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Abstract

Large, correlated, mass-dependent enrichments in the heavier isotopes of O, Cr, Fe, and
Ni are observed in type-1 (metal/metal oxide) cosmic spherules collected from the deep
sea. Limited intraparticle variability of oxygen isotope abundances, typicaly <5%o in
880, indicates good mixing of the melts and supports the application of the Rayleigh
equation for the calculation of fractional evaporative losses during atmospheric entry.
Fractional losses for oxygen evaporation from wiistite, assuming a starting isotopic
composition equal to that of air (§*°0 = 23.5%o; 8’0 = 11.8%), are in the range 55%—
77%, and are systematically smaller than evaporative losses calculated for Fe (69%-—
85%), Cr (81%-95%), and especially Ni (45%-99%). However, as §'°0 valuesincrease,
fractional losses for oxygen approach those of Fe, Cr, and Ni indicating a shift in the
evaporating species from metallic to oxidized forms as the spherules are progressively
oxidized during entry heating. The observed unequal fractional losses of O and Fe can be
reconciled by allowing for akinetic i sotope mass-dependent fractionation of atmospheric
oxygen during the oxidation process and/or that some metallic Fe may have undergone
Rayleigh evaporation before oxidation began.

In situ measurements of oxygen isotopic abundances were also performed in 14 type-S
(silicate) cosmic spherules, 13 from the Antarctic ice and one from the deep sea.
Additional bulk Fe and Cr isotopic abundances were determined for two type-S deep-sea
spherules. Theisotopic fractionation of Cr isotopes suggest appreciable evaporative loss
of Cr, perhaps as a sulfide. The oxygen isotopic compositions for the type-S spherules
range from 3'%0 = —2%o to + 27%o. The intraspherule isotopic variations are typically
small, ~.5% relative, except for the less-heated porphyritic spherules which have
preserved |arge isotopic heterogeneitiesin at least one case. A plot of 8’0 vs. §'%0
values for these spherul es defines a broad parallelogram bounded at higher values of 5’0
by the terrestrial fractionation line, and at lower values of 'O by aline paralle to it and
anchored near the isotopic composition of §*20 = —2.5%o and 'O = —5%o. Lack of
independent evidence for substantial evaporative |osses suggests that much of this
variation reflects the starting isotopic composition of the precursor materials, which
likely resembled CO, CM, or CI chondrites. However, the enrichments in heavy isotopes
indicate that some mixing with atmospheric oxygen was probably involved during
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atmospheric entry for some of the spherules. I1sotopic fractionation due to evaporation of
incoming grain is not required to explain most of the oxygen isotopic datafor type-S
spherules. However spherules with barred olivine textures that are thought to have
experienced a more intense heating than the porphyritic ones might have undergone some
distillation. Two cosmic spherules, one classified as aradia pyroxene type and the other
showing a glassy texture, show unfractionated oxygen isotopic abundances. They are
probably chondrule fragments that survived atmospheric entry unmelted.

Possible reasons type-1 spherules show larger degrees of isotopic fractionation than type-
S spherulesinclude: @) the short duration of the heating pul se associated with the high
volatile content of the type-S spherule precursors compared to type-l spherules; b) higher
evaporation temperatures for at least a refractory portion of the silicates compared to that
of iron metal or oxide; c) lower duration of heating of type-S spherules compared to type-
| spherules as a consequence of their lower densities.
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1. Introduction

Micrometeorites in the size range from 50 um to 500 pum constitute the dominant source
of extraterrestrial material currently accreted by the Earth (Love and Brownlee, 1993).
These particles represent mineralogically, chemically, and isotopically primitive
materials (e.g., Brownlee 1985 and Engrand and Maurette 1998) that have undergone
varying degrees of terrestrial alteration, first during atmospheric entry and then during
residence in such diverse environments as sea water and Antarctic ice (e.g., Kurat et a
1994 and Duprat et al 2005).

Rapid atmospheric heating melts many of the incoming particles either partially or
completely, thereby producing the cosmic spherules (CS). In this work we examine the
effects of this heating on: (1) the isotopic composition of oxygen in both iron-rich (type-
I) cosmic spherules and silicate-rich or stony (type-S) cosmic spherules; and (2) the
isotopic composition of Cr, Fe, and Ni in type-1 CS, and the isotopic composition of Cr in
two type-S CS. The changes in isotopic composition are of interest in several contexts.
First, because the spherules are flash-heated in the presence of alow pressure gas,
isotopic analyses of cosmic spherules may furnish insights into the mechanisms of
elemental exchange between chondrule precursors and nebular gas. Second, if the effects
of heating are better understood, isotopic analyses may allow the identification of cosmic
spherules that formed from chondrules and thereby constrain the abundance of
chondrulesin the particle flux to Earth. At present that abundance is thought to be very
low, <1% (e.g., Engrand and Maurette, 1998) but is poorly constrained (Genge 2004 and
Genge et a 2005). Third, isotopic analyses may permit estimates of mass |oss from
cosmic spherules through evaporation and thus aid in refining estimates of the mass
distribution of the particle flux to Earth.

Evidence for interesting i sotopic behavior of oxygen iniron-rich (type-I) cosmic
spherules came from the work of Clayton et al. (1986) who reported large positive values
of *’0 and §*®0 in groups of size-sorted particles. Davis et al. (1991) and Davis and
Brownlee (1993) subsequently observed large, mass-dependent enrichmentsin the
heavier isotopes of iron, attributing both them and the previously reported enrichmentsin
oxygen isotopes to evaporation during atmospheric entry. Later studies showed that the
isotopes of Ni and Cr were a'so fractionated and lent support to the idea of evaporative
loss (e.g., Herzog et al., 1999, and references therein). Even so, the lack of oxygen
isotopic analyses of individual type-1 cosmic spherules has hampered the estimation of
relative elemental evaporation rates and hence has made it more difficult to reconstruct
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thermal histories. In thiswork, we seek to fill the gap by analyzing O, Cr, Fe, and Ni
isotopic abundancesin several type-1 cosmic spherules.

In general, the stony or type-S cosmic spherules are thought to preserve the isotopic
abundances of the precursor materials more faithfully than do the iron-rich cosmic
spherules (Brownlee et al., 1997). Appreciable mass-dependent isotopic fractionation of
Fe, Si, and Mg occursin afew stony cosmic spherules, however, and to an extent that
correlates with independent textural and compositional evidence for heating (Alexander
et a 2002 and Taylor et a 2002). Results for oxygen are fragmentary. Clayton et al.
(1986) suggested that the oxygen in melted stony cosmic spherules might be related to
the oxygen in bulk C3 chondrites and in the anhydrous components of C2 chondrites. It
was not clear from that work how much atmospheric heating might have atered the
isotopic abundances of the stony cosmic spherule precursor materials. Engrand et al.
(1999) analyzed the oxygen isotopic composition of relict olivine and of relict pyroxene
grains in Antarctic micrometeorites (AMMS) that did not melt during atmospheric entry.
Asdid Clayton et a., Engrand and colleagues noted affinity but not identity between the
AMMs and carbonaceous chondrites. Their results for these unmelted particles tend to
disperse over awider range than those for any one group of bulk carbonaceous chondrites
and to approach the terrestrial fractionation line more closely. Left unsettled by these
studies were the respective fractions of the differences owed to variations in the starting
composition on the one hand and to the effects of atmospheric heating on the other. By
determining the oxygen isotopic compositions of individua stony cosmic spherules and
comparing them to the earlier results for unmelted particles, we seek a clearer picture of
the effects of heating and melting.

2. Samples and methods

Twenty-seven spherules were selected: 11 type-I cosmic spherules (CS) and 3 type-S
spherules recovered from deep-sea sediments (DSCS; see Brownlee, 1985), and 13 type-
S spherules collected at Cap Prudhomme in 1994 in Antarctica (ACS; see Maurette et al.,
1994). The DSCS have sizes >400 pum; the ACS are from the 100-400 pm size fraction.
All samples except two type-S deep-sea spherules (S12 and S13) were mounted in epoxy
and polished, and their textures and bulk chemical compositions characterized semi-
quantitatively with a scanning electron microscope equipped with an energy-dispersive
detector. The major and minor element compositions were determined quantitatively,
before any ion microprobe analyses, by using the UCLA CAMECA Camebax microbeam
electron microprobe with sample currents set to 10 nA at 15 kV. The detection limit and
the analytical uncertainties of the electron microprobe analyses are on the order of 0.01
wt%.

The oxygen isotopic compositions of all samples were measured in situ with the UCLA
Camecaims1270 ion microprobe. Measurements of **"*80 were performed by
following the procedure described in Engrand et al. (1999). The diameter of the analysis
spot was .10 um. The results are given in the standard & notation relative to Vienna-
Standard Mean Ocean Water (V-SMOW, hereafter noted “SMOW”; Gonfiantini et al.,
1993, and references therein), **0/*°0 = 0.0020052, and *'0/**0 = 0.00038288.

The iron isotopic compositions (****>’Fe) were also measured in situ with the UCLA
Camecaims1270 ion microprobe and ~.0.5 nA primary O beam, but with a spot size of
.15 um. The mass resolving power, M/AM ...9000, was sufficient to resolve >’Fe" from
the °FeH* interference (Fahey, 1988). At this mass resolution the correction for the
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contribution of the tail of the *®FeH" peak to the >'Fe" signal is negligible. The >*Cr*
contribution to the >*Fe" signal, typically 1%o-5%o, was removed by measuring the >2Cr
signal and assuming anormal Cr isotopic composition (**Cr/>*Cr = 0.113464, >*Cr/**Cr =
0.028213; Birck and Allegre, 1985). It is possible to correct for the **Cr interferencein
this way because the samples have low Cr contents, <1%, and because >*Cr is a minor
isotope. We did not try to measure *®Fe in the face of large interferences from *®Ni, the
major isotope of Ni. The iron isotopic composition is expressed relative to **Fein the
standard 6 notation using the terrestrial iron isotopic ratios of Vlkening and
Papanastassiou (1989), i.e., *°Fe/>*Fe = 15.956853 and *'Fe/**Fe = 0.371172.
Instrumental fractionation was corrected by assuming alinear mass fractionation law
with parameters set for stony CS by analyses of San Carlos olivine, and set for type-1 CS
by analyses of a natural magnetite standard. We also analyzed the oxygen isotopic
composition of a standard containing 10% magnetite and 90% wiistite. No isotopic
fractionation (“matrix effect”) was observed between the two types of iron oxides.
Several samples were so fine-grained that the analysis of mixed phases was
unavoidable—mineral + matrix in the case of the stony CS and magnetite + wiistite for
the metalic CS. We made no attempt to correct for possible matrix effects in these cases.
The precision of the ion microprobe analyses was 1 to 1.5%o (10) for both oxygen and
iron isotopes, but accuracy could be dlightly worse for O isotopes in stony spherules due
to mixed-phase matrix effects.
After the ion microprobe measurements of the type-I DSCS were compl ete, the sample
mount was soaked in acetone for aweek and the type-1 CS removed from the softened
material with astainless steel needle. The polished spherule fragments were weighed,
then dissolved in HCI. Cr and Ni in the solution were separated by ion exchange, and an
ICP-M S used to measure the Cr, Fe, and Ni contents of the samples. Cr isotopic
abundances were determined by thermal ionization mass spectrometry at the Johnson
Space Center (see Nyquist et al., 1994) and Ni isotopic abundances were determined by
ICP-MS at Rutgers University (see Herzog et al., 1999). In addition, Fe isotopic
abundances for two type-S spherules (S12 and S13) were determined by TIMS at the
Johnson Space Center. The reference ratios for nickel by ICP-MS are; ®Ni/*®Ni =
0.385196, ®"Ni/**Ni = 0.016746, ®*Ni/*Ni = 0.053381, and *Ni/**Ni = 0.013602. For
chromium and iron, the measured ratios are fractionated from the natural values during
evaporation of the sample from the sample filament. This effect is compensated by
making the sample and standard “loads” nearly identical, and by following the same
filament heating schedule for sample and standard. Reference values for Cr standard are:
Cr/**Cr = 0.0518585 (normalizing ratio, Birck and Allegre, 1985); >*Cr/**Cr = 0.113464
(normalized); and >*Cr/>*Cr = 0.028213 (normalized). Unnormalized values for standards
weretypicaly fractionated by 6.4%o/amu and 5.4%o/amu for standard loads of 160 and 80
ng of Cr, respectively. For Fe analyses by TIMS, ratios were measured relative to *°Fe.
The reference values are *Fé*Fe = 0.062669 (normalizing ratio, Vélkening and
Papanastassiou, 1989); *’Fe/*°Fe = 0.0232636 (normalized); and **Fe/*Fe = 0.0031103
(normalized). Unnormalized values for standards were typically fractionated by 9%o./amu
for standard loads of 10 pg of Fe. The values for 5°'Fe and §>°Fe givenin Table 3 are
renormalized to §>Fe = 0 from the measured values relative to §*°Fe = 0.

