baths have been placed on both the reaction tube and trap
P, the reaction tube valve is slowly opened and the non-
condensables are pumped to waste. A dry ice/acetone bath
is then placed on the reaction tube and a five-minute
vacuum distillation takes place which transfers virtually
all of the SF6 to trap P. Since.a small portion of the SF6

is occluded by the condensables, the reaction tube valve is

then closed and the reaction tube warmed to room temperature

-~

L~
AN

to facilitate their release. ?hen a second vacuum distil-
lation is performed from the iéacFion tube at dry ice tem-
perature to trap P at liquid nitrogen temperature. A
further similar singular vacuum distillation from trap C
to the input arm of the gasqchromatograph (trap A) is then
performed.

After the trap A valve is closed the trap is warmed
to room temperature an@ the helium flow is diverted through
the trap so that the SF6 and unwanted gases are carried through
the'gas chromatograph column. When a thermal conductivity
detector located immediately before the colledtion trap indi-
cates the passage of SFG helium flow is diverted throuéh the
second successive diversionary route into the coiled trap,
held at liquid nitrogen temperature. After all thé SF. gas is

trapped the helium flow is then diverted.to waste so that
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the unwanted gases are removed from the fluorination line.
With trap C held at liduid nitrogen temperature the helium
is then all slowly\pumped to waste through a metering valve.
The trap, with its valve closed, is then warmed to room
temperature and the SF6 is transferred to a valved tube for
transportation to the mass spectrometer.

Tests for loss of SF6 during vacuum héndling, for
the possible incomplete conversion of sulphur to SF6 and
for memory effects were‘perfomed (Thode and Rees, 1971) as

follows.

1. . The residual material from each vacuum distillation
during an extraction was itself transferred back to the
reaction tube. After gas chromatography of the main SF6
sampie a czmplete second extraction was performed.

2. After extraction of SF, and éisposal’of residual
gases, a fresh dose of BrF5 was admitted to the reaction
tube and a second fluorination and extraction performed.

3. After fluorination and SFé extraction the aluminium
foil was removed from the reaction tube and an empty piece
put in its place. After pump-out and admission of BrF5
a complete fluorination and extraction were performed.

i

The amount of SF, recovered in each of these three

tests was monitored on the thermal conductivity detector



and in each case was <0.l% of the original amounts involved
indicating practically quantitative yields in fluorination

and extraction as well as negligible blank levels.

“C. Mass Spectrometry

1. The Mass -"Spectrometer

The following description is essentially the same as
that given by Thode and Rees (1971)., The 6" radius mass
spectrometer and wide slit-narrow slit double collection
configuration have been described by Wanless and Thode
(1953) and Hulston (1964) respectively. Beaver (1973) has
described a number of modifications to the electronics.

The wide slit (low mass) and narrow slit (high

mass) Faraday cups are connected tc Model 401 ;Cary vibrating

reed electrometers (V.R.E.'s) with input resistors of

89 and lOlOQ respectively. Thé one volt full-scale

5 x 10
outputs of each V.R.E. are fed to Hewlett-Packard Model .
Zi}ZA voltage to frequency convertors (V.F.C.'s) which have
ouéputs of 100 KH/v. The V.F.C. outputs are fed into a
Hewlett~Packard Model 5216A counter ‘operating in the ratio
mode so that it counts the number of pulses from the narrow
slit V.F.C. in the time it takes to accumulate lO6 pulses

from the wide slit V.F.C. The normal operating 328F5+ ion

10

current is. 3 x 10~ a which gives rise to a 0.5 V signal
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from the wide slit V.R.E. and a 50 KH signal from its
V.F.C. so that the counting period for 106 cycles is

twenty seconds. At the end of a éounting period the
counter directly displays the ratio of’the ion currents
arriving at the narrow and wide slits. Another counting
period is then carried out automatically after which the
print-out of the ion current ratio activates logic circuitry
controlling the magnetic valve sample inlet sys%em (Beaver,
1973) and causes changeoverifrom unknown gas to standard
gas or vice versa. A 30-second delay is allowed to
fgcilitatlelushing of the previous gas. Cycling continues
automatically until five double measurements have been made
with the unknown gas and four with the standard. Peak
centering is checked by manually switching the acceleréting
voltage to bring the edge of the 34SFS+ peak to the narrow
slit and after recentering the peak of interest another set

of measurements is taken. The results of these two sets of

measurements are then averaged. <

I3

2. Reproducibility of Fluorination and Mass Spectrometry

v

All samples are run against a mass spectrometer line

standard of cylinder SF¢ which is admitted to the spectrom-

eter sample line in 0.7 cm3

containing 1200 cm3 STP.

STP aliquots from a reservoir

-

Each day a sample of the same batch of Ag,& is
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fluorinated and analysed in the mass spectrometer to
measure the reproducibility of the method. If_ it is also

348/328 ratios of the samples to

desired to compare the
be analysed to that of the sulphur in Canyon Diablo troilite
then a single batch of Agzs prepared from Canyon Diablo
troilite is used. Alternatively a secondary standard con-

345/328 ratio

sisting of a single batch of Agzs, whose
relative to Canyon Diablo troilite is well known, is used.

The standard deviation of an individual measurement is
obtained by multiplying the square root of the number of

such analyses by the standard deviation of their mean.
The‘reproducibility for fluorination, plus gas chromatography,
plus mass spectrometry indicated by such measurements are
usually superior to that obtained in this laboratory by

using §0, as the analysis gas. The standard deviation of

an individual measurement. using SO, is usually about

2
+0.2% (Mr. J. Monster, private communication) whereas that
obtained by the author using SF6 has ranged from +0.03%

for one set of standard samples to +0.18% for another set.



CHAPTER 3 |

\

WHOLE SPHEROID AND ABLATED SPHEROID MEASUREMENTS

A, Sample Description ;
Three different sets of metallic spheroids were
analysed during the course of this work. One set was ob-
tained from Dr. Y. O. Fortier, Director of the Geological
Survey of Canada, Ottawa, who earlier had obtained them
- from the American Meteorite Laboratory, Denver, Colorado,
U. 8. A.. They are ~0.5 mm in diameter (U.S. Standard Screen
Series #35 mesh) and have a mean weight of 0.39 mg [approx~-
imate count per gram of 2,535 (American Meteorite Laboratory
catalogue)]. They were collected ffom an area about 3/4 mile
northeast of th%~crater. They will be referred to as the

13
small spheroids. s

¥

Another set was obtained directly from the American
Meteorite Laboratory (Dr. G. I. Huss, Director). They are
v1.18 mm in diameter (U. S, Standard screen series £16 mesh)
and have a mean weight of 4.12 mg (see Table 25, Appendix I).
Dr. Huss (personal communication) indicated that they were

collected from the area one to three miles hortheast of the

crater rim. They will be referred to as the medium spheroids.

33
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A third set was obtained from Dr. C. B. Moore,
Director, Arizona State University for Meteorite Studies.
They have a mean weight of 4.91 mg (see Table 26, Appendix I)
but their mesh number and original lo;ation are not known
by the author. If it is assumed they have a mean density
identical to the medium spheroids then their diameter may
be calculated to be ~1.25 mm. They will be referred to as
the large spheroids.

Ag
B. Whole Spheroid Measuyéments’

The 6345 values of the spheroids were measured to
discover if any isotope fractionation haé occurred either
during or after their forma?ion. The three sets of spheroids
described in the previous section were analysed to see if the
6343 values or sulphur concentrations varied with spheroid
size. The sulphur concentrations were measured as described
in Chapter 2, Section B.3, and the Agzs produced was con-
verted into SF6 for 6348 measurements as described in Chapter
2, Sections B.4 and C.l. The results are summarized in
Table 3 and 4 and are given in detail in Appendix II,

The difference between the mean sulphur content of

»
the medium spheroids and the large spheroids is not signi-

ficant, being (0.026 + 0.021) weight percent whereas the

mean sulphur content of the small sphercids differs from

-
¢
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the mean sulphur content of the large spheroids by (0.154
+ 0.0]17) weight percent, The large spheroids have about
1.2 p;mes the sulphur content of .the small spheroids.

Any %ntr1n51c variations in the spheroid sulphur
contents are masked by the variations in the chemical
extraction procedure. Fdr homogeneous material the standard
deviation of an individual measurement is +4.36% (sce Table
l) whereas the standard deviation of an individual spheroid
sample measurement is +0.070% or +6.97% (see Table 3).

P. G. Hawley (Nininger, 1956), uséng wet chemical
techniques, analysed one sample of 520 Canyon Diablec metallic
spheroids having a mean weight of 3.61 mg per spheroid. The
value obtained, 0.96% sulphur by weight, is in agreement
with that of the present work, (1.005 + 0.017)% for the
#16 spheroids having a mean weight of 4.12 mg per spheroid.

The difference betweén the mean 6348 value of the
‘medium spheroids and the large spheroids is not signifcant,

345 value of

being only (0.009 + 0.052)% whereas the mean b6
the small spheroids differs from the mean 634é value of the
medium spheroids by a significant amount, (0.174 + 0.056)X%.
Sinc;‘the standard deviation of an individual
measurement derived from identical Agzs sample 5345 measure-
meAts (see Section C.2, Chapter 2) is only #0.0343% for this”

set of samples, almost all of the variation shown by the
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&348 values is due tof the &348 variations of the spheroid

samples themselves. If a Gaussian distribution is assumed
and the square root of the number of spheroids per sample
is multiplied by the standard deviation of an individual
measurement then the standard deviation for the individual
spherords may be obtained. These results are also shown in
Table 4. The value for the small spheroids 1is +2.97 %
which is about four times that for the #16 spheroids and
about 4.6 times that for the largest spheroids. This
implies that there would be some small spheroids with b348
values as great as [+0.400 + 2(2.97)])% or +6.34% and as
low as [+0.400 - 2(2.97))% or -5.54%. It should be noted
that there is a suggestion of a skewed distribution for
the 6348 values of the #35 spheroids as there are only 5
samples with 6348 values greater than the mean compared to
9 samples with 6345 values less than the fe¢an. This is in
contrast to the sulphur content values which have very
nearly edqual numbers of‘values greater than or less than
the mean. However, as pointed out prgviously, the experi-

mental error in the sulphur content data masks any intrinsic

variations.
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C. Ablated Spheroid Measurements

Measurements of the sulphur éoncentragions and 6348

Gslues as they vary with depth within tﬁé Spheroids were
carried out because of the following“observations. Mead,
Littler and Chao (1965) describe the spheroids as being
9oated with a brown iron oxide layer. They also observe
that directly beneath this layer, most if not q&l, of the
spheroids have a fragile thin whitg coating of silica or
silica glass containiné numerous angular fragments of guartz.
Beneath this layer they commonly found a layer of grey iron
oxide surroﬁnding the core of metallic nickel iron. Also,
F. G. Hawley (Nininger, 1956) fouﬁd by removing the oxide.
crust that the chemical composition of the spheroid corxes
was different from that of the sphercids as a whole (see
Table 5).‘ In order to investigate the variations with‘depth
of sulphur content and 63%5 values a series of ablations on
samples of spheroids was undertaken.

>

. ¢
For each ablation series 200 spheroids, all from

J
either the medium or large group, were weigﬁed and placed

in a ceramic vial of about }00 cc capacity. The vial was
then agitated in an automatic mixer/mill (Spex Industries,
inc., Scotch Plains, N.' J., Catalogue #8000) for a 3-hour
period. As the spheroids rubbed against the side of the

vial their outer surfaces were ground off to form a fine

>
. . [
. -



TABLE 5
WET CHEMICAL ANALYSIS BY.F. G. HAWLEY

OF CANYON PIABLO METALLIC .SPHEROIDS

(after Nininger, 1952, p. 242) - . L
) Description Tbtalvsample Metallic portion '
; of component (¢ weight) (¢ weight)
f ‘ . X P .
Fe . 53.88 - . 75.63
Ni. - . 9.06 . 17.30 .
Co .- 0.95 . 2,22
P : : ’ ’0‘.56. ’ . not detent}inec}
s ... - 0.96 - not determined
) Cao ol L not determined
Insoluble residdéf' , ;6,10 ‘ Lo 1.15
_“Calculated oxygen . . 7,96 . not dne\termin_ed'
‘HZO‘ . ' 7.00. ﬂot“detefmined
Total 0 97.57 . - % .96.30
. ' \/,
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,bowder.t The dust tended to cllng to the walls of the v1al

¥

but was removed u51ng small brushes and weighed. The

4

ablated.spherords were washed in acetone (to remove any
dust clanglng to them) drled and welghed The v1al was
cleaned w1th tissues untll no more dust ctould be removed

The sbher01ds were returned to the vlal and the whole

. _ N
F ’ g ablatlon, welghlng and cleanlng procedure repeated until

five separate fractlons were collected." The non—dust
re51due consisted of rounded spher01d cores - of various -

szzes and some relatively small lrregular Chlps or frag—

. o ments. The spher01d ‘cores were Separated lnto four samples
of approxmmately equal mass. The largest ones were 1solated
flrst followed progre551vely by the smaller ones, Thls
srze~separatlon by eye ,was carrled out to dlscoverllf .there

o ‘was any trend of‘sulphur content or 6345 values with core
| ‘rsaze The detalls of each separatlon are glven 1nnAppend1x
| iIi. The fragments were treated as a separate sample. .The

3‘48 values were measured as

sulphur concentratlons and 5’
t '.‘ descrlbed 1n Sectlons B 3, 'B.4, c.1 and C 2, of chapter 2.
| ' The results are shown 1n deta;l in AppendleDI and a summary‘
ls shown 1n Tables 6, 7( 8 and 9 A dlagram schematlcally
summarlzes the results 1n Flg 5. ' - K

,ft The observatlons of Mead} thtler and- Chao (1965)

:and F. G. Hawley (Nlnlnger, 1952) concernlng the exzstence

L8 oo, \ . ..
- v 1 - Rl
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lMean weight 2 o Mean 3Mean }
of original : .. Weight 634s (%)
'Mass $ S value
21.75 : : P 0.11 +1.44
12.09— N 1.02 . 0.96 -
9,52 1.07 0.57 '
8.01 1,08 . 0.85
10.13 1.04%% | ©0.48%
38.51 1.13% 0.26%
Medium v R
" Spheroids
+2.28
+0.80 L
/ +0.60 ’/
‘ +0.49 - :
‘ +0.47%
+0,07*%
Large -. ’ q
Sphéroids . q oy

Calculated from the data in Table 10
Calculated from the data in Tables 6 and 8
Calculated from the data in Tables 7 and 9

' Mean of spher01d core samples excludlng the fragments.,
Excludlng the 2.04% value '

. ***pirst and second- layer samples of Series #l added
) together and averaged with’ the lst layer/sample from Serles #3.

!

Figure .5, Schematlc Representat;on of the Ablated
‘ ’ Spheroid Results '

. .
Pt ‘ - L]
! ' v . ' f
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. TABLE 6

1WEIGHT % SULPHUR OF THE ABLATION SAMPLES

FROM THE MEDIUM SPHEROIDS

2Series 2Series 2Series 3Percent

Sample type #4 $#5 #6 Mass
lst layer lost 0.11 0.10 20.09
2nd layer lost 0.97 1.06 11.41
3rd layer 1.09 1.01 ‘ l1.12 o 9.49
4th layer 1.00 0.96 1.29 7.89
5th. layer 0.96 . 1.12 ‘2.04 9.04
Largest ablated ' «

spheroids l.18 1.24 1.17 11.71
2nd largest 1.32 1.15 40.97 10.19
3rd largest 1.45 1.09 1.15 9.75
4th largest 1.10 1.04 0.96 6.81

Fragments 0.97 0.92 0.93 2,69

Mean sulphur content of ablated spheroids, excluding
the fragments, and standard deviation of the mean ‘is (1.126
+ 0.030) weight percent. '

lStandard deviation of an individual sample is

approximately +0.04% (S%E_Table 1.

2The layer sample values were corrected for lost dust’
by assuming a homogeneous sulphur content. - /

»
3prom Table 10.

4Pogsiblé loss of Ag,S due to shatfering of the

centrifuge tube.
b rhe

"(1.126 +°0.030) - (1.084 + 0.0227) = 0.042 + 0.038.



534S(L) VALUES OF THE ABLATION SAMPLES

TABLE 7

FROM THE MEDIUM SPHEROIDS

2Approximate
$ of
Series Series Series total
Sample type #4 #5 #6 sulphur
1st layer lost +1.66 +1,22 1.87
2nd layer lost +1.02 " +0.71 10.25
3rd layer +0.84 +0.57 +0.31 9.27
4th layer +0.85 lost lost 6.40
5th layer +0.67 +0.04 +0.72 4.89
Laxgest ablated .
spheroids +0.21 +0.06 +0.46 20..32
2nd largest +0.15 +0.07 lost 17.95
3rd largest +0.33 +0.32 +0.32 16.06
4th largest +0.20 +0.16 +0.55 8.44
Fragments +0.47 +0.38 +0.31 4.57

is +0.06%.,

lS"tandard deviation of an individyal measurement

2

From Table 11.

44
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TABLE 8

WEIGHT % SULPHUR OF THE ABLATION SAMPLES
FROM THE LARGE SPHEROIDS

45

o

»

lSeries : 3Series lSeries 2Peréent
Sample type #1 $2 #3 mass
lst layer %0.07 0.04 0.10 20.09
2nd layer R 0.71 0.86 11,41
3rd layer 0.53 0.58 0.88 9.49
4th layer 0.75 0.63 0.82 7.89
5th layer 0.73 " 0.57 0.73 9.04
Largest ablated
" spheroids lost 1.11 11.71
2nd largest lost 1.13 1.18 10.19
3rd largest 1.16 - 1.06 1.10 9.75
4th largest 1.01 1.02 0.99 6.81
Fragments 1.00 1.09 0.93 |

2.69

Mean sulphur content of ablated spheroids excluding

the fragments’and standard deviation of the mean is (1.084
+ 0.0227) w%ight $.

by Fssumipg a homogeneous sulphur content.

since the amount lost was not recordedk

approximately +0.04% ‘(see Table 1),

1The layer sample values were corrected for lost dust

2

From Téble 10.

7’

3he layer samples were not corrected forflost dust

_?First two layer samples were combined.

5

Standard deviation of an individual sample is’

(1.084 + 0.Q227)»— (0.979 + 0.012) = 0,105 + 0.026 (guadratic
addition of’sfapdard deviatiqns). Also, (1.126 + 0.030)
- (1.095 + 0=Q17)

='(0.121) '+ 0.034):

-



TABLE 9
634S(L) VALUES OF THE ABLATION SAMPLES

OF THE LARGE SPHEROIDSl

. 2Approximate

% of
Series Series Series total

Sample type #1 §2 #3 sulphur
lst layer +2.20 +2.60 +2.04 1.87
2nd layer lost +0.84 +0.76 10.25
3rd layer +0.62 +0.40 +0.79 9.27
4th layer +0.62 +0.08 +0.76 6.40

5th layer +0.64 +0.15 +0.61 4.89

Largest ablated *
spheroids lost -0.12 -0.10 20.32
2nd largest lost -0.08 -0.04 _ 17.95
3rd largest ~0.09 0.00  +0.36 16.06
.4th largest +0.04 +0.11 +0.58 8.44
Fragments +0.45 +0.69 +0.41 4.57
1

Standard deviation of an individual measurement
is +0.06%.

2prom Table 11.
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of an oxide crust and silica coating are consistent with
the following observations made dﬁring the course of this
woxrk. The dust collected from the first ablation appea;gd
a dull red-brown in ordinary light and a dark yellow colour
when dissolved in HCl, whereas the dust from the second and
subsequent ablations appeared black in ordinérx iight and
a light green colour when dissolved in the Hél.x Jan Monster
(Chemistry Dept., McMaster University)(privaté/communication)
has observed the dark yellow colour to be associated with
iron (III) oxides while the green colour is associated with
nickel. The observed layered structure is also consistent
with the observation that élthough the first layer ablation
material is representative of the outer +20% of the mass
it contains only %é% of the total sulphuf (see Table 10 and
11). |

If the meaﬁ sulphur eontent of the éores (the ablated
spheroids) is calculated (excluding the fragments) values of
(1.126 + 0.030) weight % and (1.084 + 0.0227) weight % are
obtained fqrtthe medium and large spheroids respectively
(see Table 6 and 8). Usin§ these valqes it is apparent that
there is no significant difference between tQ? medium and
large spheroid cores (see the bottom of Table 6). However
_the sulphur contents of the cores are significantly different

{ i
from that for the whole spheroids. For the large spheroids
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the difference is (0.105 + 0.026) weight % sulphur while
for the medium spheroids it is (0.121 + 0.034) weight %
sulphur (see bottom of ‘Table 8).

The most striking observation is the difference in
the sulphur content of the outermost layer and the next
layer. Usually there is almost an orderx oé magnitude
difference between them.

The most striking observation on the 634

S valﬁes

is that the value for the outermost layer differs from the
unaltered meteorite value of O:OL by as much as +2.60 %.
The standard deviation of an individual measurement is
i6.0645x (determined as in Section C.2 of Chapter 2) so

that these large values are certainly siPfgnificant.

Each time an ablation was performed a fraction of
the dust was lost during transfer from the vial to the
weighing boat. 1In ablation series #3 and #S‘none of the
Agzs samples were lost so that corrections for the lost
material could be performed as shown in Table 11 and Table
12.~‘The assumption used in the calculations of the correc-
tions was that the lost material had the same sulphur content
as the material that was not lost, It shouid also .be |
remembered that the material was lost from the outer

portions of the spheroids which have a lower sulphur content

than the inner portions. These two factors explain why the
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TABLE 11

PERCENT OF TOTAL SULPHUR
IN EACH ABLATION SAMPLE TYPE IN SERIES #3

Weight lAng

of Ag.S weight

actually corrected % of

collected for dust total
Sample type (mg) lost (mg) sulphur
lst layer 0.60 0.99 . 1.87
2nd layer 4.04 5.43 10.25
3xrd layer 3.79 4.91 9,27
4th layer 2.60 3.39 6.40
5th layer 1.99 2.59 - 4,89
Largest 10.77 10.77 20.32
2nd largest 9.51 9.51 17.95
3rd largest 8.51 8.51 16.06
Smallest 4.47 4.47 8.44
Fragments 2.42 o 2.42 . 4.57
Total 47.80 52.99 ' 100.02

Original unablated spheroid sample weight = 0.95185 gm
Corrected weight % for whole sample = 20.72%
Uncorrected weight % for whole sample = 30.80%
l‘I'he layer samples were corrected for the known
amount of dust that was lost assuming that the dust sample
was homogeneous.
2Using the figures 52.99 mg and 0.95185 gm.
3Using 48.70 mg and the actual weight of the

collected material.
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TABLE 12

PERCENT OF TOTAL SULPHUR
IN EACH ABLATION SAMPLE TYPE IN SERIES #5

Weight lAg;S

of Ag,S weight

actually corrected % of

collected for dust - total
Sample type (mg) lost (mg) sulphur
lst layer 0.41 0.77 1.84
2nd ldyer 3.17 4.75 11.38
3rd layer 2.90 4.03 9.66
4th! layer 2.04 3.02 7.24
5th layer " 1.38 2.34 - 5,61
Largest - 7.60 - 7.60 - 18.21
2nd largest 6.54 6.54 15.67
3rd largest 5.97 * 5,97 14.30
Smallest 5.08 5.08 12.17
Fragments 1.64 1.64 " 3.93
Total ° '36.73 41.74 100,01

Original unablated spheroid sample weight

Corrected weight percent for whole sample

20.72%. ’

Uncorrected weight percent for whole

sample = 30.81%.

"lThe layer samples were corrected for the

known amount of dust that was lost, assuming that the
dust sample was homogeneous. -

2Using the figures 41.74 mg and 0.75425
3Using 36.73 mg and the actual weighé of \.the

collected ablation material.

0.75425 gm. : '
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corrected sulphur content (0.72 weight %) from Table 11 is
less than the uncorrected sulphur content (0.80 weight %).

As was just noted the corrections were performedv
with the assumption that the lost material had the same
sulphur content as the material that was not lost. However,
the Table 1l corrected sulphur content (0.72 weight %) is
considerably lower than the lowest sulphur content observed
for the whole spheroids (0.86 weight %). This strongly
suggests that the lost material had a greater sulphur content
than the material that was not lost. This is understandabie
since it was observed that the finer dust was lost much’

@ére readily than the coar;er dust. Troilite is considerably
more brittle than the nickel-iron matrix so that proportion-

Ly

ately more of the finer material would have been troilite.
, Two of the large spheroid whole samples have 6348
values greater than the (+0.37%) value for the total sample *
calculated from the percent total sulphur and 6343 values
data in Tables 9 and 11 so that the ablated.spheroid results
are not ipconsistent with the whole.sphexoid fes&lts.
There is a sugygestion of a trend from lesser: to

greater 5345 values from larger to smaller cores (see

particularly ablation series #3) but ablation series #4
and #6 are ‘inconsistent with that suggestion.