Table 3.
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Iron isotopic composition of nine type-1 and two-type-S cosmic spherules from deep-sea
sediments. Type-I: by SIMS; Type-S: by TIMS.

Sample °'Fe+ 6 (%) 8 Fex 6 (%)
Type-1

KK2-97A-11 470+11 33.0+07
KK2-97A -1 1a 46.8+1.1 31.6+07
KK2-97A -1 2a 476+1.1 33.6+06
KK2-97A -1 3 482+16 332+14
Wtd mean 473+ 0.6 328+ 04
KK2-97A-2 1 303+11 208+ 1.0
KK2-97A -2 2 325+11 23.1+10
KK2-97A -2 3 323+11 228+ 0.8
Wtd mean 31.7+0.6 223+05
KK2-97A -3 1 464+16 319+14
KK2-97A -3 2 453+16 314+ 14
Wtd mean 459+ 1.1 316+1.0
KK2-97A-6 1 416+1.1 28.0+ 0.7
KK2-97A -6 2 403+16 266+ 15
Wtd mean 41.2+0.9 27.8+0.6
KK2-97A -7 1 507+16 341+14
KK2-97A -7 2 50.7+1.6 350+15
Wtd mean 50.7+1.1 345+ 10
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Sample °'Fe+ 6 (%) 8 Fex 6 (%)
KK2-97A-81 347+16 21.8+15
KK2-97A -8 2 336+16 222+15
KK2-97A -8 3 310+16 20.8+1.6
Wtd mean 33.1+09 21.6+0.9
KK2-97A-91 492+11 345+0.8
KK2-97A -9 2 520+1.1 36.2+0.7
Wtd mean 50.6+0.8 354+ 05
KK2-97A-10 1 37.7+16 255+14
KK2-97A -10 2 38.7+1.6 25.6+1.6
Wtd mean 382+11 255+ 1.1
KK2-97A-11 1 469+16 315+1.6
KK2-97A -11 2 49.2+1.6 328+14
Wtd mean 481+ 1.1 322+1.1
Type-S

S12 48+10 3.2+ 09
S13 20+0.3 1.4+03

" Deltavalues are normalized to **Fe.

3. Results of iron-rich (typel) Cosmic spherules

3.1. Sizes, Textures, and Elemental Compositions

The mean diameters of the type-1 particles were measured using transmitted light. They
range from .400 pum to ..575 um (Table 1). These diameters are dlightly larger than
those measured in reflected light, showing that the section was not polished beyond the
midsection of the spherules. The textures and chemical compositions of the type-|
spherules are comparable to those that Brownlee (1985) described for particles of this
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type. In particular, they consist of magnetite (FesO,) intergrown with wiistite (FeO) in
different proportions. The presence of wiistite, a metastable phase, indicates high

temperature, low oxygen availability, and fast cooling. Figure 1 shows examples of the

three typical textures A, B, and C observed in our samples. The abundance of wiistite
(light phase on Fig. 1) decreases from type A to C: in type A, wiistite dominates,
magnetite being marginally present; in type B, the proportions of the two phases are
approximately the same; in type C, the abundance of magnetite is higher than that of

wiistite. Spherules of type B and C are also surrounded by a continuous rim of magnetite,

while the type A spherules are not (Fig. 1 and Table 1).

Table 1.

Diameters (D, um)*, masses (ug)®, textures (Text.)*, magnetite rim thicknesses (Mt,
um)®, and chemical compositions (wt %) of type-l cosmic spherules.

M

Sampl D M Te M J N A C . CC MFF NN TO
e # g xtX a | a i f n & & it it otal
Kk2- > |18 2 2 b 2 p O 0 g 0T 700 g,
L0 e 2L o Yoo o 2155
5 1 91 2 6 28 3 6 0
kK2 414 2 p (% 0y 0 gg 018 650 g
e, 4 A oL 200 Yo 200 8 987 ]
0 4 %4 3 3 3 1 9.8 3 0
Kk2- % 10 2 2 % bb % o0on 7 LLg
a3 03 ¢ o 9% 4 dd @ e a >899
8 11 : 7 6 5 8 4
KK2- 4 11 32 0 p 0y 0 gy 7T 00,
oa-a 27 C o L0 g 0 g Ligig 3 >4 4 g
5 11 1 1 1 5 7 3
Kk2- 4 11 212 %y Qo1 P72 L g
oas 27 ¢ o lig 9 g 49 164 &L 084
3 5 ¢ 4 d 7 9 9 |1 4
ko 41 2,000 0 o0 67 4 4
e 1 77 B 5L 2000 2 20 9 0 43
8 3 %11 1 6 1.7 2 6 4
kk2- 411 12 p b %p O g1 O 6 744,
3 g e gL gy b2 2o o017 g
0 1 ¢ 1 %0 4 4 5 0 0
KK2- % 12 2 b pob 90 g 06 7T 55 g
e 2 A 0L 2 b0 0 2d0 9 2 7 9 ]
0 4 1 '8 2 21 2 6
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Sampl D M Te M J N A C . CC MFF NN To
e # g xtX a | a rff n & & it it ta
8 6 A( b 8’ 8’ ] 8’ b 7. X 10
(Core) O N) d 5 3 1 d 6 2 0.3
KK 2- g 2 . 3 i b. b b b 8’ 00 b. Z g 2‘ 2‘ 95,
9o7A-9 D 4 0 ; did dd 2 7d o559
KK2- 5 2 0. 0. 0. 0. 6 6 5,
9o7A - | 7 38 B 3 1 3 0 3 0 2 géz 0 9 o g 5 36'
10 5 5 1 1 5 4 5 3 6
KK2- 4 2 0.0 0. 07 7 0 o
97A- | 8 %5 C g 1 3' 0 0 3 1 241 0 3 6 6 6 25'
11 5 3 % 4 5 7 3 4.3 3 6
Averag 0. g1 & 7 7 5 3
/ 1 3o 12 o)

2 2 3 6
] 8’ 0.0 8’ 2 2. 2. 2

o6 2 0 8 3 5
Literat 0. 6 2.
ure® 1 8. 5

6 4

b.d.: below detection limit of ...0.01 wt%.

* Average diameters (in pm) were measured on polished sections using transmitted light.
¥ The polished spherules were weighed after extraction from epoxy. Diameters measured
on the polished section by reflected light only dlightly larger than those measured using
transmitted light suggest that the spherules were polished amost to their half.

¥ Theletters A, B, and C refer to the textures shown in Figures 1A (magnetite dendritesin
wiistite), 1B (magnetite in higher abundance but not dendritic), and 1C (exsolution of
magnetite in wiistite). The letter N signifies the presence of a core (nugget).

" Thickness (in pm) of a layer of pure magnetite that rims some, but not all spherules.

* Electron microprobe analysis.

£ ICP-MS analysis.

& Weighted average based on Herzog et al. (Table 3; 1999).
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(330K)

Fig. 1. Backscattered electron micrographs of the three textures observed in the section
KK2-97A of type-l deep-sea cosmic spherules. Thereis a systematic increasein the
abundance of magnetite (FesO,, dark phase) over wiistite (FeO, light phase) from type A
to type C. (A) Spherule showing magnetite dendrites in wiistite. Wiistite is the most
abundant phase. A metal core (92.5 wt% Ni, 7.5 wt% Fe) isvisible in the plane of the
section; (B) spherule showing about the same proportion of magnetite and wiistite phases.
The spherule exhibits arim of pure magnetite. Magnetite does not have a dendritic
texture; (C) exsolution of magnetite in wiistite with a thick rim of magnetite. The
abundance of magnetite iswell above that of wiistite. These textural differences are
probably due to differences in heating and cooling rates. the temperatures and duration of
heating probably increased in the order A<B<C.

The Cr, Fe, and Ni contents, as measured independently by averaging spot analyses with
the electron microprobe and by ICP-MS (bulk analysis), agree well (Table 1). Theiron
contents of the oxides slightly increase from type A to type C spherules, averaging ~.72
wit% Fe, while their nickel contents decrease from type A to C (Table 1). In relative
terms, the nickel contents vary more, from 0.5 wt% in type C to ..6 wt% in type A, than
do the iron contents. One spherule (spherule 8) has a nickel rich metal core (92.5 wt% Ni,
7.5 wt% Fe) in the plane of the polished section (Fig. 1A). There are no systematic
variations of the chromium contents with the textural types. They range from the
detection limit of ~.0.01 wt% in the metal core of spherule 8 to ahigh of ~.0.26 wt% in
spherule 6 (Table 1).
3.2. Oxygen I sotopic Composition
Table 2 shows the oxygen isotopic compositions measured relative to standard mean
ocean water (SMOW) for two to ten spotsin each of eleven type-l spherules. The data
fall along the terrestrial fractionation line (TF), 'O —0.52 x 520, with §'%0 values
ranging from 38.4%o to 57.4%o, and 5O values from 19.1%o to 29.4%o (Fig. 2). The
mean values for our analyses, 580 = 47.0 + 5.5%o and 8'0 = 23.9 + 2.9%, are consistent
with those of Clayton et al. (1986), which fell in a narrower range, 39.9%0<3"°0 <47.1%o.
For different spotswithin individual spherules the measured values of 520 vary by only
asmall amount, from 0.3%. (Table 2, spherule 4) to 6.8%. (Table 2, spherule 7).

Table 2.
Oxygen isotopic composition measured by ion microprobe of eleven type-I cosmic
spherules from deep-sea sediments.

Sample Text.” 80 + 16 (%) 8’0 + 16 (%0)t  AYO * 16 (%0)™*

KK2-97A-1 1 56.7 + 1.0 29.4+0.8 00+11

KK2-97A-1 2 542+ 1.0 275+ 1.1 -0.7+13
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Sample Text.* 80 + 16 (%) 8’0 £ 16 (%0)t  AYO * 16 (%0)™*
Wtd mean C 555+ 0.7 28.8+ 0.6 -0.3+0.8
KK2-97A-2 1 42.9+0.9 20.4+1.0 -1.9+12
KK2-97A-2 2 38.4+1.0 195+1.1 -0.5+1.3
Wtd mean A 40.8+0.7 20.0+0.7 ~1.2+0.9
KK2-97A-3 1 48.7+0.9 235+ 0.9 ~1.8+1.1
KK2-97A-3 2 45.8+0.9 222+1.0 ~1.6+12
KK2-97A-3 3 46.4+0.9 223+1.1 ~1.8+13
KK2-97A-3 4 46.3+0.9 22.4+10 ~1.7+12
KK2-97A-3 5 46.2+0.9 243+ 1.1 03+1.3
Wtd mean C 46.7+ 0.4 23.0+ 0.4 ~1.4+05
KK2-97A-4 1 50.2+0.9 249+ 10 ~12+12
KK2-97A-4 2 49.9+0.9 245+ 0.9 -1.4+11
Wtd mean C 50.0+ 0.6 24.7+0.7 -1.3+08
KK2-97A-5 1 49.1+0.9 24.7+0.9 -0.9+1.1
KK2-97A-5 2 47.7+0.9 241+1.0 -0.7+1.2
Wtd mean C 48.4+0.6 24.4+0.7 -0.8+0.8
KK2-97A-6 1 392+1.1 19.2+0.9 ~13+10
KK2-97A-6 2 443+1.0 23.1+0.9 0.0+1.0
KK2-97A-6 3 39.0+ 1.0 20.6 + 0.9 0.3+1.0
Wtd mean B 409+ 0.6 20.9+0.5 -0.3+0.6
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Sample Text.* 80 + 16 (%) 8’0 £ 16 (%0)t  AYO * 16 (%0)™*
KK2-97A-7 1 459+ 0.9 24.2+0.9 04+1.0
KK2-97A-7_1b 46.6+ 0.9 24.4+0.8 -0.8+ 1.0
KK2-97A-7 2 456+ 0.9 229+ 0.9 -12+1.2
KK2-97A-7 3 422+10 20.8+ 1.1 1.2+ 1.1
KK2-97A-7_4 428+1.0 235+ 1.0 04+1.2
KK2-97A-7 5 46.0+0.9 243+ 1.1 0.8+ 1.2
KK2-97A-7 6 47.4+0.9 239+ 1.1 07+12
KK2-97A-7 7 482+1.0 258+ 1.1 07+1.2
KK2-97A-7_8 489+ 0.9 26.1+ 1.2 -03+11
KK2-97A-7 9 47.8+0.9 245+ 1.0 01+1.0
Wtd mean 46.2+0.3 24.0+0.3 0.0+0.3
KK2-97A-8 1 425+1.0 226+ 1.1 05+1.2
KK2-97A-8 2 41.9+1.1 218+ 1.1 00+1.2
KK2-97A-8 3 41.7+ 1.0 21.7+09 0.0+1.0
Wtd mean 42.0+ 0.6 220+ 0.6 02+0.7
KK2-97A-9 1 57.4+0.9 29.3+ 0.9 —0.6+ 1.0
KK2-97A-9 2 52.1+ 1.0 258+ 1.0 -13+11
KK2-97A-9 3 55.5+ 1.0 268+ 1.1 —2.0+12
KK2-97A-9 4 56.8+ 0.9 29.0+ 0.9 -0.5+1.0
Wtd mean 55.6+ 0.5 27.9+0.5 ~1.0+05
KK2-97A-10 1 415+ 0.9 21.7+1.0 02+1.1
pdfMachine

Is a pdf writer that produces quality PDF files with ease!
Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across
nearly all Windows platforms, if you can print from a windows application you can use pdfMachine.
Get yours now!



http://www.pdfmachine.com?cl

Sample Text.* 80 + 16 (%) 8’0 £ 16 (%0)t  AYO * 16 (%0)™*
KK2-97A-10 2 39.8+ 1.0 19.8+ 0.9 -0.9+1.1
KK2-97A-10 3 439+1.0 226+ 1.0 -03+11
KK2-97A-10_4 40.2+ 0.9 21.1+09 02+1.0
Wtd mean A 41.3+05 21.2+0.5 -0.2+05
KK2-97A-11 1 49.0+ 0.9 26.8+ 0.9 1.3+ 1.0
KK2-97A-11 2 50.0+ 0.9 26.2+1.0 02+11
KK2-97A-11_3 50.4+ 0.9 26.2+0.9 0.1+ 1.0
Wtd mean A 49.8+ 0.5 26.4+0.5 05+0.6

* See Figure 1 and caption Table 1
" Relative to SMOW, errors are 1 mean.
FAY0=8Y0-0.52 x %0

" Dysmy %]
§:

'(57K)

Fig. 2. Oxygen isotope abundancesin type-l spherules plot along a mass-dependent
fractionation line. Theterrestrial fractionation line (TF) passes through both the
composition of air (open circle; datataken from Thiemens et a., 1995), and of standard
mean ocean water (SMOW). Our data are shown according to the three textural types (A,
B, and C) found in the deep-sea spherules, as defined in Figure 1. Datafrom Clayton et
al. (1986) are shown for comparison purposes for three sets of type-1 deep-sea spherules
(open stars), and for iron meteorite fusion crusts (black squares).

5" a1l

The 580 values shown in Table 2 do not correlate with the respective proportions of
wiistite and magnetite in the ion probe spots as determined by counting pixels in digitized
backscattered electron images. This lack of correlation, added to the comparable values
measured for a magnetite and a wiistite/magnetite standard (see methods) demonstrate
that the variations observed in 820 in the cosmic spherules do not result from an
instrumental artifact, i.e., amatrix effect.

Although no correlation is found between the 5”20 values and the magnetite content on
single spots, a correlation between the 20 values in the spherules and the thickness of
their magnetite rim is found (Fig. 3a). This suggests that this correlation exists at the
scale of the whole spherule but not locally. Within the range of particle sizes analyzed in
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thiswork, the degree of heavy oxygen enrichment also correlates well with the particle
diameter for the spherules of type C (Fig. 3b). The spherules with textures A and B do
not show this correlation with spherule size, as their §'°0 values average ... 41%. for sizes
ranging from 400 to 600 pm.

Cae (95K)
Fig. 3. (a) Correlation plot between §'®0 and the thickness of magnetite rim; (b) Values
of 8*%0 increase with the diameter of type-I deep-sea spherules belonging to textural type
C (see definition of textural typesin Fig. 1). Results for type A and type B spherules do
not plot on this correlation. The extrapolation of this correlation line to the origin plots
close to the oxygen isotopic values found in iron meteorite fusion crusts (see text).

3.3. Iron I'sotopic Composition

Table 3 shows the iron isotopic compositions measured in nine of the eleven spherules
also analyzed for oxygen. Two to four spots were analyzed for each spherule. No
significant isotopic heterogeneity within individual spherulesis observed. The datafall
on the terrestrial fractionation line (Fig. 4) with 8°'Fe values ranging from 30.3%o to
50.2%o (average &> Fe = 43.0 + 7.3%o0) and 5°°Fe values from 20.8%o to 36.2%o (average
8°Fe = 29.3+ 5.2%o). These results are similar to those reported elsewhere (Davis et a
1991, Davis and Brownlee 1993 and Herzog et al 1999). The iron isotopic fractionation
markedly increases from textural type A to textural type C.

b,

" e (46K)
Fig. 4. Iron isotopic composition in the type-1 deep-sea spherules. The data lie on amass
fractionation line. The textural types are defined in Figure 1.

3.4. Chromium and Nickel I sotopic Composition

Table 4 shows the isotopic compositions of chromium and of nickel in type-1 spherules.

Aswith iron, the isotopic data for chromium and nickel are consistent with mass-

dependent fractionation of material that initially had terrestrial-like isotopic abundances.
Table 4.

Chromium isotopic composition measured by TIMS and nickel isotopic composition
measured by ICP-MS of type-l and type-S cosmic spherules. Error limits are 2c.

Sample 8°°Cr 8>3Cr d>*Cr O°Ni NI 8%NI | 8%Ni

type-1
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Sample 8°°Cr d>3Cr d>*Cr 0PN 8%Ni  8%Ni | 8%Ni
71+1 110+£2 145+1

KK2-97A-1 : : .

KK2-97A-2 | ;43> §3'6 =2 22'8 8 11617 20:7 2:12
KK2-97A-3 4416 6346 850 (1)40 4
KKoo7A4 | SO0ES BLs2 S61:5 o5, g 12853 17421
KK2-97A-5 55 1.6£5. §6'1 =2 22'4 =5 4518 45:33 71+18
KK2-97A-6 | > *> ém =2 24'9 5 2514 35:12 45+9
KKoo7a7 [S23%5 26242 52535 B2l g, o0 g5
KK2-97A-8 | o+ > §2.4i 2 ‘5‘4'4 =5 9i5 21212 23:11
KKoo7ag | [12%5 BT52 815 gy ¢ 12451 16651

KK2-97A- | —324+5. 16.0+2. 321+5. 044 30424 42+3 85+ 30

10 8 8 5

KKZOTA- | 37725 18942 125 g1 5 g7, 05 126%1
KK1-9 Sl e2s9 80+12
KK1-9* 37 6l 72
Type-S

<1 3751 g, g, 13452

-233+1 112+1 |220=+2.
8 0 0

* Herzog et al. (1999)

S13
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3.5. @, a Measure of Overall Mass-Dependent Fractionation
When al the isotopic datafor an element fall on a single mass-dependent fractionation
line, as our data do, it is convenient to have one measure of the fractionation. For this
measure we adopt the slope, @, of a plot of & values vs. the corresponding isotope mass
differences for each isotopic system. We calculate the slope from our data by using the
weighted least squares fitting routine of Williamson (1968). Qualitatively, larger @
means a larger degree of mass-dependent fractionation.
Values of @ (%o/amu) for the type-1 spherules appear in Table 5. We have made two
different calculations of @ for oxygen :(1) to ease the comparison with other data, we
calculate ®osmow) using the classical SMOW value as areference (5'°Osuow(SMOW) =
8 Ogvow(SMOW) = 0 by definition); (2) we use the air isotopic composition
(60smow(AIR) = 23.5%0;5" Osviow(AIR) = 11.8%0) (Thiemens et al., 1995) as the
starting isotopic composition to calculate ®oar). The results calculated with air as the
starting isotopic value are thus smaller by ~.12 %o/amu than those calculated relative to
SMOW. Because the spherule precursors interacted with atmospheric oxygen, we prefer
to adopt “air” as the reference value, hence ®oair) Only represents the overall mass-
dependent fractionation relative to air and does not reflect the difference in isotopic
composition between atmospheric oxygen and SMOW. For the type-1 spherules, the
average for ®@oair) 1S 11.6 + 2.7%o/amu, with values for individual spherules ranging
from 8.4 to 15.8%o/amu.

Tableb.
Average mass-dependent fractionation (@, %./amu)*, and fraction of element lost® in
type-1 and type-S cosmic spherules.

Cr

0.91

0.95
0.93
0.84
0.93
0.90
0.92
0.81

Sample @ flost
Oemowy' | Omir  Cr Fe Ni o* of

type-1

KK2-97A -1 279+03 15.8+0.3 16.1+03 36.1+24 0.92 0.77
KK2-97A -2 203+03 84+03 235+18 109+04 91+17 0.85 054
KK2-97A -3 232+0.2 11.3+0.2 156+0.7 21.5+14 088 0.64
KK2-97A -4 249+03 129+03 28.1+16 46.7+1.1 090 0.69
KK2-97A -5 242+03 122+03 26.1+1.6 200+£29 0.89 0.68
KK2-97A -6 205+03 86+03 175+16138+05 119+13 0.85 0.55
KK2-97A -7 232+01 11.2+01 262+16171+0.7 140+20 0.88 0.66
KK2-97A -8 21.2+03 92+03 223+16 109+06 53+17 0.86  0.59
KK2-97A -9 27.7+02 157+02 238+16 17.3+04 435+18 092 0.77
KK2-97A -10 20.7+0.2 88+02 16.1+16 127+0.7 104+0.7 0.85 0.56
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Fe

0.83
0.69
0.82

0.78
0.84
0.70
0.85
0.75

Ni

0.9
0.6
0.9:;
0.9
0.9
0.7
0.8
0.4
0.9
0.7¢
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Sample @ flost
Omowy  Owmirt  Cr Fe Ni o* of

KK2-97A -11 252+0.2 13.1+0.2 190+16 161+0.7 314+21 090 0.71

Average+ 1o 235+27 11.6+27 225+42 145+25 227+145 0.88 0.65

Type-S
S12 6.7+£06 16+05
S13 11.3+0.6 0.6+0.2

* From non-linear least squares fits (Williamson, 1968) to isotopic data assuming that the
initial isotopic ratios were terrestrial.