Blau ét al. (1973) used a microprobe to measﬁre
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the sulphur content in-the metallic cores of 14 spheroids

in the size rangé 0.7 mm to 1.8 mm. They found the range of
sulphur coﬁtentrétions by weight td_be from 0.9% to 2.8%
with a mean and-standard deviation of the mean' of (1.6
+ 0:2)%. The largest sulphur éontent for théingaEed
spheroids in this work is 1.32% by weight for the second
largest ablated spheroids of ablation series #4 and the
smallest is the 0.96% for the éfh large;t sample from
ablation\seéies #6.k Siﬁge the yield of the acid hydrolysis
method used here is “91% (see Table 2)_a corrected value

of 1.32%:would be ~1.45%, which is within the 1.6+ 0.2%
range f&und by Blau et al. It should be notea that the size
ranée of Blau et al's spheroids was much broader than that
Va% the present work which had been pre-sieved. Also,

the largest spheréids used in the present work were yl.25 mm

in diameter whereas, as already pointed out, some of Blau

et al's spheroids were as large as 1.8 mm.

»
&



CHAPTER 4
THE TROILITE HEATING EXPERIMENTS .

A. The Sulphur Isotope Effects Associated Wlth the
Oxidation of Troilite

Measurement of the sulphur isotope effect in troilite
oxidation was undertaken because both Blau et al. (1973) and'
Kelly et al. (1974) have suggested that the spheromds were
oxidized during thelr fllght through the atmOSphere aftexr
the impact of the meteo;01d. ‘ .

A preliminary low-temperature experiment w@sf
inadvertently begun when a piece of C%nyon Diablo~tr?ili£e?
was ground to a fiue powder for some othef experimeu? i#
December, 1971. The material was stored in 5 noﬂ%aiftiéht
container until October, 1974 whén it waé brought to the
Sfthor's .at’te:n’tion.' This material is referred to as"
"weathered" t}oiliue throughout the reméindér of theqthesis.
Ten samples were separately treated with HCI to convert the T
sulphide sulphur to Ag,S, as descrlbed in Sectlon B.3 of
Chaéter 2. The-Agzs éumples were convegted to SF6 as )
described in Section B.4 of"Chaptgr 2, and the Q?és,values
were obtained as described in Séctions C. ltaud C.2 of |
Chapter 2. . The results .are 4hown in Table 13."I£"is

r 14

apparent that there is some varlatlon due. to the weatherlng,

54
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TABLE 13

A . .
SULPHIDE SULPHUR CONTENT AND 5348 VALUES

FOR THE "WEATHERED" CANYON .DIABLQO TROILITE

v

-
g (‘
=

Weight of : o
Orlglnal  collected Weight % 2 34
sample welght . Ag.,S . sulphide 87 'S
(mg) , (mg) .. sulphur (%)
2.83 . 3.55 © 16.23 +0.25
2.37 . .. 3.38 . 1B.45 -0.04
4,12 6.31 19.82" +0.24
4.13° : 5.50 "17.23 +0.07
0..86 ) - 1.57 ' 23.62 '+0.11
'0.88 ;v 1.88 . . 27.64 -0.04
1.9%9 . 3.36 ’ 21.85 -0,07
1.72 - 3,03 . 22.179 -0,12
1.56 . . - 4,16, . ' 34.50 -0.04
4,17 . 5,72, © 17,35 -0.24
* Mean B U 21.99 10,012
Standard  deviation

of the meam : A +1.77 +0.04914

3$tandard deviation
of an individual

determination . +5.61 . - +0.1554
5 605, _ mce ‘” " .
(100%)(§IT§§> 25.49%

lValues were obtalned by comparison with a
secondary standard whose 6°*S values with respect. to
non-weathered Canyoh, Diablo troilite. was well knOWn

2The experlmental standard devzatlon of an |
1nd1v1dual determlnatlon is +0. 11146 Ls

Standard dev1atlon of the mean multiplled
by the square .root of ten. -
- i

e
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but that it is relatively small (+0.11 %) and random. The

*

mean 6348 value is not signifi&antly,differenh from 0.0 %.
There is a large variation ig thé sglphuf content (v+25 §)
and the sulphué content is considerably less than the 36.47
weight percent value of‘stoichiometfic troilite. This is
most likely due to a large amount of nickel-iron impurities
originally coﬁtained in and around the troilite nodule. |
The material was also found tﬁ contain elemental
sulphur so that further measurements were maée. Two other
samples of the same "weathered" troilite first had their -
dfemental sulphur converted to CuS as described in Section
‘5.2 of Chapter 2. 'The‘CﬁS was then converted tQ’AgZS and
finally to SF6 for 53%s value measurements as de;cribed in -
Sections B.3, B.4, C.1 and 6.2‘ After the elemental sulphur
- . had been extracted the sulphi@e suiphur_contents and 6345‘
yalues were measu£ed as before. The fésults are shown in
Tables 14 and 15." In these two cases the elemental sulphur

34

coﬁponents'have positive 67 °S vélqes while the coxrespondihg

sulphide sdlphur"components;have negative values. These

: . j i
results are not in cbmplete‘agreement with previously /
reported work.

Lewis and Krouse (1969) immersed troilite powder
samples in distilled water held at various temperatures for
various periods of time and found that they could collect

-
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TABLE 14

RESULTS FOR THE SULPHIDE SULPHUR EXTRACTIONS
FROM "WEATHERED" CANYON DIABLO TROILITE

) £
SAMPLES FROM WHICH THE ELEMENTAL SULPHUR HAD¢BEEN REMOVED

L

Weight of Weight %
Original Ag-S of sulphide 1 34
Sample weight collected sulphur in 578
number (gm) ‘ (mg) sample (%)
TWIL 0.02592 £0.71 20.32 3-0.22
TWT2 0.03142 49.55 20.41 2_0.02

TABLE 15
RESULTS FOR THE CORRESPONDING
ELEMENTAL SULPHUR EXTRACTIONS

‘¢ C % of
L - . total.
Weight of Weight % sulphur
Original Ag,S of elemental which 1 34

Sample weight collected sulphur in was §°°s

numbexr (gm) . | (mg) sample elemental (%)
TWI'l(EL) 0.02592 ..3.55- . 1.77° 8.02  S+0.38
TWT2 (EL) 0.03142  2.66 1.10 5,09  5+0.39

lValues wexe obtalned by comparlson with a second-
ary standaxd whose 6348 value with respect to non-weathered

Canyon Diablo troilite.was well"known. , "

¥

zThe experimental standard deviation of an individual
determlnatlon is +0.11 %. ' ‘ ' '

3The experimental - standard devxatlon of an 1nd1V1dual
determlnatlon is +0.08 %.
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elemental and sulphate sulphur as reaction products from

the oxidation of troilite. They measured the isotopic
composition.of both products and the results are shown in
Table 16. Their value of +0.9% for elementél sulphur shbﬁld
be compared to the vélue of ~0.38% of thé present work since

in the latter case the troilite was stored at room temperature.

Lewis and Krouse state that product 804—2 is ~3.5 times more
abundant than S° so that the residue troilite should have a
34

positive 6~ °S value. This is contrary to the observations

of the present work since the sulphide sulphur in the two
samples from which the élemental sulphur -had been removed
have negafi&e 6345 values. However,lthe‘rgacpions may be
différent in thé two experiments since the experimental
conditions were considerably different. The troilite of
Lewis and Krouse was tgtally immersedAin water while the
troilite of thé present work was only exposgd to the mois ture

v

in the air, Lewis (1967) states théf Hry’fes is probably.
oxidized about three orders of maéniéﬁde slowex‘than wet .
troilite., Therefore there is a possiblity éhat a kinetic
isotppe effect occurs in the faséerAéwettef) case while a
partial equilibrium isotope effect occurs iﬁ‘the slowver
(drier) case. It should also be kept inﬁmind tﬁat the mean
6348 valué of -the "weathere&".troilite was.not significantly

different from zero so that not all of the "weatheregd"

troilite material had oxidized to the same extent. Also,
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TABLE 16

343 VALUES OF LOW-TEMPERATURE:

TROILITE OXIDATION PRODUCTS
(after Lewis and Krouse, 1969)

*
6

x5345 (2)
Temperature Elemental Sulphate
{°C) sulphur . sulphur
0 +1.4, +1.5, +0.4 ~-1.5, -2.8
25 +0.9 " -1.9, -1.5
.
60 . +0.9, +O.5 "'1.4] "117] ""107 ; ‘

100 +0.1, +1.3 -0.5, -0.8, -1.7

* .
Measured with respect to the starting

material.

Wt -
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&
there is no ce;tginty that tﬁe elemental sulphur from the two
samples corresﬁonds to the sulphide sulphur from the same
samples with which they were found té be physically associated.
However, there are two of the "weathered" troilite samples

that have 634

S valués which are positive and more than two
standard deviations different from zerp. This suggests that
for those samples the reaction of Lewis ;nd Krouse may have
occurred. |

Kelly et al. (1974) and Blau et al, .(1973) both
suggest that the spheroids were oxidiéed sportly after their
shock-melt formafion while they were still relatively hot.
For’this'réason Eurther experiments were carried out. ‘
Artificial troilite of size 100 mésh was obtained frém
Cerac/Puré Inc. of Butler, Wisconsin. A 50 g portion of
lot. #3841 arrived with an eray\dﬁffraction analysis report
showing major‘§es hexagqnai (troilite) and‘a trace of cuBié
FeS plus possible traces of Fe and FeO.
’ The following precautions were cénrigd out since
the earlier e#éeriments showed troilite woﬁlq‘oﬁidize if
‘left e;boSed éo the atmo;phere{ eThe troilite arrived b;gked
under dry argon and was then opéned”unde;_an'atmosphere of
d;y‘gitrogen in a glove bag. fThe major mass of the troilite
‘Qas sﬁored in its.ofiginal Qoﬁtle which was in turn stored

inside”anéther,seaied bottle half-filled with CasO,. This

second bottle was storedAinside the glove-bag filleETWQFh

\
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dry nitrogen and containing an open bottle of CasSo,. A

small portion was stored in a dessicator for everyday use.

]

Samples of the Cerac artifical troilite were he?ped

“in dry air at ~1200°C as described in Section A.3 of Chapter
‘2. Afterwards, the troilite residues were treated with

HC1 to yield Ag,S as described in Section B.3 of Chapter 2.

The product SO, was captured and converted to Baso, and then

2
" to Agzs as described in Sections B.l1l and B.3 of Chapter 2.

The Agzs samples from' both sources were then converted to

34

SF¢ and the 67 'S values were measured as described in

‘

Sections B.4, C.l and C.2 of Chapter 2. The results are

shown in Tables 17 and 18. They are also shown in a graph

in. Figure 6. . ’ e =

It is apparent from the graph that there is no regular

34

relationshipjbetween the 67 'S values and the extent of the

reaction‘isftﬁat the mean values are used in the following

discussion. ‘The mean 63és value of the residue is signif-

34

ighntly different from the mean 6%°S value of the product SO,

being (0.66 + 0.12)% or about 5.5 standard deviations.. The

345 value of the residues is also significantly different

mean 6
frﬁm that of the starting material, ghé differencé'being
_(—0.33 + inB)Z or about four standard deviations. Also,
thé mean 5345 value of the SQ2 is significantly differgnt'

-

from that of the starting material being (0.33 * 0.11)% or
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TABLE 17

lSULPHUR CONTENTS

IN THE OXIDATION EXPERIMENT AT ~1200°C

Ag.S Ag:S

Original weight weight © Time in

sample from from min.

Sample weight residue S0, % % § at
number (mg) - (mg) (mg) residue SO; lost ~1200°C

12 13.54 20.70 4.51 55.02 11,99 32.99 S
13 9.28 11.07 4.30 46.84 16.68 36.48 5
17 21.83 43.34 1.02 71.46 1.68 26.86 2
27 37.07 68.66 6.58 66.66 6.39 26.95 .12'
28 54.38 117.55 0.57 77.80 0.38 21.82 2

31 " 6.74 1.82  9.17. 9.72 48,97 41.31 12
35 9.53 4.92 4.35 18.58 16.43 64.99 15
36 3.41 2.65 1.56 27.97 16.47 67.10 2
40 6.63 1.40 9.68 7.60 52.55 39.85 10
41 7.28 $.86 6.63 19.08 32.78 48.14 10
42 9.11 1.64 7.44  6.48 29.39 64.13 25
43 10.18 3.74  9.24 13,22 32.67 54.11 20
44 10.57 2,90 7.09 9.87 24.17 65.99 24
& N '

§

‘J Ao

J

1Based on .35.95 w?

initial troilit hd =53
Pure Inc. a was obtaine

-~

percent sulphur for the
the 1ue provided by Cerac/

Y spec rographlc analysis.