¥ From the Rayleigh fractionation equation.

¥ Assumes starting isotopic composition is that of standard mean ocean water (SMOW).

" Assumes starting isotopic composition is amospheric : §®Osyow(AIR) = 23.5%o;
8Ogvow(AIR) = 11.8%0 (Thiemens et al., 1995).

In general, the ranges and absolute values of ® calculated for Cr, Fe, and Ni resemble
those reported by others (Davis and Brownlee 1993, Xue et al 1995 and Herzog et al
1999). We confirm the tendency of @y; to increase as Ni content decreases, as expected
from awell mixed evaporating system of relatively uniform starting composition (Fig. 5).
Two of the spherules, 4 and 9, have remarkably large values of ®y;, 46.7%o/amu and
43.5%0/amu, respectively, topping the previous record of 38%o/amu (Davis and Brownlee,
1993). Increasesin @ for the three elements correlate with one another (Fig. 6), aswas
noted by Herzog et al. (1999). For chromium higher values of @, (or lower values of
®r,) are observed with respect to the correlation given in Herzog et al. (1999). The
difference may reflect a small systematic bias (~.2—3%o) as the iron isotopic compositions
were measured in our case by ion microprobe and not by TIMS asin Herzog et al.
(1999). In type A spherules the deviations from the correlation ®c, vs. @, are especialy
large, which suggests that these spherules lost alarge proportion of their Cr ab initio thus
leading to larger degrees of fractionation of the remaining Cr (see below).

|||||||||||

i (TTK)
Fig. 5. Vaues of ®y; aquantity that measures the degree of mass dependent fractionation
of Ni, anticorrelate with Ni content (bottom X-axis), suggesting that the precursor
particles have alimited compositional range. Literature values are from Davis and
Brownlee (1993) and Xue et a. (1995). The theoretical Rayleigh distillation behavior
showing the values of ®y; expected as afunction of the retained fraction of Ni (top X-
axis) is given for comparison (dotted line). Here we assume an initial Ni content of 20
wit%. The textural types are defined in Figure 1.
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Cr
0.86
0.89

0.51
0.69

Fe | Ni
0.83 0.9
0.79 | 0.8:

0.17
0.07
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T (107K)
Fig. 6. Vaues of the quantity ® are correlated for the elements Fe, Cr, and Ni, in
agreement with previous work (e.g., Herzog et al., 1999, and references therein). The
textural types are defined in Figure 1.

4. Discussion of type-I spherules

The nature of the extraterrestrial precursors of the type-1 spherulesis uncertain. Herzog et
al. (1999) argued for small metal particles; Brownlee et a. (1997) suggested that the
reduction of carbonaceous chondrite material produced metal droplets. Raisbeck et al.
(1982) and Yiou et al. (1985) suggested a metal-bearing parent body for the type-I
spherules, using arguments based on the unexpected presence in type-l spherules of the
cosmogenic radionuclide 1°Be. Iron meteorites contain about the same concentrations of
%Be as do type-1 spherules, but the chemical composition of type-I spherules cannot be
reconciled with that of iron meteorites (see Delaney et al., 2002).

Whatever the extraterrestrial precursors may have been, we will begin with the premise
that just after melting, the type-1 spherules contained no oxygen, either terrestrial or
extraterrestrial, and that they evolved primarily through oxidation, and evaporation of
metal and oxide, and perhaps fragmentation. As we shall see, al of the isotope data are
consistent with this view.

4.1. Heating Sequence: Hintsfrom Sizes, Textures, and Compositions

The good anticorrelation between the Fe and Ni contents of al spherules (Table 1, Fig. 7)
suggests a common precursor that underwent successive stages of melting and
fragmentation. The thickness of the magnetite rim, as well as the abundance ratio of
magnetite to wiistite, increases from textural type A to C, as do the average O, Fe and Ni
isotopic fractionations. The behavior of Cr is more complex. For types B and C, the
behavior of d¢, is compatible with that of O, Fe, and Ni. For type A, the fractionation
observed is about the same as that found for type C spherules. We suggest that type A
spherules lost Cr through the evaporation of a Cr-rich nugget, perhaps a sulfide, thus
leading to a decreased Cr content and alarger ®¢, in the spherule.

- o
&

s (53K)
Fig. 7. Iron and nickel compositions (in wt%) of the deep-sea spherules. The solid
symbols represent data obtained by averaging 2 to 5 spot analyses measured with the
electron microprobe (EMPA) on the polished section. Open symbols are bulk
measurements of dissolved spherules by ICP-MS. A good anticorrelation is found
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between these two composition, suggesting a common precursor for the spherules, which
underwent successive stages of melting and fragmentation.

The growth of magnetite rims, the ever more intimate intergrowth of magnetite and
wiistite within the individual spherules, and the increasing isotopic fractionations of the
major elements from type A to C spherules suggest a heating sequence, with type A
heated least (lowest peak temperatures for the shortest times) and type C heated most
strongly. The variationsin heating intensity could be due to differencesin entry speed,
entry angle, or particle size. Also, Lal and Jull (2002) have suggested that an appreciable
portion of the particle flux in the spherule size range comes from the atmospheric
breakup of bodies larger than 1 cm. If the breakup occurred at moderate altitudes—i.e.,
<100 km—the resulting debris would be more strongly heated.

4.2. Evaporative L osses

We will use the Rayleigh formulato calculate from @ (the degree of mass-dependent
fractionation; Table 5) the fractions retained, f,, of the reference isotopes *°0, >°Cr, **Fe,
and *®Ni after evaporation:

_=_j.rr{i '}, 1)

where Ris an isotopic ratio, **0/*°0 for instance for oxygen, and R, is the starting value
of thisratio before evaporation and a is the conventional isotopic fractionation factor. In
an ideal system,

= IHE (1a)

I
| I

where m and m'’ are the isotopic masses of the evaporating species. Then

=1+ ey (1b)
CRTI
The exponent b isrelated to the conventional fractionation factor o by the expression:
(23
b= (1c)
1 — o

The relative uniformity (within 10% relative; section 3.2) of isotopic composition within
a spherule shows that the oxygen in type-l spherules meets at least one of the
requirements for a Rayleigh evaporation, namely, that the melts be well-mixed. As our
systems may not be ideal in all respects, the choice of mrequires further discussion. For
the metas, Cr, Fe, and Ni, we adopt for m the masses of the isotopes themselves, e.g., m
=57.94 for *®Ni. In the case of nickel, this choice seems straightforward. As the most
noble of the three metals, nickel oxidizes last, and, indeed, appreciable amounts of
metallic Ni remain in many type-1 spherules. As metalic nickel is more volatile than the
oxide and as it persists through the late stages of evaporation, it is plausible that the
element |eaves the spherules mainly as the atom. Iron and chromium, on the other hand,
are more likely to oxidize completely during descent through the atmosphere and the
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nature of the evaporating speciesis not obvious. Wang et a. (1994) studied the
evaporation of wiistite in the laboratory and found that use of the atomic mass of iron in
Eqn. (1a) described the observations, possibly because the oxide decomposes before
evaporation. Lacking experimental data for Cr, we simply assume that we can use the
atomic mass of **Cr. In the case of oxygen, which is bound mainly to iron, we again
follow Wang et al. (1994), who determined fractionation factorsa = 1.0110 and 1.0217
for 7O and *®0, respectively, corresponding to effective masses (amu) of 45.206 and
45,588, evaporating from wiistite for 'O and 20, respectively.

4.3. Evaporation Sequencein Typel Spherules

Figure 8 and Table 5 give the calculated fractions of O, Cr, Fe, and Ni lost, 1 — f;, by our
type-1 spherules, taking terrestrial ratios as the starting isotopic composition before
evaporation. Herzog et al. (1999) noted that for lower degrees of evaporation—say @ <
5 %o/amu and 1 — f;re) < 0.43—evaporative |osses occur in the order: Fe> Cr > Ni > O
(see Fig. 6 and Fig. 8). If the spherulesfirst formed as metallic droplets, then the order of
loss, Fe > Ni, is the one expected based on vapor pressures of the elements (Davis and
Brownlee 1993 and Herzog et al 1999). The inversion of Fe and Cr may result from
experimental error or early loss of Cr (see above comment regarding sulfide).

(117K)
Fig. 8. Fractional evaporative losses of Cr, Fe, Ni, and O from I-type spherules. Starting
isotopic compositions at the beginning of oxygen evaporation (subscript “start”) for this
figure are taken asterrestrial (i.e., 8*°0 = 23.5%o, 5’0 = 11.8%o, 5"Fe,Cr,Ni = 0%o). The
slope one line (solid) and best linear fit lines through the data (dashed) are given for
reference. The best linear fits have the following forms: 1 — fcr) = (0.41 + 0.20) x (1 —
fr0)+(0.62 + 0.13); 1 — fr(re) = (0.43 £ 0.23) x (1 — fr(0))+ (0.53+ 0.15); 1 — frniy = (1.7 =
0.5) x (1 —fr(0)) + (—0.30 + 0.34). The textural types are defined in Figure 1.

The first stages of evaporation and isotopic fractionation of the spherules amost certainly
take place before much oxygen has had a chance to react. It follows that oxygen can only
begin to fractionate and ““catch up” isotopically with the metals somewhat later in the
evaporation process—after the oxygen reacts with the descending droplet and the loss
rates of the more volatile metals have slowed. Thusit is not surprising that for spherules
that have lost up to 75% of their Fe, the losses of Cr, Fe, and Ni exceed those of O.

For the more strongly heated spherules, the observed order of loss shiftsto Ni > Cr > Fe
~.O. Figure 8 shows oxygen “catching up” with iron and chromium in the spherules that
have larger degrees of evaporative loss. Meanwhile, the fractionation (and implied 10ss)
of oxygen stays behind that of nickel. We interpret these observations as follows. As
oxygen strikes the descending droplets, minimization of free energy first favors reaction
with Cr. With the formation of the oxides of Cr, the evaporation rate of Cr decreases and,
depending on the volatility of the various oxides, fractionation continues, but probably
more slowly. Although the details for Cr are unclear, the concentrations of Cr are too low
to have much influence on the total oxygen budget.
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Once Cr has oxidized, the magjor element iron should oxidize next. As argued by Davis
and Brownlee (1993), the oxidation of Fe should lower its volatility while nickel should
continue to evaporate at amore or less constant rate for aslong as it remains a metal
(assuming constant temperature and ignoring nonideal behavior). In other words, during
the latter stages of evaporation, the loss rates of iron and oxygen should approach one
another but lag behind that of nickel, for aslong as nickel remains unoxidized. Using the
D¢, Pre and @y values given in Table 5, we can calculate preloss Cr/Fe of (3.4 + 1.6) x
10 and Fe/Ni of (16.6 + 4.3) mass/mass ratios which are in good agreement with the
data previously reported by others (e.g., Herzog et al., 1999).