”

J'b
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TABLE 18
l634S(Z) VALUES

IN THE OXIDATION EXPERIMENT AT ~1200°C

{

2% Extent
Sample Residue SO, of
number component componcnt reaction

12 -0.31 +0.31 . 44.98
13 . =0.17 +0.39 53.16
17 -0.31  +0.03. 28.54
27 -0.44 +1.24 33.34
28 -0.19 +0.13 22.20
31 T -0.10 ~0.04 90.28
35 -0.32 +0.33 81.42
36 -Q.11 +0.60 72.03
40 +0.04 -0.09 92.40
41 -0.50 +0.59 80.92
42 -0.79 +0.18 93.52
43 - -0,72 +0.11 86.78
44 . -0.43 +0.45 90.13

Mean, standard -0.3346 +0.3254

deviation of . 49 0669 +0.0981

16348 values. are Qith respect to the initial
troilite. The experimental standard deviation of an ot

individual sample is +0.18 %. ,
2Calculated from the data in @able 14, "
. 0.3254 + 0.3346 = 0.66

Square root of [(0.0669)2 + (0.0981)2] = +0.12.

oL
-
3
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about three standard deviations. The percentage of sulphur
not recovered is considerable, ranging from “22% to “66%.
One possible source of loss of the SO2 is that the

following reaction takes place:

50,(g) + 1/2 oz(g)<____‘*’>so3(g)

and SO_3 has a melting point of 16.8°C and a boiling point of
44.8°C, therefore most of the SO3 produced would not be pumped
out with the 802.‘ However, the yield of SQ; detreases rapidly
with temperature and depends on the partial pressure of 0,
in the container 50 that at 1100°€ with dry air the yield

is 96% (Sakai and Yamamoto, 1966). The experiments of the
present work were performed at a temperature of ~1200°C so
that it is apparent that the possible loss from this reaction

> .

is small. H&wever, there is an equilibrium isotope effect
invo%ved in the formation of S0, which concentrates the S°s
in the SO3 so that the 502 is isotopically lighter- than it
would be otherwise. Sakai and Yamamoto (1966) provide a value
of 4.5 x 1077 for a, (K-1), at 1100°C so that the 63%5 values
of the SO2 samples should have a relatiyely<small value of
about +0.18% added to them to offset the effect of the SO5
formation. | "

The large percentages of the sulphur not recovered

are mogt likely due to mechanical losses of BaSoO whicﬁimay

4
have occurred during the filtering and collection processes.
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Howevér, the mechanisms of sulphur loss, whatever they may
be, must not have had large isotope fractionation effects
associated with them since the 6345 values of the lost
material (calgulated from the isotope mass balance eqguation)
are close to zero. These calculated values are shown in
Table 19. The standard deviations of the calculated values
are relatively large and vary from sample to sample.

The isotope effect observed in this high-temperature,
dry-alr experiment is such that éhe resfﬁue”samples have
negative 6345 values with réspect to the initial troilite.
The calculated isotope effect of troilite heated in water
(the Lewis and Krouse experiment) is such that the residue

samples have positive 6348 values with respect to the initial

troiiite.
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CALCULATED &

A3

_ TABLE 19

34

S VALUES

¥ ,
FOR THE LOST MATERIAL IN THE OXIDATION EXPERIMENT

of the mean

L4

—

‘ 1.34 - lCa%gulgted
1.34 ‘ 6778 (%) _ o 5348 (%)
b6~ 'S(%) Fraction for Fraction Praction for lost
for S0. S0, residue residu@ lost material
24049 0.1199  -0.31 0.5502  0.3299 -0.34
-+0.57°  0.1668 -0.17 0.4684  0.3648 +0.04
+6.21 0.0168 -0.31 0.7146  0.2686 ~0 81
+1.42 0.0639  -0.44 0.6666 0.2695 -0.75
+0%31 * 0.0038 . -0.19  0.7780 0.2182  -0.67
+0.14  0.4897 -0.10 0.0972  0.4131 +0.19%
+0.51 0.1643  -0.32 0.1858 0.6499,  +0.04
+0.78 0.1647 -0.11 0.2797 0.6710 +0.15
+0.09 0.5255  +0:04 0.0760  0.3985-  +0.13
+0.77  0.3278  -0.50 ~ 0.1908 0.4814  +0.33
. +40.36  0.2939  -0.79 - 0.0648  0.6413  “+0.09
+0.29°  0.3267 -0.72  0.1322 0.5411. 0.00
+0.63 0.2417 -0.43 ., 0.0987 0.6599  +0.17
Mean, standard -0.11
deviation ) £0.11

X

>

formation of SO

13

3

With respect to the initial troilite.

All of the SO, samples were corrected for the
(see téxt). '



v

B. The Sulphur Isotope Effects. Associated with the Vacuum .°
Heating of Troilite

1. ‘Introduction to this Section and a Short Review of the
Experimental Procedures

!

Both H. H. Nlnlnger (1956) "and P. Ramdohr (1966)
have suggested that the Canyon Diablo metallic spheroids
condensed fxom the center of a metal—vapour cloud  so that
they were not exposed to the atmoephere until after they -

eolidified The sulphur isotope fractionation occurring

t

durlng the dlssoc1atlon of troilite 1n an oxygen-free
envxronment was .determined experlmentally in order to seée

whether the lsotope pattern observed 1n the spher01ds is

compatible with 'such a mode of formation« -

The Cerac artlfLC1al trozllte used in these exper-

iments was the same as that.used in the prevlously deacrlbed

3

oxidation eXperlments. The fg&low1ng descrlptlon of the ’
experlmental procedure is essentlally the Same as that- glyen
in Section A.2 ‘of Chapter 2.‘ However, it is presented here'

for the sake oﬁ convenience and clarlty. .

In each experiment a troilite—sample“was weighed ahd v

»

placed in ‘the end of a-quartz tube whlch was then attached
to"a vacuum system and evacuated {see Flg. 2). In’ order

to ensure the remOVal of air. and Water vapour the samples
..,..../"'
were pumped-on overn;qht. Dry ice was placed around the
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| ' SLEEVE(A)\\\\\

e J
<——7T0 VACUUM Avﬂﬁ;lSAMPLE
[ J : )
\/ ° »
DRY ICE BOX/ ////
FURNACE

Figure 2. Schematic Diagram of the Dissociation/Evaporatién

Apparatus, ‘ .
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quartz tube, as indicated in Fig. 2, to condense sulphur,
and the fufnace surrounding the troilite sample was heated
to an indicated témpegéture of llOp°C for a predetermined
length of time aftfr which the sample was cooled by removal
of the furnace. As mentioned in Section A.2 of Chapter 2
the actual temperature of the troilite itself must have
been about 1200°C. .The coo}ed tube was broken into two.-
sections, one containing the elemental sulpﬁur and the othe;
containing the residual troilite. Elemental sulphur was
converted to CuS using a Sox?let apparatus‘as described in
Section B.2 of Chapteq 2. The CuS and residual troilitg‘
were in turn converted to Ag,S, for weighing, as described
ﬂin Section B.3 of Chapter 2 ahd then to SFG’ for mass
spectrometric analys%s, as described in Sections B.4, C.1
and C.2 of Chapter 2[ The results of these measurements
-are shown in Table 20,

Itrwas observed that éhgpe Was;a cylindrical ring,-
having a shiny, metallic lustre, coating part of fhe inside
of the tube section containing the elemental sulphur. The
eiemén£al sulphur condensed in the tube region cooled by
the surrounding dry ice, whereas tﬁé shiny material
" condensed in the intermediate temperature region about
halfway between thg‘edge of the furnace and the edge of tﬁé '

dry ice container. The quéntify of, this material appeared
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¢
’

TABLE 20

INITIAL MEASURED DATA IN THE DISSOCIATION EXPERIMENT

J Weight

Weight Ag2S _ '
Heating Sample ?ggg disgzggated Risidye DlZEigizted
Sample time weight residue  sulphur 6%"s lgi*s
number (hours) (q) (g) (g) (%) (%)
1 0.5 0.06540 0.17013  0.00148 + 0.44 '-11.q5
2 1.5 0.08490 0.21164  0.00957 + 0.81 "-14.13
3 10 0.07345 0.16708  0.02027 + 2.13 ‘—12.54.
4 4 0.05240 0.11806  0.01517 + 2.01°  -13.40
5 2 0.00322 0.00577  0.00140 + 4.04 -12.09
6 4 0.00650 0.00911 0.00323 + 4.51 - 9.93
7 4 0.00360 o.oogéo 0.00154 + 5.84 - 9.91
8 3 0.00169 0.00133 0.00112 + 9.58 - 8.36
9 3 0.00218 0.00169  0.00150 +'9.55 - 8.93
10 3 0.00142 0.00086 0.00069 -+10.62 - 8.12
1

“With respect to the starting troilite,
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to be relatively small so that no attempt was made at the
Fime to ext;aét any sulphur it may have contained. However,
after preliminary study of the Table 20 data and a comparison
of the experimental points with'the theoretical curves

for one-product and two-product reactions describeé below

it became apparent that there must have been a second

product of the reaction.

2, Equations Relating to One-and Two-Branch Reactions

»

The expressions governing first-order, one-step,
one-and two-product reactions hgve been'derived by Rees
(1973) and Rees (unpublished) respectively. The time-
independent,exbressions goyerning both types of reactions
are shown for comparison and referencé on page 73. The
symboliA° respresents‘éhe initial mass of the element of
interest in(ﬁhé startipg matexial and A,QB, C represent”i
the masses of tﬁe element of interest in the residue -
(reactant) and product (s) respectively after a fractional
exEént of reaction, f, has occurrgd. " The symbols J, K and
a represeﬁt»first—brdér reaction rate qbnstahts, ;ﬁd p R
repreéenté the branching rgtio. The symbols a; b and g
are the ratios.oﬁ the rate:ponstants'for'the different
isotdpe spgcieS’minﬁs one. Thgy‘afe‘cémmonly refexred to

as “isotoée effects" andjare~ﬁsually expressed in %. The -

%
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-

& values are méasured with respect to the starting material.
Equation #® is the isotopic mass balance equation and equation
10 is the‘g%dinary mass balance équation. In the derivations
\ it is assumed that throughout the course of the reaction
| the branch;ngufatio does not change and the reactant .

(residue) is well-mixed.

Time~-independent expressions concerning both one-

B w&
roduct and two-product reactions. g
] :
Onpe-product reaction: :
“J’a / -

6 \5- [T -

A : B : '
A ' .
‘I\_o-"\\].f .xpot-oo,vcooooooiouuocnbbonnooobooo.o---.nooqcaon (l)

’f/’ 5A=~h Ln(l“f) ."'l.‘.!"’o."o.v.‘l'.'...o.‘,.'.'l‘c."’ (2)
P . \ - .
» \ 5

6B—Ta(r ) ,I.‘n(l f) oo.ooqv".tquAC‘OOQQ0Q000¢~.0A~¢"0'!-0 (3)"

/

Two-product reaction:
, ) . ( ) L]
BOEemund O

’ . . PN
A ' s e -
b —~—"—"l—f 0"QvivO00--.100-.b‘-..'-boopo.in..","..-n...o-q. 4
“Ag . ‘ TN t. ( L
- 4 i .

__'d _ ,Cy . . ’ L, . ’ .

P".' ("I'(') ""(B) oco.o--oo-o-'})boloo.o;roo'o.nooooao ppppp ".l.l":‘ (5)
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b+Pg

A= (Epinl-f) ........ Feeneceereneeereastonn e cvee. (6)
6y = (E9) (AZhyn(1-r) - 25 (-g) ....... e, (7)
6o = (229) (225 (i-£) + g (b-g) R (8)
6AA+6BB+6CC=6A° R 4 (9)
A, = A.+ B+ C :.............. ............. et e e eeres. (10)

3. Purther Discussion and Analysis of the Data

‘ . X
Particular graphs of the one- and two-branch

equations governing the relationships between the 6 values
aﬁg the extent of reaction are shown in Fig. 7., The actual

. 34
curves shown are for

S (%) Galueg versus the extent of
reaction in %. gd;vgs 2 and 3 are graphs of tge one-product
equaéions 2 and 3 where o eqﬁals 13%. Curves 5, 7 and 8 are
graphs of the two-product equations 6, 7 and 8 where g equals
lBL,,b”eduals 5%, and P equals one. The reéso? those
particular values were used will be stated below.

For the one-product reaction, aé.the extent of

reaction approaches 100% the.634

34

S values of the residue

approaches infinity and the 6°°S values of the.product

v v

approaches zero. Such a process, where com%lete separation

of two -componehts is possible, is usually referred to as a
. .v‘ . AR . o . N "
.- . .
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Rayleigh process after Lord Rayleigh' who first discussed
§imilarﬁprocesses (Lord Rayleigh, 1896).

In a two-préduct reaction the 6348 value of the
residue also approaches infinity as the extent of reaction
approaches 100%. The 6348 value for one of the products
changes>sign bcfore 100% extent of reaction occurs unless
g ‘equals b or g and b have opposite signs. The change of
sign is evident in curve 7. ,

The data for the points~shown in Fig. 7 was derived
from the Table 20 data and an assumed sulphur content of

35.95 weight % for, the i}érting troilite. (Discussion of
‘thé sulphur content of the .starting troilite follows.)

The 6348 value error bars are too small to be shown on the
_figure since the standard deviation of an individual deter-
mination is +0.08 %. The values of a, g, b and P were
chésen to approximately give the best fit to the pé&nts.

It is evident that the data points fit the residue -
énd_dissoéiéted sulpﬁur two—product,chrves bettgr than they
fit the corresponding one-product cprves‘” (AF tﬁis time none
of the secénd—prodﬁct data had bgen*derivéa so that noﬂfit

with the second produc£ curve (7) could be attempted.) The

following considerations show that the data points are not

e ¥
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compatible with the curves fér a one-product reaction. An
increaéé in the value of o moves the residue curve (2)
farther from most of the residue points while a decrease in
the value of o moves the dissociation curve (3) farther
from most of the dissociated sulphur points.

It is eviden} ffom equations 4 to 6 that if either
the quantity of the second product or the sulphur content of

348 values of the

the starting troilite were known then the 6
second product and the isotope effects g and b could all be
calculated using the data of Table 20. Although Cerac/Pure
Inc. p;ovided a value of 35.95 weight % (obtained spectro-
graphically) for the troilite. it may not be correct. The
greatest sulphur content obtained experimentally up to the
time of these experiments was 33.66 weight % sulphur (see
Table 2, page 24). Also, some Agzs is lost during each
extraction so that a value for fhe quantity of the second .
product calculated from the data of Table 20 and a particulér
sulphur content would be somewhat uncertain. However, a
large assumed sulphur content implies that more Ag28 was

lost than may have been the case while a small assumed “
sulphur conteét implies that less Ag,S was lost than may

have been the case. This allows an investigation of both
factors, sulphur content and amount of Ag,S lost, by ‘only

varying the assumed sulphur centent. The quantities 6348

Y
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F3

for the second product, g and b were calculated using the
data of Table 20 for three different sulphur contents in
ordér to investigate their sensitivity to- these variations,
The results are shown in Tables 21 and 22. fThe value of
36.47 fog sulphur, the weight % sulphur content of the
starting troilite, was chosen because it is the value for
pure stoichiometric troilite. The value for sulphur of
35.95 was used since Cerac/Pure Inc. provided it from
spectrographic data. The value of 34.18 for sulphur was
choseﬁ for reasons which will be discussed below. It is
apparent from Tables 21 and 22 that the calculated values

34

of b and 6™ 'S values of the second product are more sensitive

to the assumed sulphur content than are the calculated values

of g. Also, the calculated values for samples 1, 2 and 3

were more sensitive than those for the other s;mples. At

this point it was decided that the previously described shiny
rings’ were probabiy troilite which had evaporatéd in the
furnace and recondensed in the cooler region of‘éhe tube and
‘that these troilite rings were in fact the second product,
The rings could not be,recondensed iron because the vapour

14 atmospheres

pressure of elemental iron is only l.3\x 107
at 1273°C (Hultgren et al., 1963). Since the calculated
values of the first three samples were observed to be the

‘most sensitive to the assumed sulphur content (or amount of

~

oy
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*TABLE 21

1
CALCULATED 6345(%) VALUES FOR THE SECOND PRODUCT

ASSUMING THREE DIFFERENT SULPHUR CONTENTS

FOR THE STARTING TROILITE

AN
Calculated Calculated Calculated
63*s (%) . 83Ys (%) 634s (%)
for the for the for the
second second second
product product product
Sample
number (S = 34.18) (S = 35.95) (8 = 36.47)
1 ~49.56 -5.70 -4.52
2 -11.74 -2.46 -2.00
3 -15.18 -6.07 ~5.16
4 - 6.56 -2,75 -2.35
5 - 4.78 -3.59 " -3.35
6 - 1.85 -1.56 -1.50
7 - 1.32 . ~1.18 -1.15%
'’ - Y
8 - 1.68 ) -1.48 ~—1.46
9 - 1.07 | -OL96 -0,93 |

.
<

[}

lWith respect to the starting troilite.
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“M

- . : .

Ag.S lost) it was decided that the best test of the validity

2
of the calculated values was Fo measure the guantities and
6348 values of sulphur in thegcy;indrical’troilite rings
from the first three samples dnd cémpare the measured a@d
calculated values.

The tube portions containing the shiny rings.were._
treated with HCl in a reflux. apparatus as described in -
Section B.3 of Chapter 2. The fact that they dissolved in
HCl to produce st showed that the rin;s contained sul@hur
in an acid sq@luble form. This supported the idea that the

~

rings consisted of troilite whigh had evaporated.‘ The Agas
samples were converted to,SF6 and the 6345 values were
me;sured as described in Sections B.4, C.l and é.z respec-
tively. The results.are shown in Table 23. The sum of the
Agzs weights from the residue and the two products were
used with the troilite sample weight\to determine the-
apparent sulphur content of the starting material. The '
, .

largest value so obtained was 34.18 weight % for sample 1.
Since the true sulphur contént must be greater than this
(since some Agzs is undoubtedly lost) then this.value was
used in the,previous calculations as a lower limit.

Thé‘values in the first two columns of Table 23
together with the data in Tablé 20 were used in equations

(7) and (8) to calculaté the values of g and b shown in the

last two columns of Table 23.
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TABLE 23

i

: N
MEASURED DATA FOR THE SECOND PRODUCT

\ AND THE -CORRESPONDING VALUES OF g AND b
) Weight - Measured
Ag,S 25345 (%)
from . value 1" 1
second of the Calculated Calculated
product recondensed g b.
(g) troilite (%) (%)
1 o0.00114 -5.21 .11.72 5.28
2 0.00162 ~3.87 o 14.46 4.20 "
3 0.00140 -5.36 1331 6.13
Mean 1 3.2 5.2

Standard devxatlon
Qf the mean

lCalculated using‘the measured values of this

w
-

table and the data of Table 20.

W1th respect to the startlng tr01lite.
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A comparlson of the measured 6343 values~ of the
‘ eVaporated troilite with the calculated values of Table 21
indicates that the best choice of sulphur content is 35.95
weight $. A’'similar comparison of the g and b values of
Table 23 with tﬁose of Table 22 is consistent with that
conclusion. | o |

In Table 24 there are éwé values for each quanrity
for the first three samples. One‘set of values\were derived—
from tﬂe ihitrel dsté,Without the benefit of the measurements
on the eyeporated troilite‘ The’other’set oflvalues were

/
‘derived using both the initial data and the additional data

' obtained from the measuremeﬁts oh, the evapo%atéd troiliﬁe.

A comparlson of these two values for the branching ratio, P,
"the extent of reactlon f, and the % of the total sulphur
that evaporated as troilite shows that they dlffer conslder—
ably from one another. However, a further comparlson of
the correspondlng values of g and b 1n Table 24 shows thar‘
they are in much closer agreement . Thls means that the
\quantltles g and b are not reLatlvely very sen31t1ve ,to

- yariations in the quantltles P,gf\and the %, of the total
“sulphur that evaporated as troilite. .

All of these eon51deratlons prov1de confldence in the

two—branch model and the calculated values of b and g.

Two methods of obtalnang a flnal value for g and b suggest

' L

ot
e
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themseives. Both use the Valueé from Table 23 for samples
1, 2 and 3, bﬁt either the values calculated usid§*35.95 )
weight % or means of the values calculated using,34.18
weight % and 36.47 weight % might be used. The results
using both bf‘these ﬁethods are shown in Table 25. Although
theré is no .significant difference between the means obtained
by the two different methods perﬁaps it is pfeferable to use
the 35.95 weight % derived results since ‘the variation of

b and g with ass&med sulphur éoﬁtent:is not linear. .In
summary, thelkinetic isatope ef%eqt in the diésgciation.ofJ
troilite is (+12.9 + 0.3)% and “the kinetié iso;obe efféct’;n
the evaporation of troilite is’ (+4.8 + 0.35%. " In both cases

34

the residue is enriched in 'S relative to the products.

Fig. 8 shows Fwo graphs each of~the«equations 6, 7
and 8 using different combinations of the following values
for g, b and P for each graph. The §alﬁes,of %fusea are
the spalles£,and.iargesf from Table 24 (i.e. 0.1 and 14.5).
The four values of g and b used are tﬁe Table 25 means,
12.9% and 4.8%, plus'or minus two standard deviations

(i.e. g+ 2,9~ 26, b+ 2,, b~ 2)). The ?u;veé shown

+

<’;used the combinations of tﬁesl six values. of g,'b and P

34

) u
which provided ths greatest range of 6 'S values for.each

'of the three equatiqpsv’“ﬂn
.h_ R ’ . ) \

1
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" PABLE 25

FINAL g AND b VALUES

’

Sample. lg lb 2g Zb
number (%) (%) (%) (%)
1 11.72  5.28 . 11.72 5.28
2 " 14.46  4.20 14.46  4.20
3 13.31  6.13 ‘13,31 6.13
-4 14.37 3.72  14.38  5.43 ’
5° 13.97  5.47 ©13.97  5.94
6 11.93  3.56 © 11.94. 3.68
7 12.34  3:61 12.35 ° 3.68
: 8 12.18 '5.30 12.18  5.39
9 12.71  4.74 12.72 . 4.80
10 12.13  5.48 12,15 5.55
‘Mean 12.9 4.8 12.9 5.0
| Standard - L L o
.deviation 0.3 0.3 +*0.3 0.3
of the .
mean

Lthe values for samples 1, 2 and.3

are from Table .23, whereas those of 4 - 10
are from Tabl‘e 22 where..S = 35,95,

" - 2'I‘he values for samples 1, 2,-and 3

are from Table 23, whereas those of 4 - ID

are the mean’ Values for S 34.18 and § = _36. 47 4

£from Table 22. . 4

" : , : .- ‘
. ' ‘ . » b ’
N N . . ;"g"%-



* 4
-
- . .

& v3eq- uoTierodeAm
pu® UOT3IRTOOSSTQ SY3 IOF UOTIOLSY JO JUSIXT 2Y3 sNSIdA 5. .9 '8 aanbia .
{GQINOILOVIY 40 1INILX3 ’ .
oot 08 .09 oy 0z 0g:-
~ 1 ~ L e T

SINfOd R3S+ |

——

(1X3L 338)
. SINIOJ V.1350

-l




88

Two sets of points are also shown-in Fig. 8.. One

set (A) were demfved from the Table 20 data (assuming a

i

sulphur‘céntént of 35.95 weight % for the starting troilite).

The other set of points (B) were derived from both the

Table 20 data and the Table 23 data. The 634

S error bars
for the measured 6348 values are too small to be shown since
they represent plus ‘or minus, a.standard deviation of an

34

individual measurement of iQLOB %. The 6~ S8 value error bars

for Ehg calculated 6%45 valu%s represent plus or minus .a
standard deviation for the in?ividual sample, |

The fact that‘only si# of the points are outside of
the regions defihed by the corresponding curves ié»perhaps
misleading. It would have been more appropriate (but a much
less clear Fig. 8) if a region was drawn for each point

¢corresponding to vaiues of g + 26, g=-2_, b + 20, and b - 20

U,,
and the value of P for that particular sample. This
consideration means that the fit is not as good as it
Nappears. However, in a general way the data does correspond

to a two-product model. Some possible reasons for deviatioé
from the two-product model are given below. ‘ r

‘There was a different branching ratio for éach
sample and no corre]étion of this Qith any other factor

could be found. This suggests the possibiliﬁy of the branch-

i

——
\
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ing ratio varying throughout the course of an individual
sample reaction. The temperature may have varied across
the. sample since one‘siﬁe of it was in contact with its
quartz glass container: The temperature itself may have -
varied somewhat from sample to sample. ,The temperature in
the furnace was once checked with another thermocouplé and a
d%fference of v50°C was foﬁnd so that the temperature may.
have an uncertainty of +50°C. The furnace temperature
control needed frequent adjuétment during the course of a
reaction.