4.4, Evaporation of Fe and FeO

Here we consider the degree to which iron evaporates as metal and as oxide. We
conjecture that when evaporation of the oxide begins, theiron has asingle, characteristic
isotopic composition and explore various values for it and their implications.

4.4.1. Case 1: If the oxygen entering the spherules has "®*Osyow = 23.5%a, i.e., is
atmospheric, then evaporation of FeO dominates after 40% of the Fe has

evapor ated as metallic Fe

We take the oxygen isotopic composition to be atmospheric (5®Osvuow(AIR) = 23.5%o
(Thiemens et a., 1995)). If we recalculate from Eqgn. (1b) the losses of Fe (as FeO)
relative to afractionated isotopic composition of iron, those losses should equal the losses
calculated for oxygen. By using least squares fitting we find that by decreasing ®¢. by
(4.5+ 0.5)%o/amu for all samples, we obtain a fairly good match between the fractions of
O and Felost (Fig. 9a). Because, to a good approximation, a change in the starting
isotopic composition of Fe simply shiftsall the measured values of ®g by afixed
amount, we can say equivalently that the evaporation of O with FeO begins when the
isotopic composition of iron has been fractionated by evaporation of Fe metal to the
extent that Orestarty = (4.5 + 0.5)%o/amu, or 8° Fegat ~13%o (the subscript “start” refers to
the isotopic composition of the elements (O, Fe, Cr, Ni) when oxygen startsto
evaporate). Application of the Rayleigh equation then shows that oxidation of ironis
complete and FeO evaporation begins when ...40% of the metallic Fe has evaporated.
The correlation between @ and Oy (Fig. 6) impliesthat at this point, only ~.10% of the
Ni has evaporated. The calculated preloss Cr/Fe and Fe/Ni ratios are not affected by this
hypothesis and remain as quoted above.

(106K)
Fig. 9. Theisotopic data help constrain how much Fe evaporates as metal before it
oxidizes and evaporates as an oxide. The calculation rests on the requirement that after
oxidation, any evaporative losses of metal and oxygen must lead to identical degrees of
mass-dependent fractionation. In our cal culations, the isotopic composition of both
elements before evaporation are allowed to vary (see text). (a) Given aterrestrial oxygen
isotopic composition equal to that measured by Thiemens et al., 1995 (520 = 23.5%,
80 = 11.8%o), fractional losses of iron and oxygen can be made approximately equal by
calculating iron losses rel ative to a mass-fractionated (nonterrestrial) isotopic
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composition of iron that corresponds to the loss of ~.40% of the iron originally present;
(b) fractional losses of iron and oxygen can also be made equal by considering a
terrestrial starting value for iron and a “virtual” starting oxygen isotopic composition of
880 = 12.5%o; (c) with a starting oxygen isotopic composition of §'30 = 15.5%o, as
observed by Clayton et al. (1986) in iron meteorite fusion crusts, a best match between
the fractional iron and oxygen losses is achieved by calculating iron losses relative to a
mass-fractionated isotopic composition of iron Oggstart) ~1.2%0/amu, that corresponds to
the loss of ~.12% of theiron originally present before oxidation and subsequent
evaporation of the oxide. The textural types are defined in Figure 1.

4.4.2. Case 2: If no Fe evapor ates as metal, but only as FeO, then the oxygen
entering the spher ules should have 6'*Osyow(sart) = 12.5%o

For completeness, we consider the case where Fe evaporates not as metal but as an oxide
With ®rggar) = 0. We now show that a good match between fo and fre can be obtained by
adopting an initial oxygen isotopic composition such that ®osvow)start -~6.3%o/amu, or
equivalently, 5*Osviowsar = 12.5%o (Fig. 9b). Choosing a reference state of oxygen
different from air might seem to be an ad hoc assumption. Clayton et a. (1986), however,
have found oxygen isotopic compositions in iron meteorite fusion crusts with 5*®Osvow
~15.5%o, which is ~.8%o lower than that of air (§**Ogviow(AIR) = 23.5%o, Thiemens et
al., 1995). Asthe oxygen present in these fusion crusts comes from oxidation of
incoming meteoritic metal during atmospheric entry, Clayton et al. (1986) concluded that
akinetic isotope effect took place during oxidation of iron. The iron meteorites thus
a(l:gui red oxygen from the atmosphere with afractionation of approximately —8%o in
50.

4.4.3. Case 3: If the oxygen entering the spher ules has $'°Osyiowsart) = 15.5%o, the
same value asfusion crustsin iron meteorites, then evaporation of FeO dominates
after 12% of the Fe has evaporated as metallic Fe

If we take 8**Ogvow -~15.5%o as the starting oxygen isotopic composition before
evaporation (see above or Clayton et al., 1986), then a best fit between the fractions of O
and Fe lost is obtained with an initial 5°'Fe = 3.5%o, or ®restarty ~1.2%0/amu (Fig. 9¢),
which means that ~.12% of the iron evaporated as metal before oxidizing and evaporating
(more slowly) as oxide. The correlation between @, and ®y; (Fig. 6) impliesthat at this
point, less than afew percent of Ni has evaporated.

In summary, we conclude that the oxygen isotopic composition of the oxygen entering
the spherules—the “apparent atmospheric composition”—must be between §'°0 =
12.5%0 and 23.5%o. The corresponding amounts of evaporation of metallic iron before
oxidation are between 39 and 0%, respectively. Case 2 does not seem redistic, as
evaporation of iron was most probably competing with the oxidation process. Case 1 and
3 seem equally probable, but we rely on the measurements of the oxygen isotopic
compositions of iron meteorite fusion crusts by Clayton et al. (1986) to favor case 3. In
that case ...12% of iron evaporated as metal before oxidation became essentially
complete. The “apparent” oxygen isotopic composition of the atmosphere is that case is
5'®Osmow ~15.5%o, with 3" Osvow ~8%o.

With this starting oxygen isotopic composition, one can also calculate a best match
between the loss of oxygen and that of Cr.Os. It is obtained for a starting Ocystart) ~
12%o/amu, which means that .. 70% of the Cr evaporated as metal (more if the
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evaporating entity was a heavier sulfide) before loss as oxide (Fig. 10a). The quality of
thisfit is not as good as with Fe. This might be due to the relatively small amount of Cr
available and the associated analytical uncertainty. The behavior of Cr is perhaps also
more complex than this two-step mechanism suggests, and the Rayleigh hypothesis of a
perfect instantaneous mixing may not be realized during the early states of evaporation.

(95K)
Fig. 10. (a) Theisotopic datafor Cr constrain how much Cr evaporates as metal before it
oxidizes and evaporates as an oxide. With a starting oxygen isotopic composition on the
terrestrial fractionation line with '%0 = 15.5%o (see Fig. 9) the average fractional |osses
of chromium and oxygen can be made approximately equal by calculating chromium
losses relative to a mass-fractionated isotopic composition (Ocy(staty = 12%o/amu).
However Cr as avery minor element does not control the oxygen budget. The apparent
good fit observed here can be explained by the similarity between the observed values of
®pe and ;. (b) By proceeding asin Figure 10a, it isimpossible to reconcile the losses of
nickel, as calculated from its isotopic composition with those of oxygen. Nickel was
probably mostly lost as metal, and not as oxide. The textural types are defined in Figure
1.

It is not possible to reconcile the losses of O and Ni by using the methods described
above for Fe. In most cases, Ni probably evaporated too fast as metal for it to have had
time to oxidize in significant amounts. Figure 10b shows the fractional losses of O and Ni
with the starting oxygen isotopic composition of 520 = 15.5%..

4.5. Rarity of Spheruleswith Little Mass-Dependent Fractionation of Cr and Fe
Type-l spherules with little mass-dependent fractionation are of special interest because
their compositions should resemble most closely those of the precursor material.
Curioudly, only 2 of 24 and 2 of 14 type-1 spherules, respectively, have values of ®r and
®c; less than 10%o/amu, a value that already corresponds to substantial elemental losses,
~.60%. For Ni, the fraction of objects with little mass-dependent fractionation is larger:
low values of ®y;, < 10%o/amu, occur in 9 of 43 spherules (this work, and Herzog et al.,
1999, and references therein). We infer that once melting has taken place, evaporation of
iron proceeds very quickly relative to the total time available for evaporation, 5-20 s
(Yadaet a., 1996). An dternative explanation, that subaerial weathering destroys objects
that retain more metal, seems unlikely for the corrosion-resistant, Ni-rich spherules.
Conceivably only those type-l spherules that are specially armored in some unknown way
by atmospheric heating survive for long in ocean sediments. A detailed, systematic study
of the surfaces of type-1 spherules, which vary considerably (e.g., Czajkowski, 1987)
might prove worthwhile.

5. Reaults of stony (type S) Cosmic spherules

5.1. Sizes, Textures, and Chemical Compaositions

Table 6 summarizes the sizes, textures, and chemical compositions of al stony spherules
except S12 and S13. The apparent diameters of thirteen Antarctic Stype spherules range
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from ~.100 um to ~.200 pm; the deep-sea particleis larger, with adiameter of -~.400 pm.
Three spherules are of the barred olivine type (BO; e.g., Fig. 11a), one consists of radial
pyroxene (RP;Fig. 11b), and one looks like a glass spherule (Gl; Fig. 11c). The remaining
nine stony spherules are porphyritic olivine (PO; e.g., Fig. 11d) with two of them being

very fine-grained (94-4-14 and 94-4B-45), and four of them only partially melted with
relict grains (94-4-14B, 94-4B-6, 94-4B-12 and 94-4B-43, e.g., Figs. 11e and 11f).

Table6.

Chemica composition (wt%) of 13 stony cosmic spherules from Antarctica (94-4 and 94-

4B series) and one stony deep sea spherule (KK 2-97A-23) measured by electron

microprobe at the location of the ion microprobe spots. The data are arranged by textural

type.

E)TPhase
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e analy a g | i a i r n e i tada

me§ ¥

zed™

)

1 o+ 3 0 1 0 1 0. 0. 0. 0. 0.3 0 97
?‘I"i’ggeu 6.02.75.3'03'80210.1.8
|5 Mt 52 819 %4 %9 815 4 0 0

1 o+ 3 0 1 0 1 0. 0. 0.0 0 2 0 97
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< |5 Mt 025 6 1 %2 %3 3241109
94- 1 g O+ 301110, 010 0 0 20 9
44 5 o G+ 803460 70802178 8
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ETPhase
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m ¥
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ug 2 9 of Mx+ 9 ;0170 0/0 6 02 381
-0 Mt 7 " 6 6 /7 4 1 2 4 3 0 0 3 6
1 o+ 4 0 1 1 2 0.0 0 1. 0 0. O 0.
24'48'421Mx+4.27.43.1506152?'3
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b.d.: below detection limit of ...0.01 wt%; n.a.: not analyzed.

* Average diameter as measured on the polished section.

¥ Textural type of cosmic spherules: BO = barred olivine; Gl = Glass; RP = radia
pyroxene; PO = porphyritic olivine

* PO = Porphyritic olivine but only partially melted.

¥ The ion microprobe beam spot included sometimes several mineral phases: Ol =
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oliving; Gl = glass, Mt = magnetite; Mx = matrix material; Px = pyroxene; Plag =
plagioclase. The Fo numbers refer to the forsterite content (in mol%) of the olivine grains
anayzed in spherule #94-4B-43.

(484K )
Fig. 11. Backscattered electron micrographs of polished sections of the textural types
found in our sampling of type-S (stony) spherules. (a) Barred olivine (BO); (b) radia
pyroxene spherule (RP) with pyroxene bars and feldspathic (plagioclase) glass. Bright
spots are remnants of gold coating that was not totally removed by polishing after ion
microprobe analysis. Small amounts of igneous rims are shown by white arrows; (C)
Glass spherule (Gl); (d-f) porphyritic olivine spherules (PO); (d) PO spherule largely
melted with afew relict forsteritic cores in the recrystallized olivine grains; (e€) PO
spherule with avery large unmelted core; and (f) partially melted PO spherule with relict
forsteritic olivine grains.

Aswe do not have direct access to the bulk chemical compositions of the stony spherules,
we make the assumption that the means of our electron microprobe anayses (Table 6)
give reasonable proxies for these bulk compositions. In our sampling of 14 spherules, we
find depleted Mg/Si and Al/Si average atomic ratios (0.95 and 0.074, respectively)
compared to the corresponding average values for 68 Antarctic stony spherules of 1.06
and 0.091 given by Brownlee et al. (1997), and of 1.05 and 0.090, respectively, for 46
BO spherules analyzed by Taylor et a. (2000). The average Mg/Si and Al/Si atomic
ratios calculated for our three BO spherules are 0.95 and 0.068, respectively.

The mean Ca/Si and Fe/Si atomic ratios found for our 14 spherules (0.062 and 0.61,
respectively) are intermediate between the mean ratios of 0.056 and 0.53 measured by
Brownlee et al. (1997) in Antarctic spherules and that of 0.073 and 0.61 reported by
Taylor et a. (2000) in 46 BO spherules. In our 14 spherules, the average Mg/Si, Al/Si,
and Fe/Si atomic ratios normalized to Cl values (Anders and Grevesse, 1989) are sightly
less than one (0.88, 0.88, and 0.68, respectively). The Ca/Si atomic ratio is chondritic
(CalSi =1.02 normalized to ClI).

5.2. Oxygen | sotopic Composition

Because of the small sizes of the mineral grains, the beam of the ion microprobe
sometimes included several phases (Table 7). The oxygen in the stony cosmic spherules
is generally enriched in 'O and *°O relative to SMOW, athough to alesser degree than
the oxygen in the type-1 spherules (Table 7; Fig. 12). The values of §'%0 range from
—0.1%o to 29.8%o and of 87O from —5.0%o to 13.8%o. The oxygen isotope enrichment
broadly correlates with textural type (Fig. 12): the barred olivine (“B0O”) and the totally
melted porphyritic olivine (“PO melted”) spherules have the heaviest oxygen; the glass
(“G1”) and the porphyritic olivine spherules which were only partially melted (“PO part.
melted”) have a low degree of heavy isotope enrichment, with variable isotopic
compositions, especially for 94-4B-43 with 1.5 %o <8'%0 < 24.7% (Table 7); the
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radiating pyroxene spherule (“RP”) plots in the range of unmelted mineralsin AMMSs
(Engrand et al., 1999). Thereis no correlation between the apparent sizes (or masses) of

the stony cosmic spherules and their oxygen isotopic compositions.

Table?7.

In situ oxygen isotopic composition measured by ion microprobe in 13 stony cosmic
spherules from Antarctica (94-4 and 94-4B series), and in one stony deep-sea spherule
(KK297A-23). The data are arranged by textural type.

Sample D¥ Typet Phases , 8018% +6 6017% +6 Af% +6
(um) analyzed (%o) (%o) (%o)
94-4-11 1 195 BO Ol + Gl + Mt 239+14 120+10 -04=x11
94-4-11 2 195 BO Ol + Gl + Mt 198+13 95+10 -0.8+1.1
94-4B 42 1 150 BO Ol + Gl + Mt 266+20 97+14 -4.1+11
94-4B-42 2 150 BO Ol + Gl + Mt 21 7+12 98+11 —-4.6+1.1
94-4B-42 3 150 BO Ol + Gl + Mt 290+12 110+12 —40=+1.2
KK297A-23 1 400 BO Ol + Gl + Mt 236+19 136+12 13+10
KK297A-23 2 400 BO Ol + Gl + Mt 222+18 11.7+10 02+0.6
KK297A-23 3 400 BO Ol + Gl + Mt 205+18 120+1.0 ' 13+0.7
KK297A-23 4 400 BO Ol + Gl + Mt 184+18 108+1.0 1.2+0.6
94-4B-25 1 135 Gl Gl 49+ 1.2 -34+14 -6.0+13
94-4B-25 2 135 Gl Gl 34+12 -35+14 -52+13
94-4-32 1 140 RP Px + Plag 3.7+1.3 1.7+0.8 -0.2+0.8
94-4-32 2 140 RP Px + Plag 72+14 38+11 01+11
94-4-32 3 140 RP | Px+Plag 66+16 20+10 -14+11
94-4-32_4 140 RP  Px+Pag 74+12 36+11 —03+11
94-4-14 1 180 PO Ol + Gl + Mt 223+12 121+0.7 05+0.8
94-4-14 2 180 PO Ol + Gl + Mt 201+1.2 109+0.7 05+0.7
94-4B-45 1?2 160 PO Ol + Gl + Mt 242+17 89+15 -3.7+14
94-4B-45 2 160 PO Ol + Gl + Mt 234+13 90+11 -32+11
94-4B 26 1° 160 PO Ol +Gl 142+11 64+09 —09=07
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Sample

94-4B 26 2°
94-4-13 1
94-4-13 2
94-4-8 1
94-4-8 2
94-4-14B 1
94-4-14B_2
94-4B-6 1
94-4B-12 1
94-4B-43 1
94-4B-43 2
94-4B_43 3
94-4B 43 4
94-4B-43 5

o*
(nm)
160
185
185
125
125
190
190
140
130
140
140
140
140
140

Phases
analyzed*

Ol + Gl
Ol + Gl + Mt
Ol + Gl + Mt
Ol + Gl + Mt
Ol + Gl + Mt
Ol + Mx + Mt
Ol + Mx + Mt
Ol + Mx
Ol + Gl

FOos s

Fogg7 + MX
Foggs + zONing
Mx

Fo + Mx

00 +o
(%o)*

18.7+10
20.1+14
20.8+1.2
185+12
16.8+ 1.3
89+13
0.7+14
-0.1+1.2
11+1.2
134+14
15+13
168+ 19
247+1.9
145+25

* Average diameter as measured on the polished section.
¥ Textural types of cosmic spherules; BO = barred olivine; Gl = Glass; RP = radial
pyroxene; PO = porphyritic olivine
* PO = Porphyritic olivine but only partially melted.
¥ The ion microprobe beam spot included sometimes severa phases: Ol = olivine; Gl =
glass, Mt = magnetite; Px = pyroxene; Plag = plagioclase; Mx = matrix. The Fo numbers
refer to the forsterite content (in mol%) of the olivine grains analyzed in spherule #94-
4B-43. *PWeighted mean of two and three analyses on the same spot, respectively.

" Relative to SMOW, errors are 1o mean.
*AY0 870 -0.52 x §*0.

5" D el
"

3" D e

(59K)

'O +o
(%o)*

74+08
13.8+0.7
11.3+ 09
106+12
10.6+0.9
0.6+ 0.8
-29+0.8
—42+12
-1.1+1.0
29+ 1.7
—-5.0+14
4.7+ 1.2
101+1.2
24+15

AO e
(%0)™

-23+0.7
-14+08
—-42+09
09+1.2

19+09

—4.1+0.9
-3.2+09
—-4.1+11
-1.7+0.9
—-4.0+£1.7
—-58+13
—4.0+0.8
-2.8+0.8
-52+15
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Fig. 12. Oxygen isotopic compositions of individua type-S spherules calculated relative
to standard mean ocean water (SMOW). The solid line labeled TF isthe terrestrial
fractionation line anchored at SMOW and cal culated from the relations

80 = ([ e “OY]" " = 1) X 1000, where a

] m(""0)
~\mo)

and fretineg 1S alowed to vary from 0.1 to 1.7; values of feaineg greater than 1.0 correspond
physically to mass gains from condensation. To agood approximation, 8’0 = 0.52 x
8*°0. Thelinelabeled CAl was read from Figure 2 of Clayton (1993); it has the form
870 = 0.938 x §'%0 — 4.06. The slope 0.52 short dotted line represents the range of
variation expected (relative to SMOW) in samples that underwent mass-dependent
fractionation. Datafor Cl, CM, CR, and CO chondrites represent whole-rock analyses of
meteorite falls taken from Rowe et al 1994, Weisberg et al 1993 and Bischoff et a 1993,
and Clayton and Mayeda 1984, Clayton and Mayeda 1999 and Clayton and Mayeda
2001). Most data for minerals from unmelted Antarctic meteorites lie between the TF and
the CAl line with alowest value of §*%0 = —11.3%, for non-refractory minerals (Engrand
et a., 1999).

5.3. Variability of Oxygen | sotope Composition within Spherules

In particle 94-4B-43, a porphyritic spherule with an apparent radius of 140 um, the values
of &80 range from 1.5%o to 24.7%o, thus covering most of the spread established by the
other 13 samples (Table 7, Fig. 13). Thislarge variability may be due to the presence of
unmelted, relict grains. The 520 variability within the other type-S spherules with two or
more measurements is considerably smaller, only (3.2 + 2.3)%o on average. This spread is
roughly comparabl e to the ranges observed in individual type-l spherules, and is
consistent with variability expected given the measurement error on any one spot. Only
one other particle, the porphyritic spherule 94-4-14B, has arange in 8*°O greater than
6%o0. We might expect smaller spreads in the range of oxygen isotopic valuesin the more
strongly heated samples but the average for the barred olivine spherules (3.9 + 1.5)%o is
not significantly different from the average for the entire set; moreover, in two of the
barred olivine spherules, §'°0 varies by ~.4%.. We conclude that most of the particle
melts were generally isotopically homogeneous.

S (136K)

Fig. 13. Oxygen three isotope diagram of the porphyritic olivine partially melted spherule
94-4B-43. This spherule exhibits a range of variation in §*20 values of more than 20%.
Two olivine grains with about the same composition (Fogg 7 and Fogs ) have 520 values
that differ by more than 10%o. A best fit through the data gives a linear equation: y =
0.645x — 6.1273, with R? = 0.992. The values for atmospheric air and atmospheric CO, at
60 km altitude are given for reference (Thiemens et a., 1995). The backscattered electron
micrograph of this spheruleis given on the right where the analysis areas (ellipses) are
labeled with their corresponding &0 values.
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5.4. I sotopic Composition of Feand Cr in Two Type-S Spherules

Table 3 and Table 4 include the Cr and Fe isotopic compositions of two type-S deep-sea
spherules of unknown petrographic type. The fractionation of iron is small for both
spherules (1.6 + 0.5)%o/amu for S12 and (0.6 + 0.2)%o/amu for S13 consistent with the
generally small values of 5°'Fe reported by Taylor et a. (2002) for other Stype
spherules. In both instances the fractionation of Cr isotopesislarger, (6.7 + 0.6)%o/amu
for S12 and (11.3 + 0.6)%o/amu for S13, although not in any simple relation to the
fractionation of Fe. We conclude that most of the particle melts were relatively well
mixed, i.e., homogeneous on a scale of afew microns or more.

6. Discussion of type-S spherules

6.1. Comparison with Other Oxygen | sotope Data

Clayton et a. (1986) analyzed four pooled samples of stony cosmic spherules from the
deep-sea (KK 1) collection; the samples contained from 42 to 315 particles each. The
average values of 50 and 8O relative to SMOW for the four sets were (24 + 1)%o and
(20 + 1)%o, respectively. Each of these four measurements was effectively weighted by
the cube of the average particle radius, which varied in the four splits. Even so,
intersample variations of the oxygen isotopic abundances of the pooled samples are
small, suggesting aweak dependence on particle radius.