One of tﬁeﬂassumptions“in the equati&n derivations
was that the troilite reactant (residue) be well-mixed
during the course of the reaction. 'Thisfapparently was the
case since fairly good agreement is seen between the
measured points and the the&retical graph curves. All
residue samples showed indications of having been melted.
Perhaps another possibie source of error Es that Cerac/Pure
I%c. stated that their X-ray diffraction analysis showed a
trace of cubic FéS whereas troilipe is hexagonal FeS.
However;‘in’spite of all these possibilities the exPer;
iments as performed provide estimaﬁes, with rather na€7ow

error limits, of the isotope effects in the dissociation

and evaporation of troilite.
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CHAPTER 5
DISCUSSIONS AND CONCLUSIONS

A. Troilite Isotope Fractionation Data Applied to
Interpreting the Spheroid 6348 Values

In this section the Canyon Diablo metallic spheroid
6348 values are interpreted in light of the sulphur isotope
fractionation results from the troilite, oxidation, evap-
oration and dissqciation experiments.

It was previously pointed out (see Chapter 2, Section
B) that if a Guassian distfibution is assuméd for the 6348
values of the small Spheroids then some of thebsmaji

343 values as great as about +6.3%

spheroids would have 6
and as low as about -5.5%. However, the results of the
troilite oxidation experiment place constraints on this
range. In the troilite oxidationh experiment the mést
negative 834s value (measured with respect to the starting
material) observed was -0,79% for a sample that had
experienced about 94% extent of reaction. Thus it is
extremely unlikely that any of the small spheroids have

6348 values that are more negative than about ~0.8%. It

is also doubtful that any spheroids\ have 6348 values that .

are even as negative as -0,8% since there is strongly

50
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suggestive evidence that the spheroids did not undergo
extensive oxidation. This evidence is presented in Section
D of this Chapter.

However, there seems to be a possibility that some

348 values. The

of the spheroids have relatively large &
sulphur éontents of individual spheroid cores reported by
Blau, Axon and Goldstein (1973) range from 0.9 to 2.8

weight $. If it is asgumed that all of the spheroids had
~anainitial sulphur content of 2.8 weight % then the spheroid
now having a sulphur content of 0.9 weight % has lost about
68% of its sulphur. If it is assumed that there was a
uniforﬁ loss of sulphur from throughout the whole mass of
the spheroid and that this loss occurred by dissociation/
evaporation then Fig. 8 shows that the spheroid would have

a 6345 value of about 10%. Thus it appears that there is a

possibility that some of the small spheroids have a 6348

value of about +6.3%, Of course another possibility is that
the spheroids may have differed from one another in sulphur
content Before either any oxidation or any dissociation/
evaporation occurred.

It was also previously pointed out that the small

34

spheroids have a mean &~ 'S value that is significantly greater

34

than the mean 6 'S value of either of the larger spheroid

X

groups. This is most likely due to the small spheroids
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having a surface area to volume ratio greater than that of
the larger spheroids so that a greater % of sulphur loss
occurred in the small sphe;oids than occurred in the larger
spheroids.

The sulphur isotope fractionation results from the
troilite oxidaéion, evaporation and dissociation experiments
are also useful in a discussion concerning the spheroid
ablation experimenf results. A plot of the sulphur contents
and 6345 values of the ablated spheroid samples from Tables
6, 7, 8 and 9 is shown in Fig. 9. Also included in the
figﬁre are é&? graphs of the extent of reaction versus 6345
value equatioh [(6) on page 73] for the troilite two-branch
dissociation/evaporation reaction. .

Curvé 1l is for a stérting sulphur content of 0.8
weight pefcent, g equals 12.3, b equals 4.2 and P equals 0.1.
Curve 2 is a similar graph except that the starting material
has a sulphur content of 1,30 weight percent and g equals
13.5, b equals 5.4 and P equals 14.5, The layer samples
from ablation series #2 were not plotted because it was not
"possible to correct their sulphur contents for the amount
of lost layer material.

The sample with the most negative 6345 value may not
be significantly different from 0.0% since it is within two

standard deviations of that value. This shows that probably
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none of the samples experienced only oxidation as oxidation

34

alone gives rise to residues with negative 577S values. It.

also means that almost all, if not ali( of the samples have
experienced a sulphur loss by evaporation/dissoéfafion in a-

region having either low partial pressure of.oxygen or near

vacuum conditions. .

L]

]

If a sample point is found inside the region bounded

By the curves it suggests that the samples may havq started

with a sulphur content in the range of 0.8 to 1.3 weight %

and then lost sulphur by dissociation/evaporation. Only

.six of the forty-six experimental points lie significantly

outside the curve-bound region and only one of those six is
not a first-layer sample. The measured_sulphur contents of

the first-layer samples have doubtlessly been lowered by
the presence of the silicate and oxides described earlier

which occur only in the surface layers.

Some samples have approximately equal 5348 values

-

but unequal sulphur contents. Some of this sulphur content
range may be due to oxidation gf the spheroids that occurred
in addition to the dissociation/evaporation. The oxidation
could have reduced the sulphur content 6f a spheroid but
only have changed the 6345 value by the relatively small

amount of about -0.33%.
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Some of the sulphur content range shown by the
spheroid ablation éamples may be due to the fact that during
the course of a spheroid ablation procéss some spheroids
lose more material than others.so that the layer samples
are a mixture of materials from slightly different depths
and therefore differené sulphur contents. The.sulphur content
range of the layer.samﬁles iséprobably more narrow than is -
apparent from Fig. 9 for thé follo&ing‘reason. It was £
pointed.out in Section C of Chapter 3 that some of the
ablation material was lost duripg transfer toia weighing
boat and that the\lbst material had a greater sulphur content
than the material that was not lost. This means thJ£ the
layer sampies should have values'gor ﬁheif sulphur contents
that are’greéter than their present values. Such corrections
would allow the curves to be drawnh closer tOgethef;

However, it is not necessarf,to assume that the
spheroids originally were all edual iﬁ sulphur content, .
Perhaps the spheroids were form?é originally with different
individual sulphur contents within the“réngéio.é to 1.30 .
weight %. Lgter loss of sulphur by dissociation/evap&ration

would have produced the positive«634s values observead.
N - ] .

N

Y

B. ‘Nininger‘'s Theory and Rinehart's Theory

One of the theories qoncéfnihg the formation of the .

Canyon Diablo ®atallic spheroids is that of Nininger (1956)

-
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. By ‘ . !
who reported Hawley's chemical analyses of spheroid samples

(see page 40 in Chapter 5*&, Nininger observes that the

spheroids are enriched in Ni and Co relative to the metallic.”

area of the Canyon Diablo meteorite'fragments.“ﬂe explains
this enrichment by suggesting that upon impact the meteo;oid
vaporized producing a metallic vapour cloud from which the
spheroids having a wide range o% chemical composi%jons
would be produced by tﬁig mechanism. He explains the Ni and -
Co enrichment by sugéesﬁing’lhat low-temperature oxidation
taking place Qver tens of thousands of years would allow
to survive only those spheroids with certain erosion-
resistant composit;ons.

One objecﬁion to this theory is: that Mead et al.
{1965) found what they believe té be relict schreibersite -
gréins‘in the spheréids that- had not been completely melted
but were transferred largely intact from thHe meteoroid to
the SpﬁeroiQS. ‘ -
Another objectipnwis concerned with the distribution

of the spheroids in the crater areé. The following descrip-

~ tion of the type and distribution of meteoritic debris in

~

the ‘neighbourhood of the crater is essentially the same as

that of Blau, Axon and Goldstein {1973).  Nininger (1956)
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fragments total about 25 tons while the metallic spheroids

and Rinehart (1958) both fqund that the metallic spheroicds
are concentrated in ray-like throw-oué égﬁterns éxtepding
from the crater. They are accompanied Ey a muéh smaller
proportion of "sluglets" haviﬁg masses similar to the metallic
spheroids but with a structure and chemical compozition
identical to the laﬁger’Canyon Diablo metecrite fragments.
Also, there are similarly-sized iron-oxide and magnetite
particles but these too are-a small percentagé of the total
particle and spheroid mass. The ray systems for the metailic
spheroids and the other particles concentrate predominantly
in the N.E. quarter and extend more than three km onto the
surrounding plains. The hea&ily shocﬁgd but unmeited frag-
ments of ounce to pound weight that have come to be known as
"rim” specimers are found in the same approximate directions
but are chiefly located just beyond the crater rim. The
*plains" specimens are farther from the crater and more
uniformly distributed around the crater than are the "rim"
specimens. The "rim" and "plains"rCanyon Diablo Qeteorite

%

and other particles have a mass of about 10,000 to 12,000

.

- ]

tons.
Rinehart (1958) suggests that the very close
similarity between the distribution of ponderable chunks .

and the smaller spheroidé is étrong eviéepce that the

-
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sphsroids were ejected in the liquid state. Nininger‘s
vapour cloud theory would lead to a circularly-symmetrical
pattern centered on the crater rather than the observed
distribution. Nininger has suggested that the spheroids
may have been blown by wind to their present position but
Rinehart found no evidence of winnowing (sorting by weight).
Rinehart suggesés that the va993£/Wpuld be oxidized and
drift off as a fine powder. Rinehart has also suggested
that selective weathering explains the enrichment of Ni

and Co in the s;heroiés. *A major objection to this idea is
that the sheroids are coated with a silicate and oxide
layer (Mead et al., 1965) so that they all would be about
equally resistant to weathering.

. Nininger's theory, however, does allow for vacuum
dissociation/evaporation since the spheroids are postulated
to solidify in an oxygen-free atmosphere. However, it is not
the only possibility fér/i vacuum region occurring,gt the time
of the impact. Vand (1965) describes the airmﬁlow and shock
wave system formed near a spherical meteoroid during its
supersonic.passage through the atmoéphere ét 30 km/sec. He
points out éhat a conical region of nearjvacaum pressures
forms directly behind the meteorcid. Also, calqulatiops were

carried out that show that the density of air in the hot



train produced by the meteoroid's passage is only 0.03

atmosphere and that faster meteoroids would give rise to

pressures less\Qégn 0.03 atmosphere.

\\ *

C. The Theory of Blau, Axon and Goldstein

Blau, Axon and Goldstein (1973) used a microprobe to
do a bﬁlk chemical analysis on the oxide-free cores of 14
Canyon Diablo metallic¢ spheroids having diameters in the
range ‘0.7 1.8 mm. They found average values’'of 1l6.1
weight percent Ni, 0.9 weight percent Co, 1.6 weight percent
& and 1.0 weight percent P. They also provide values of
7.3 weight percent Ni, 0.45 weight percent Co, 0.008 weight
percent S and 0.19 wéight.percent P fof the ﬁetallic
kinclﬁsion-free) area of the Canyon Diablo meteorite. They
point out that the spheroid cores are enriched \in Ni, Co,

S and P compared to the metallic area of the Canyon Diablo
fragments. | -

They alsc state that troilite (FeS) nodules are
generally associated with schreibersite, (Fe, Ni)3P,
inclusions in the Canyon Diablo meteorite fragments and that
troilite-metal interfaces are-t@e easiest to melt by shoc;r
processes. Thus‘a‘possible gfgﬁuétion of a sulfide-metal-
phosphide liquid by shock provides a mechanism for the

enrichment of the spheroids in Ni, S and P. The more
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heavily shocked material (liquid or vapour) would reach

i

higher effective teﬁperatures and be thrown farther from
the crater.

Since schreibersite and troilite are Co-poor relative
to the metallic area of the metePrite, thié'mechanism would
produce spheroids depleted in Co rather than enriched. They
explain the observed enrichment by stating that the spheroids
are oxidized as they tgivel from the impact site through the
air. They state that Fe, P and S will be preferentially

oxidized with respect to Ni and Co so that Ni and Co are

‘enriched and the others depleted. The amount of oxidation

.nﬁégulates the final composition of the spheroid.

Kelly,‘ﬁcldsworth énd Moore (1974), however, point
out that once the shock-produced liquid is formed, the
Ni/Co ratio is fixed and will not change with oxidation.
Blau's mechaniém should produce particles with a Ni/Co
r;tio much higher than.that of the bulk meteorite. Both
Blau's and Kelly's data show that this is not the case.

An objectlon p:eSented in this thesis to Blau's theory

is that the spher01ds may in fact not be enrlched in sulphur
and phosphorous relative to the bulk meteoroid as they
imply. Sulphur in iron meteorites exists pfim#rily in

the form of troilite (FeS) nodules that are very :

irregularly distributed throughout the nickel-iron

matrix (Mason, 1962). These inclusions are frequently 1 cm



. ) ‘ 101

or more in Qiameter although occasiohally huge nodules of
troilite frgﬁ 10 to 15 cm in diameter are observed (Goldberg,
Uchiyama and Brown, 1951). The usual procedure used in the
chemical %nalysis of an iron meteorite is to avoid the

inclusions and work only with a sample of the nickel-iron

Y
\

matrix so that these analyses are unsuitable for the
calculation of the sulphur content of the meteorite as a
whole (Henderson and Perxy, 1958).

‘ Two attempts have been made to determine the amount
of troilite in the Canyon Diablo meteorite. Moore, Birrell
.and Lewis (1967) made a modal (point céunt) analysis of a
number of sections of different specimens using a reflected
1ight microscope equipped with a mechanical stage to move
the specimen. The phase present undér the crosshairs was
recorded for each movement of the stage. Using this tech-
nigue they obtained a value of 0.91 area percent troilite.
However, Moore (private communication) considers that thee
‘foilowing value obtained by Henderson and Perry is more
nearly correct.

. Henderson and Perry (1958) measured the width across
a secﬁion and then measured the total distance occupied by
‘proilitg along that line. Similar parallel traverses were

made at one-eighth inch intervals. Usihg this technique

a value of 5.95 area percent troilite was obtained.
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However, they point out that only a small number of sections
were measured whereas tons of the Canyon Diablo meteoriée
have been recovered so that the areas that were measured
were too small to represent the meteorite as a whole. )

The density of the Canyon Diablo meteorite as a
whole is 7.83 gm/cc (Moore, Birrell and Lewis, 1967) and
the density of troilite is 4.74 gm/cc~{Weast, 1968). Using
these density vaiues, 0.91 area percent troilite corresponds
to 0.2 weight percent sulphur and 5.95 Area percent troilite
corresponds to ;.32 weight percent sulphur. ’

Moore, Lewis and Nava (1969) found a value of 0.002
weight percent sulphur by chemical aMalysis for the inclusion-
free matrix of the Canyon Diablo meteorite so that it is
apéérent that the sulphur does in fact exist primarily in
the form of troilite‘nodules and the above values need not

>

be corrected for the ‘sulphur content of the matrix. -
It is apparent from the above information-~that the
spheroidé may gég be enriched in sulphur compared to the
bulk meteoroid. ., T&e value of 1.32 weight percent is not
chh.différent from the 1.6 weight percent value found by
Blau, Axon anq Goldstein for ihei; spheroid cores.’
A similar situation may exist for phosphorous.
C. é. Moore in Mason (1971) states that the P content of

iron meteorites is usually underestimated because large

»
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schreibersite, (Fe,Ni)Bb, inclusions are avoided in samplinhg
for chemical analysis. Moore reports that four out of
eleven iron meteorite P analyses, performed bf point counting®
techniques, yielded values in the range 1.0 to 1.3 weight
percent. Unfortunately the Canydn Diablo meteorite was not
analyséd in a similar manner by the same authors. However,
it is certainly possible that the Canyon Diablo meteoroid
contained 1.0% by weight P which is the value Blau, Axon
and Goldstein found for the spheroids, It is suggested in
this thesis that the sulphur and phosphorous contents of
the spheroids could possibly be explained by just having
the meteorite homoéenized upon impact. Homogenization of
the meteoroid is a part of the theory of ﬁelly, Holdsworth
and Moore (1974) which is described below.
‘ £

D. The Theory of Kelly, Holdsworth and Moore

Kelly, Holdsworth and Moore (1974) performed atomic
absorption analyses on the oxide-free cores of 25 éanyon
Diablo metallic spheroids for Fe, Ni, Co and Cu.ﬁ_They
normalized toAlOO% both this data and. the data fér the bulk
meteorite so that comparison could be made. They found that
Ni, Co and Cu were enriched to the same degree by factors
from 2 to 3 compared to the buik meteorite. Plots of Co
and Cu versus Ni show that both are positively correlated

with Ni and the regression lines pass close to thé bulk
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meteorite composition.-~

To explain these results the authors suggest that
a portion of the meteoroid was melted and homogenized by
the impact. The spheroids were formed from this liquid and
were then oxidized as they travelled tﬂrough the air. The.
Fe was oxidized preferentially to Ni, Co and Cu so that the
spheroids became enriched in the latter elements.

Fig. 7 in their paper shows that from ~55% to v65%
of the initial Fe in the spheroids must have been removed
by oxidation in order to produce the observed Ni enrichment.
Kelly, Holdsworth and Moore (1974), and Blau, Axon and
Goldstein (1973) state that both S and P are more readily
oxidized Qﬁhn is Fe. Kelly, Holdsworth and Moore neglect
to make the conclusion that if *60% of the Fe is removed
then even more S and P would also be removed. This means that
the Canybn Diablo meteoroid must have héd at least lOO/40

-

times the S and P found in the present day spheroids. Blau,
Axon and Goldstein (1973) provide mean weight percent values )
of S and P contents for the spheroids of 1.61 and 1.0
respectively so that the Canyon Diablo meteoroid must have
had values greater than those, the factor depending on the
oxidgtion rate ratios of P and<g relative to Fe.

It is unfortunate that Kelly, Holdsworth and Moore

I

did not also measure the sulphur content of the spheroids.
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If their theory was correct it might be expected that a
negative correlation wou}d be found between the Ni contents
and S (or P) contents since the Ni enrichment is supposed

to be due to oxidation. Plots of percent S and percent P
versus percent Ni using the data of Blau, Axon and Goldstein
are shown in Figs. 10 afg 11 respectively. 1t is apparent
that no such negative correlations exist. This implies

that oxidation did not produce the observed Ni and Co

enrichment.

E. Homogeneity of the Meteoroid

It is suggested here that the spheroids were formed
from a large portion of the meteoroid having more Ni and
€o than the portion from which the Canyon Diablo meteorite
fragments were derived. There is some evidence of inhomo-
geneity in the Ca;yon Diablo meteoroid.

Less than twelve Canyon Diablo specimens are clas-
sified as medium octahedrites, whereas all of the thousands
of other Canyon Diablo specimens are classified as coarse
octahedrites (Lipschutz, 1965). These anomalous individuals
contain 8.09 weight percent nickel and have palladium
concentrations of '5.30 ppm in contrast to 7.1l weight

percent nickel and 3.98 ppm palladium for the vast majority

(Heymann, 1964). However, Lipschutz {1965) concluded from

»
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. /
his shock effect evidence and Heymann's cosmogenic rare

+

‘gas evidence that these anomalous individuals and the
thousands‘of others all were fragments of the one meteoroid
rather than being fragments from two separat; meteoroids.
Lipschutz, therefore, further concluded that substantial
structural and compositional variations may exist within an
individual meteoroid. |
The anomalous specimens, together with other normal
specimens, were found on the c¢rater rim. This, and other
observations, led Nininger (1950) to suégest that the
specimens found on or near the crater‘rim differ from the
speciméns found on the plains surrounding the crater. Moore,
Birrell and Lewis (1967) studied these differences in detail
and found that somg of these differences were statistically
significant. They found significantly more nickel in the
rim specimens than in the plains specimens and the rim =
specimens were found to have been shocked to a greater degree
than had béen the plains specimens. Also, thelrim specimens ;
were found to have a greater weight densiiy than that of )’
the plains specimens. Mopore, Birrell and Lewis concluded
that there waé in fact inhomogéneity in the Canyon Diablo

meteoroid but whether or not it possessed sharp boundaries !

or was more of a transitional nature was difficult tp assess.!



F. Break-up of the Meteoroid

&!9

There is also evidence that the Canyon Diablo
fragments are not samples from the meteoroid as a whole
but rather were deriQed from only the outermost portions
of it. Heymann et al. (1965) studied the cosmogenic rare
gas contents and shock indicators of fifty-six Canyon Diablo
fragments. They concurred with’ the shock findings of Moore;
Birrell and Lewis (1967) and also concluded that all but ten
of the samples came from a depth of less than 1.8‘m from
the surface qg the pre-atmospheric meteorcid. The rim spec-
imens came frgm"a mean depth of 121 cm and the plains spec-
imens came from a mean depth of 81 cm. They’séatea that
their findings therefore_support'épiks (1958) conclusion
that the surviving Canyon Diablo fragments came from the rear
surface of the meteoroid. \

Eétimétés of the Canyon\Piablo meteoroid vary from.
10,000 tons (ﬁinehart, 1958) to &,000,000 tons (Rostoker,
1953). Bjork (1961) provides a narrower range, 30,000 téns
to 194,000 tons, -corresponding to impact velocities of
72 km/sec or 1l km/sec respectively. If the average métqorite
velocity of 30 km/sec is assumed then the corresponding mass
is 72,000 tons. Shoemaker {(1963) provides a mass g;tiﬁaté
of 63,090 tons but has éince revised that to 150!000 tons
(Shoemaker, private commdhicatioﬁ, 1976). The diaﬁeﬁer of

!
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a spherical mass of 63,000 tons having a density of'7.85
gm/cc is 24.8 m and that of a spherical mass of 150,000
tons is,33.1 m. It is evident that the Canyén Diablo
meteorite fragments are in fact derived from the outermost
pqrtiéns of the meteoroid.

Biau, Axon and Géldstein (1973) have summafized
the steps in the production and dispersion of the Canyon
Diablo meteoritic debris. They suggest that the plains
specimens were cracked or spalled off the meteoro;d wﬁeﬁ
it encountered the denser layers of Earth's atﬁosphere. o
They quote reports of heat-altered zones on some of]the
specimens where the removal. by terrestrial corrosion had
been small. This evidence is supporéive of these specimens
having an independent ablative flight through the atmos here;
This atmospheriq break-up theory also’explains why the
plains specimens have received less shock than the rim
specimens even though the former are found farther from
the crater than the latter,

When the‘meteoroid encéuntered the surface of the
earth shock pressures of increasing\magnitude'bgéan to pass
back through the meteoroid. When theblqwervpressure wa§esb
rea&hedkthe freé surfaqes of . the meteqroid'@ody they were
integnally_reflected to produce a rarefécﬁion‘ Qave which

spalled off the fié"specimens. The momentum’trapped in tﬁe

“ .
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fragment carried it to its present poeition. These rim
specimens were from deeper in the meteoroid than were the
plains specimene. It was also previously noted that the rim
specimens contain mbre.Pickel thanutheyplains specimens.
Olshaker and Bjork‘(lQGi) state that-snockeé material
is first compressed adiabatically by a shock during which
time its entropy is increased and then in return to low
?ressure the adiabatic expansion takes place 1sentrop1cally
1eav1ng the material in a heated state. Shocks. of low
strength will leave the material in the solid state, but
heated to some degree. Stronger and stronger shocks lead

to fusion, heated liquid, yaporization and superheated

vapor as the final state.

*

.

Blau, Axon and Goldstein state that the more heavily
shocked material would reach higheg‘effectiVe temperatures
and would be thrown farther from tﬁe'erater thar the rim
specimens. As mentioned before, they suggest that the
troilite-schreibersifte regions would be easier melted than
the other regions and suggest that the sphetoids were formed
from this selectively-melted ligquid. They further envision
the remaining meteoroid portion to have Qaporized.

-Kelly, Holdsworth and Moore have criticized the

selective melting hypothesis by stating that the rise in

pressure is too sharp to allow it to occur. In,éeneral,

- <
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!
however, the description of the impact events is consistent

with shock. events as described by Olshaker and Bjork (1961).

As the/rarefraction wave passed back thfough the
meteoroid it encountered material under increasing pressures.
In this manner, the~deepe; material is heated to a greater
temperature than the shallower material.

It is suggested by this authof that the deeper
portions of the meteoroid had a greater. nickel content than
the outer portions.. It is further suggested that the
spheroids were formed from this nickel-rich material. They
then experienced the near-vacuum of the meteoroid train
during which time they lost a relatiQely small amount of
sulphur by évaporation/diséociation. After this they may
also have experienced oxidation ;s they left the low-pressure
zone and travelled through the .atmosphere. The spheroids
were than encased in a skin of silicate which sealed them
off from the‘atmospheré. Mead et al. (1965) shggest that
the siliceous glass coatiné on the spheroids indicates that
they must have consolidated and cooled in an environment
where a great deal of silicate vapor was also condensing.
They also suggést that the angular fragments in the. glass
‘probably came from the sandstone found in the crater area
that was pulverized by .the impact. No one has suggested an

origin for the silicate vapor.
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G. Sumnmary

The sulphur contents and 6348 values of a number of
Canyon Diablo metallic Sphero%d samples of three different
sizes were measured., It was %ound that the spheroids are
siightly enriched in the heavier sulphur isotopes relative
to the troilite from the Canyon Diablo meteorite fragments,
having mean 6345 values of +0.23% and +0.40% for the large
and small spheroids respectively.