For the 13 Antarctic and 1 deep-sea stony (type-S) spherules analyzed here, the measured
values of 520 and 5170 average, respectively, (16 + 9)%o and (6 + 6)%o relative to
SMOW (Table 7 and Fig. 12). The large standard deviations of these averages reflect a
spread in the data much larger than the uncertainties of the individual measurements
(estimated to be ~.1%o) and reaffirm the particle-to-particle variability evident in Figure
12. The oxygen data therefore indicate that our set of samples differsin a systematic way
from the set (KK 1) analyzed by Clayton et al. (1986). As now discussed, we believe that
collection bias explains the difference.

Taylor et a. (2000) have compared the popul ations of particle types found in deep-sea
(KK1) and in Antarctic surface collections. In the deep-sea collection, barred olivine and
type-1 spherules dominate, accounting for ~.50 and 25% of all extraterrestrial particles. If
we exclude the type-1 particles, the percentage of barred olivine spherulesin the deep-sea
collection rises to 67%. Cryptocrystalline and glass particles make up less than 3% of the
deep-seatotal. In contrast, in the Antarctic surface collection, cryptocrystalline and glass
particles occur in much greater abundance, 18%, as do relict grains and porphyritic and
barred olivine spherules (Taylor et a., 2000). Under the circumstances, it makes more
sense to compare the oxygen isotope abundances measured by Clayton et al. (1986), 5'0
= 24%o and 3’0 = 10%o, with the average that we obtained for 3 barred olivine spherules,
8180(%0) =24+ 4 and 8170(%0) =11 £ 1. The better agreement observed between these
two sets of data suggests that the relatively large 'O values reported by Clayton et al.
(1986) reflect the underrepresentation in the deep-sea collection of porphyritic,
cryptocrystalline and glass particles, which were presumably destroyed by weathering. At
the same time, the overall agreement for the barred olivine particles should not disguise
the importance of the interparticle variability that we observe, a point discussed further in
section 6.

Yadaet al 2002, Yadaet a 20033, Yadaet a 2003b and Y ada et al 2003c have recently
reported ion microprobe oxygen isotopic analyses of Antarctic cosmic spherules from the
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Japanese collection. For the 36 stony spherules they analyzed, ~.75% of the data plot on
or close to the terrestrial fractionation line within analytical errors, with §'%0 values from
0% t0 .~50%o, and 5’0 values ranging from .. 1%o to .~30%.. Two extreme values are
found, one at §*°0 = 93%o slightly below the TF line, and the other with 80 ..50%o and
AYO = +13%,. Yadaet al 2002, Yadaet al 2003aand Yada et a 2003b) interpret most of
the data as resulting from large mass dependent fractionation due to evaporation of a
large fraction of the grains.

6.2. Possible M echanisms for Setting O I sotope Composition of Spherules

The isotopic datafor oxygen are considered within the context of three possible
mechanisms for setting their isotope composition. First, the spherules may have variable
initial (pre-atmospheric entry) compositions, asis observed in whole-rock carbonaceous
chondrites (e.g., Clayton and Mayeda, 1999). For example, some particles may have
initially resembled CM chondrites and some CI chondrites (e.g., Kurat et al 1994 and
Engrand and Maurette 1998), or even some composition not represented in the current
collection of meteorites. Second, the particles undoubtedly underwent some mass loss
during atmospheric entry, and their isotopic compositions may have been fractionated
during this event. Third, the particles may have exchanged isotopes with oxygen in the
atmosphere. It islikely that the spherules record all three processes to varying degrees.
To assess the importance of these processes, the data of Figure 12 arereplotted in Figure
14 (Table 8) as particle weighted means with range bars (excluding the one clearly
heterogeneous particle 94-4B-43, which is discussed later). From Figure 14, we can
define two main groups of particles: (1) the barred-olivine (BO) and the totally melted
porphyritic olivine spherules (PO melted) have oxygen isotopic values that lie close to,
but in many cases are dlightly isotopically heavier than the field of CI chondrites and are
also compatible with the values found for air; and (2) the types Gl, RP, and PO partially
melted spherules scatter along the CAl line, and close to established fields for bulk CR,
CM or CO chondrites.

" iy [
!

#ower (60K
Fig. 14. Average oxygen isotopic compositions of individual type-S spherules calculated
relative to standard mean ocean water (SMOW). The range bars associated with each data
point give the variations from the mean within individual spherules, and do not represent
the typical uncertainty for individual analyses, which is shown on the upper left corner of
the plot. Data for spherule 94-4B-43 are given in Figure 13 and are not reported here. The
solid line labeled TF isthe terrestria fractionation line. The line labeled CAIl was read
from Figure 2 of Clayton (1993); it has the form 5’0 = 0.938 x 580 — 4.06. Data for CI,
CM, CR, and CO chondrites represent whole-rock analyses of meteorite falls taken from
Rowe et al 1994, Weisberg et al 1993 and Bischoff et al 1993, and Clayton and Mayeda
1984, Clayton and Mayeda 1999 and Clayton and Mayeda 2001.

Table 8.
Average oxygen isotope compositions of, and possible precursors for type-S spherules.

pdfMachine
Is a pdf writer that produces quality PDF files with ease!

Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across

nearly all Windows platforms, if you can print from a windows application you can use pdfMachine.
Get yours now!



http://www.sciencedirect.com/science?_ob=MiamiCaptionURL&_method=retrieve&_udi=B6V66-4HW80JM-J&_image=fig14&_ba=14&_coverDate=11%2F15%2F2005&_alid=502256767&_rdoc=1&_fmt=full&_orig=search&_cdi=5806&_qd=1&view=c&_acct=C000059605&_version=1&_urlVersion=0&_userid=4423&md5=c7abe31797bd93aef9eec8499a850a84
http://www.pdfmachine.com?cl

Textur | 620 6’0

Sample o (%0)* (%0)* flos™

Affinity

+1
%0.771.3 ?.20 cl

94-4-11 BO 21.7 1422

%0.2_0_;0 0.70 COICV + fractionation or

94-4B-42 | BO 28.1 1 4°° carbonate?

- - +1
;3K297A o 211,70 1LOuT 018
_ +0
94-48-25 | Gl 41,,°08 | 400 0161 o5 L dignt fractionation?
94-4-32 RP 62,5 | 25,4573 CM/CR

11.4.,5°  0.19
N4

94-4-14 PO 211, h Cl

0.64 | CM/CV + fractionation or
¥

+05 +0.0
94-4B-45 | PO 23703 | 9000 carbonate?

94-4B-26 | PO 16.73,%7 69,45 77  CM/CR + mixing/fractionation?

%2.&1_;0 0.71 CM/CV + fractionation or

94-4-13 PO 29.5 4103 carbonate?

+0
9448 PO | 1770008 10600 006
_ +1
94-4-14B | PO} 50,9  Sllas CM/CV
94-4B-6 PO! —0.1 4.2 cVv
94-4B-12 | PO} 1.1 -1.1 co/cv
+12
94-48-43  pot 19037 g4 464 ?

* Weighted mean value and range (when more than one analysis was made) for each
particle. The precision of individual analysesis on the order of ... 1 %o, see Table 7.

* Lost fraction calculated according to Wang et al. (2001) with average Cl (5'%0 =
16.3%o)

" or CO/CM (530 = 0%o)

¥ starting compositions before evaporation.
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If we take as the starting material for each spherule the type of conventional
carbonaceous chondrite that lies closest to it in the oxygen three-isotope plot (Fig. 12),
then we do not need to calculate large evaporative losses of oxygen for most of the
samples. The datafor two of the BO and two of the melted PO spherules cited in (1) that
plot close to the TF line can be explained by starting with Cl-like material and either
exchanging it with a phase high in §*20 and §*'O (atmospheric oxygen) or subjecting it to
asmall degree of mass-fractionation during melting and evaporation. This starting
composition would be representative of bulk Cl-like material, and not CI anhydrous
minerals, which are rare and which have oxygen isotopic compositions close to the CAl
mixing line (Leshin et al., 1997). Theradia pyroxene, as well as the PO partially melted
spherules that plot near the field of carbonaceous chondrites, likely contain dominantly
indigenous extraterrestrial oxygen, which was essentially unfractionated during
atmospheric entry heating. The glass spherule could also be explained by a CO-like
precursor that underwent minimal mass fractionation. The only really puzzling samples
that are difficult to explain in this scenario are the BO and the three PO spherulesin
group (1) that plot below the TF line (94-4B-26, 94-4B-42, 94-4B-45 and 94-4-13).
These spherules plot close to fractionation lines starting from CM- or CO-like
compositions, but this would require large evaporative |osses (see Section 6.5). They also
plot close to mixing lines between CM- or CO-like compositions and the field of
carbonates analyzed in CM chondrites (Brearley et al 1999 and Benedix et a 2003) and
in Orgueil and Tagish Lake (Engrand et al 2001a, Engrand et al 2001b and Leshin et a
2001). Aswe cannot rule out the possibility of significant mass-dependent fractionation
for these spherules, it would be helpful to know the isotopic compositions of the other
elements they contain.

6.3. Relation between Oxygen | sotope Data and Spherule Texture

Taylor et a. (2000) have proposed atextural classification sequence for the type-S
spherules that corresponds to increasing degrees of heating: relict-grain-bearing <
porphyritic < barred olivine < cryptocrystalline < glass < Ca-Al-Ti rich or CAT. Our
samples include one or more spherules of the porphyritic, barred olivine, and glass types.
In agreement with this sequence, the data show that for the partially melted spherules
porphyritic olivine, the average §*°0 = (4 + 5)%o and 8’0 = (-1 + 3)%o values are lower
than the values found for the totally melted porphyritic olivine spherules (averages 20 =
(22 + 5)%o and 5O = (10 + 2)%o) which are in turn slightly lower than the mean isotopic
values measured for barred-olivine spherules (8*%0 = (24 + 4)%o and 50 = (11 + 1)%o).
On the other hand, to follow this sequence, we expect the glass particle 94-4B-25 to have
high values of §'%0 and 5O contrary to observation (Table 7, Fig. 14). Relative to the
BO spherules, however, this particle is more enriched in refractory elements such as Al
and Ca, and contains less Fe, as expected from a higher temperature event. To explain the
unexpectedly low isotopic fractionation of oxygen of this spherule, one can invoke very
low values for 520 and 8’0 of the starting material, aloss by ablation and not
evaporation during heating, or a starting composition with unusually high concentrations
of Al and Ca. This spherule could a so constitute a chondrule fragment that survived the
atmospheric entry mostly unmelted. The preexisting refractory chemical composition of
this spherule would have protected the spherule from alarge amount of evaporation.

Our samples aso include two particles with textures whose positions in the proposed
heating sequence are unspecified, the radial pyroxene spherule 94-4-32 (Fig. 11b) and the
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porphyritic particle 94-4-14B (Fig. 11e). Among FeO-rich chondrules, radial-pyroxene
chondrules tend to be less refractory than porphyritic types (Wasson, 1996), which is at
least qualitatively consistent with our spherule observations, since the observed §'%0 and
80 values for the RP spherule average (6.2 + 1.7)%o, and (2.8 = 1.1)%, respectively.
The datafor this particle actually plot in the field of unmelted mineralsin Antarctic
micrometeorites (Engrand et al., 1999) and we consider that this grain may constitute a
remnant of a chondrule fragment that reached the Earth’s surface unmelted. Interestingly,
igneous materia rims the top and bottom of spherule 94-4-32 (shown by arrows on Fig.
11b) that could have formed by atmospheric melting of matrix material that originally
surrounded the chondrule (Genge, 2004). In addition to the candidate 94-4B-25 discussed
above, thiswould be one of the few well preserved chondrules found in the Antarctic
micrometeorite collections (e.g., Engrand and Maurette 1998 and Genge et al 2005). One
data point from the core of the porphyritic particle 94-4-14B plots very close to the CM
whole-rock field on the oxygen three isotope diagram. The other data point taken in the
melted rim of the particle 94-4-14B shows some isotopic fractionation. This grain could
have remained largely unmelted during atmospheric entry, at least in the interior of the
grain, and thereby kept most of its extraterrestrial oxygen.