Ablations were performed on six different spheroid
samples of two different sizes in order to investigate the
variation of &°°5 values and sulphur”contents with depth

within the spheroids. It was found that the outermost layerx

samples have 534S,values in the range from +1,22% to

- .

+2.60%. The material inside the outermost layer was found

to have smaller but still positive 634S values. It was also

found that the inner material had a greater sulphur content
than did the outer material.

The sulphur isotope effect associated with the

oxidation of troilite at ~1200°C-was measured. It was found
that the residué is slightly depleted in the heavier isotopes

and the S0, is sltightly enriched. No regular relationship was

34

found between the extent of reaction and the 6~ °S values

(relative to the starting material) of the S0O. samples and

2
the residue samples. The mean of the 6345 values of the.

&
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residue samples was found to be -0.33%. K

The sulphur isotope effects associated with the
dissociation and evaporation of troilite at ~1200°C were
measured. It was found that evaporation and dissociation
occurred siﬁuitanéously in a two-branch reaction. It was
assumed that the dissociation and evaporation were first-
brder reactions and it was found that the 6°°§ values
(relative to the starting material) of the components and
the extent of reaction data were consistent with the
predictions of these equations. It was found that the
sulphgr isotope effects a;sociated with the evaporation and
dissociation of troilite were (+4.8 +.0.3)% and (+12.9 + 0.3)%
respectively where the products were enriched in lighter
isotopes. These results have already proved useful else-

where in the interpretation of the 634

S values and sulphur
contents in the lunar material (Thode and Rees, 19763.

A review of the theories of other authors concerning
the formation of the Canyon Diablo metallic spheroids was
carried’out and a discussion of the evidence for and against
each theory was presented. A new theory was presented which
suggests that an inner portion of the meteoroid had greater
Ni and Co contents than the outermost portions from which

the Canyon Diablo meteorite fragments were derived. It was

suggested that this portion of the meteoroid was shock-
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melted and dispersed to become the spheroids. %he 6345
values of the spheroids became positive due to loss of

sulphur by dissociation and evaporation in the near-vacuum

environment of the meteoroid train.



APPENDIX I .
WEIGHT OF THE MEDIUM AND LARGE SPHEROQOIDS
TABLE 26

WEIGHT OF THE MEDIUM SPHEROIDS

Number Mean
Sample of Weight weight
number , spheroids (grams) (milligrams)

30 30 © 0.13310 4.437

31 28 0.12723 4,544

32 - 23 0.11637 5.060

33 22 0.12372 5.624

34 ’ 23 0.11899 5.173

35 30 0.11843 ’ 3.948

36 23 0.10904 4,741

37 22 0.10931 4.969

38 25 0.11292 4,517

39 24 0.10680 4,450

40 ’ 23 0.11214 4.876

41 26 0.11531 4.435

57 24 0.11025 4.594

58 24 0.10932 4,555

61 27 0.11146 4,128

62 23 . 0.11159 4.852

63 23 0.11109 4.830

64 25 0.111067 , 4.443

65 23 0.10900 4.739

66 28 0.11101 3.965
Ablation #4 200 0.73717 3.686
Ablation 5 200 0.75425 3.771
Ablation #6 20 0.73%40 3.697
Sum ‘ 109:\‘*\ 4.51897 @ —=——-

PO
A

~Mean weight = 4.12 mg

116
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TABLE 27

WEIGHT OF THE LARGE SPHEROIDS

Number Mean

Sample of Weight weight
number spheroids (grams) (milligrams)
43 21 0.11560 5.505
44 23 0.11619 5.052
45 22 0.11531 5.241
46 22 0.11071 . 5.032
47 21 0.11010 5.243
48 21 0.10895 5.188
50 - 22 0.11071 5.032
51 25 0.11250 4.500
52 20 0.10187 5.094
54 24 0.11373 4.738
55 ' 20 ©0.10951 5.476
56 _ 24 0.11052 4.605
Ablation #1 200 0.99179 4.959
Ablation #2 200 0.97058 4,853
Ablation #3 200 0.95185 4.759
Sun 865 4,24992  —--—-

Mean weight = 4.91 mg




APPENDIX II
6348(1) VALUES AND SULPHUR CONTENTS
FOR THE WHOLE SPHEROIDS
Ve
TABLE 28

SULPHUR CONTENT AND 6348 VALUES FOR THE SMALL SPHEROIDS

Weight of

spheroid Weight of Weight 14
sample Ag2S % 57 "8
(grams) (mg) sulphur (%)
0.10127 6.08 0.777 +9.39
0.12966 8.39 0.837 +0.28
0.12927 © 8.45 0.846 +0.59
0.12940 8.43 0.843 +0.14
0.12966 8.16 0.814 +0.34
0.12955 8.30 0.829 +0.50
0.12921 9.20 0.921 +0.29
0.12943 8.19 0.819 +0.74
0.12940 8.53 0.853 +0.49
0.12962 8.05 0.804 +0.61
0.12905 7.76 0.778 +0.30
0.12937 7.31 0.731 +0.26
0.12976 8.60 0.858 +0.31

0.13010 8.40 0.835 +0,36
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TABLE 29
SULPHUR CONTENT AND 6348 "VALUES FOR MEDIUM SPHEROIDS
L

Weight of '

spheroid Weight of Weight 34
sample Ag:S % 67 '8
(grams) (mg) sulphur (%)
0.13310 10.70 1.040 +0.04
0.12723 8.46 0.860 +0,22
0.11637 8.24 0.916 +0.05
0.12372 8.75 0.915 +0.20
0.11899 9.28 1.009 +0.53
0.11843 ' 8.88 0.970 +0.14
0.10904 8.34 0.990 +0.10
0.10931 8.35 0.988 . +0.34
0.11214 8.14 0.939 +0.45
0.11531 9.10 1.021 +0.19
0.11025 9.10 1,068 +0.10
0.11146 9.46 1.102 +0.28
0.11159 8.82 1.023 +0.28
0.11109 8.30 0.967 +0.40
0.11107 9.41 1.096 " +0.04
0.10900 9.20 1.092 +0.23

0.11101 9.33 1.087 +0.25




SULPHUR CONTENT AND 6

]

TABLE 30
34

S VALUES FOR THE LARGE SPHEROIDS

Weight of

spheroid Weight of Weight 34
sample Ag,S $ 67°Ss
(grams) (mg) sulphur (%)
0.11563 8.34 0.934 +0.12
0.11619 9.36 1.042 +0.23
0.11531 8.13 0.912 +0.13
0.11071 8.23 0.962 +0.13
0.11010 8.40 0.987 +0.20
0.10895 8.54 1.014 +0.05
0.10956 8.00 0.945 +0.18
0.11071 8.43 0.985 +0.28
0.11250 8.44 0.971 +0.50

~¥0.10187 6.76 0.859 . +0.24
0.11373 8.93 1.016 +0.11
0.10951 8.96 1,059 +0.49
0.11052 8.85 1.036 +0.16
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APPENDIX III

SPHEROID ABLATION DATA

TABLE 31

THE LAYER SAMPLE DATA

‘é

Series Welight Weight Weight

number, befo;e material material Weight 34
Ablation ablation collected lost AgzS 867 'S

number {(grams) (grams) (grams) (mg) (%)

, 0.99179  0.13937  0.07070 >0.89  +2.20
o1, 0.78172  0.09172  0.01888 S=e-= Soeee-
Co, 0.67112  0.08043  0.00956 2.91  +0.60

, 0.58113 0.05950  0,02008 2.58  +0.62

. 0.50155 0.05695°  0.02765 2.16 “+0.64

, 0.97058 0.13548  2—emmem- 0.37 +2.61

b2 Feeemaee 0.09089  Zeemo- 4.97 +0.84

- S 0.07327  Zemmczo- 3,30 +0.40

\ R 1Y R — 2.69  +0.08

5 e (UYL R — 1.80 +0.15

, 0.95185 0.12223  0.08045 0.60 +2.04

, 0.74911 0.08138  0.02809 4.04 +0.76

, 0.63970  0.07213  0.02128 3.79  +0.79

. 0.54629 0.05380  0.01634 2.60 +0.76

, 0.47615 0.04602  0.01382 1.99  +0.61

121

continued ...



TABLE 31
(continued)

THE LAYER SAMPLE DATA

Series Weight Weight Weight
numbgr, befo;e material material Weight 34
Ablation ablation collected lost Ag2S 578
numper (grams) (grams) (grams) (mg) (%)
4,1 0.73717 0.09830 0.06085 LS
4,2 0.57802  0.05882  0.02498 To-zoo 1o
4,3 0.49422 0.04470 0.02492 2,41 +0, 84
4,4 0.42460 0.03977 0.01963 2.05 +0.85
4,5 0.36520 0.03209 0.01513 1.60 +0.67
“é,l 0.754259 0.09279 0.08062 0.41 +1.66
5,2 0.58084 0.06286 0.03132 3.17 +1.02
5,3 0.48666  0.05154 0.02004  2.90  +0.57
5,4 0.41508 0.04054 0.01949 2,04 —————
5,5 0.35505 0.02693 0..01882 1.38 +0.04
v 6,1 -0.73940 0.08760 -0.065él 0.40 +1.22
6,2 0.58659 0.06225 0.02956 3.47 +0.71
6,3 ©0.49478 0.04774 0.02352 2,75 +0.31
6,4 0.42352 0.03315 0.02618 1.84 “~———-
6,5 0.36419 0.03836 0.09403 1.76 +0.72

-

lSample lost.

mixed together.

2Not recorded.

Tﬁe‘material from the first two ablations was

4Ablat:i.on period of 5 hours and 26 minutes.
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ABLATED SPHEROID DATA

TABLE 32

‘ Spheroid
Series Spheroid Sphgroid mean " Weight 34
humber, number weight waeight Ag2S 578
4size (grams) (mg) (mg) (%)
1,L 250 0.12494 2.50  la-eo ———
1,2L 259 0.12510 2.50  toems S
©1,3L 250 0.11949 2.39. 10.74 -0.09
1,41 249 1 0.04638 0.95 3.61 +0.04
1,F -- 0.02509 —— 1.94  +0.45
2,L, 40 0.15197 3.80 13.04 -0.12
2,2L 45 0.09949 2.21 8.66 -0.08
2,3L 50 . 0.08322 1.66 6.81 0.00
2,4L 65 0.06079 0.94 4.81 +0.11
2,F - 0.02359 ——— 1.99 - +0.69
3,L 30 -0.11890 3.96 10.77 . -0.10
3,2L 40 0.10465 2.62 9.51 -0.04
3,3L 60 0.10030 1.67 8.51° +0.36
3,4L - 70 0.05860 0.84 4.47 - +0.58
3,F - 0.03386 - 2.42 ° +0.41
4,L 25 0.07663 3,07 6.98 +0.21
4,2L 35 0.07066 2.02 7.14 - +0.15
- 4,3L 50 0.07582 1.52 6.76 +0.33
4,4L 90 0.07288 0.81 6.18 +0.20
4,F - & 0.02146 ——— 1.61  +0.47

continued ...
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ABLATED SPHEROID DATA

-

TABLE 32

(continued)

./(_\

; Spheroid /
Series ) ) Spheroid mean Weight 34
number, Spheroid weight weight Ag.S 6778
4size n (grams) (mg) (mg) (%)
5,L 25 0.07908 3,16 7.60  +0.06
5, 2L 35 0.07367 2.10 6.54 +0.07
5,3L . 50 £ 0.07082 1.42 5.97 ~ +0.32
5, 4L 90 0.06312 0.70 5.08 +0.16
5,F - 0.02312 ——— 1.64  +0.38
6,L 25 . 0.06358 P.s4 5.77  %0.46
6 2L 35 0.05880 1.68 34,041 oo
"6, 3L 50 0.05677 1.14 5.04  +0.32
6,4L 90 0.04074 0.45 3.01 +0.55
6,F - 0.01198 S 0:86  +0.31

largest,

etc.; F represents fragment$;

lSample lost.

2Sphérouls not size separated by eye

-

4L represents largest, 2L represents segond

124

3Posslble loss of Ag,S due to the shatterlng of the
centrifuge tube, ’
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