6.4. Additional Evidencefor Small Evaporative L osses of Oxygen from Type S
Spherules

As afirst evidence of small losses by evaporation in type-S spherules, we note that no
correlation between the apparent size of the spherules and the degree of isotopic
fractionation is found. One might expect such a correlation if evaporation were extensive,
especially because a correlation is observed for our type C iron oxide spherules, which
did undergo large degrees of evaporation (Fig. 3b).

Based on a consideration of the isotopic fractionations of elements other than oxygen, we
also believe that the fractionation of oxygen isotopes by evaporation is small for most of
our samples.

Theiron isotopes in the two type-S spherules analyzed here are only weakly fractionated
(Table 3). In astudy of over 40 stony cosmic spherules, Taylor et a. (2002) found only 9
that showed significant fractionation of iron (®ge > 5%o/amu). However, iron depletion
observed in cosmic spherulesis rather explained from the separation (and loss) of
immiscible phases than from evaporation of significant amounts of iron (e.g. Brownlee
1985, Genge and Grady 1998 and Alexander et al 2002). The low degrees of iron isotopic
fractionation observed are therefore aweak basis on which to draw conclusions about
oxygen, which is not involved in the main process of iron loss.

While the Cr isotopes are appreciably fractionated, the Cr abundance is too low (as noted
above) to have had much effect on oxygen isotope abundances, and, indeed, fractionation
of Cr may involve sulfur rather than oxygen. Chromium only exhibits a chal cophile
tendency at low oxygen fugacity. A likely cause of reduction would be the pyrolysis of
carbonaceous material present in the incoming stony micrometeoroids, thus linking them
to fine-grained micrometeorites.

If s0, oxygen must evaporate in some form, however, and the next most volatile el ement
that isamajor partner for oxygen issilicon. Alexander et al. (2002) report the Mg, Si and
Fe isotopic compositions in five stony CAT spherules which are very enriched in
refractory elements and are thought to have been much more strongly heated than typical
barred olivine spherules. For a given cosmic spherule they typically find relatively low
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degrees of isotopic fractionations ®pg(~0%o/amu) < Og(~2%o/amu) < Oge(~5%o/amu).
In only one of these particles did the loss of Si reach more than 50%, with aMg loss of ~
40% and aloss of iron of ...100% (most of the iron islost asimmiscible phases formed
during melting, see above). These CAT spherules being probably the most heated class of
cosmic spherules, Alexander et al. (2002) state that the other stony micrometeorites and
cosmic spherules will not have lost significant masses of Al, Mg, Si, or Caby
evaporation. Other attempts to detect isotopic fractionation of Mg isotopes in spherules
(e.g., Daviset a 1991, Misawa et al 1992, Schnabel et al 1999 and Y ada et al 2003a)
have yielded only afew positive results. These generally negative findings suggest that
either the oxygen in the type-S spherules undergoes little mass-dependent fractionation
(the inference we favor), or that if it does fractionate, the fractionation occurs on a path
not associated with Fe, Si, or Mg.

6.5. Evaporative Loss from Barred Olivine Spherules

For compl eteness, we cal cul ate from the Rayleigh equation the likely degree of
evaporative loss of oxygen from the barred olivine (BO) and the totally melted
porphyritic olivine (PO) spherules of Figure 14 (Table 8). We assume homogeneous
melts and the fractionation factor determined by Wang et al. (2001) and divide the
objects into two subgroups. One subgroup comprises the BO and PO spherules (94-4-11,
KK2-97A-23, 94-4-14 and 94-4-8) with values of §'0 and §*’O that can be reached by
mass-dependent fractionation of oxygen with the isotopic composition found in CI
chondrites (Fig. 14, Table 8). The calculated fractional losses for this group arerelatively
small, ranging from 0.1 (10%) to 0.2 (20%). The other subgroup, the spherules 94-4B-42,
94-4B-45, 94-4B-26, and 94-4-13, comprises the spherules with high values of §**0 and
8’0, but which fall below the TF line (Fig. 14, Table 8). They are more consistent with
mass-dependent fractionation of oxygen with the isotopic composition found in CO/CV
and CM/CR meteorites. The calculated fractional losses for this group are larger, in the
range from 0.5 to 0.7. We consider these fractions to be upper bounds.

6.6. I sotopically Heter ogeneous Spherule 94-4B-43

The oxygen isotope abundances in porphyritic spherule 94-4B-43 vary significantly, with
880 ranging between 1.5%o to 24.7%o. The data from this spherule are plotted in Figure
13 keyed to their locations in the particle. To interpret such alarge range of isotopic
values by a mass fractionation process (e.g., Rayleigh distillation) would imply total
melting and homogenization of the particle, followed by the evaporation of alarge
fraction of the oxygen. This hypothesisisinconsistent with the texture and chemical
composition of the spherule, which show that the particle did not equilibrate. The matrix
of the spherule has an oxygen isotopic composition very close to that of air, which
alternatively suggests isotopic mixing/exchange with atmospheric oxygen. The observed
880 values of 14.5%o and 16.8%o (Fig. 13) may be explained by physical mixing in the
beam spot of relict forsterite grains (bearing extraterrestrial oxygen) and fractionated
matrix. However, one forsteritic olivine grain (Fogg 7) within this spherule has an oxygen
isotopic composition (520 = 1.5%o) close to the field of the unmelted micrometeorites
(Engrand et al., 1999) while a second olivine grain at the border of the CS which has
nearly identical elemental composition (FOgss) iS ~10%0 heavier in 8*°0 (13.4%o). To
reproduce the measured oxygen isotopic compositions of the Foggg grain (520 ~.13.4%o),
one would need ..60% isotopic exchange between indigenous oxygen (postulated at §*°0
~0%o0) and atmospheric oxygen (8180 ~23.5%0) and/or oxygen coming from matrix
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which equilibrated with air. Gérard and Jaoul (1989) have measured the oxygen diffusion
rates for San Carlos olivine (Fog). In our case (Fogss), the oxygen diffusion coefficient
has to be scaled from that of Gérard and Jaoul (1989) as the diffusion coefficient is
proportional to the concentration of iron in the olivine to the power of one third (see Eqgn.
4in Gérard and Jaoul (1989)). For a10 um Foggs grain, the 60% isotopic exchange could
be achieved within 40 s at 1800°C. These conditions are marginally compatible with
those of atmospheric entry heating for cosmic spherules (e.g., Toppani et al., 2001).
Although one might expect the spherule to be completely melted at this temperature and
duration of heating, Greenwood and Hess (1995) suggest that in the case of flash heating
refractory minerals like forsterite could melt in situ, within a preexisting melt of less
refractory minerals (iron-rich matrix in this case) without complete mixing of the two
components. In this case, the olivine grains are not truly “relict.” Considering the
temperature and duration of heating quoted above, ~.35% of the Fe and Mg should have
exchanged between the forsteritic olivines and the Fe-rich matrix, according to
experiments by Chakraborty (1997). Thisresult is compatible with the observation of Fe-
rich zoning around the forsterite grainsin this spherule (Fig. 13).

Thus, the somewhat puzzling oxygen isotopic composition of this peculiar spherule can
be interpreted as a result of oxygen self-diffusion between the incident micrometeoroid
and atmospheric oxygen at high temperature.

7. Conclusions

We have measured the O, Cr, Fe, Ni isotopesin eleven type-I (iron) deep-sea spherules,
the oxygen isotopic composition of 13 type-S (stony) Antarctic and one stony deep-sea
spherule, and the Fe and Cr isotopic composition of two other type-S deep-sea spherules.
Type-l spherules show large enrichments of the heavier isotopes of O, Cr, Fe, Ni, by
anywhere from afew %o/amu to 50 %o/amu. The isotopic fractionation and isotopic
homogeneity of the type-1 spherules are consistent with a Rayleigh distillation of the
molten objects as they evaporate during their passage through the Earth’s atmosphere. As
heating and oxidation progress, the spherules |ose their metallic cores. Later-stage melts
arericher in oxygen and freeze to form solids with larger fractions of magnetite and
magnetite rims. Larger degrees of isotopic fractionation generally correlate with texture
and degree of oxidation.

Previous analyses of pooled type-1 samples have established that oxygen isotopes
fractionate in type-1 spherules (Clayton et al., 1986), but not on average by so much as do
the metals (e.g., Herzog et al., 1999). Our new results show directly that the isotopic
fractionation of oxygen inindividual spherulesincreases systematically with but lags
behind that of the metals measured in the same spherules. We conclude that: 1) some
metal evaporates and fractionates before oxygen can react with it and that as aresult, the
fractionation of metal jumpsto an early lead that oxygen cannot overtake; and 2) during
the later stages of spherule evolution, iron and chromium oxidize completely and
thereafter evaporate as oxides, thereby fractionating the oxygen. A portion of the
fractionation of oxygen, however may occur through a different mechanism, namely, a
kinetic isotope effect associated with the chemical combination of atmospheric oxygen
with the molten object. Assuming that the kinetic isotope effect lowers the 520 value by
up to 8%o (e.g., Clayton et al., 1986), we estimate that the oxidation of iron and chromium
in the average type-1 spherule was complete by the time that 10 to 40% of the iron had
evaporated. Most of the evaporation of oxygen appears to be tied to that of Fe by virtue
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of iron’s large abundance and because nickel, the next most abundant metal, resists
oxidation longer.

The scarcity of type-1 spherules with small degrees of mass-dependent isotopic
fractionation in Fe, Cr, and Ni isotopic ratios suggests that once the metallic melts have
formed, their evaporation occurs very rapidly.

The oxygen isotope abundances of stony (type-S) cosmic spherules vary a great deal, by
nearly 30%o for 820, but not solely as a result of mass-dependent fractionation. Severa
circumstantial lines of evidence point to relatively small evaporative effects in many
though not all type-S spherules. Those lines of evidence include good matches of the
oxygen isotope data to known types of carbonaceous chondrites and the absence of
common and large isotopic effectsin other elements that ought to evaporate with oxygen
(see Alexander et a 2002 and Taylor et al 2002). However, despite the generally small
degrees of isotopic fractionation so far observed for Fe, Si, and Mg in type-S spherules, it
appears that some minor and trace elements may record evaporative |osses and/or oxygen
may exchange with air during melting. In the two type-S spherules analyzed isotopically
for Cr, evaporative |osses cal culated from the Rayleigh equation exceed 50%.

Although total mass losses due to evaporation were probably small for most type-S
spherules, typically <20% for major elements, heating was sufficiently pronounced and
varied to have created a fairly well documented sequence of textural types (Taylor et al.,
2000). Consistent with the proposed heating/textural sequence, porphyritic-partialy
melted spherules tend to have lower values of 5*20. In contrast to this sequence, aglass
cosmic spherule has only slightly fractionated oxygen isotopic composition. It could be a
largely unmelted chondrule fragment. Another of the type-S spherules studied, 94-4-32,
has no assigned place in the textural hierarchy of heating. On the one hand, it looks
similar to severa strongly heated objects, while on the other its oxygen isotope
composition is unfractionated and similar to those of many chondrules. We infer that this
object is afragment of a chondrule that survived unmelted upon atmospheric entry. The
significance of this observation lies not only in the conclusion that the type-S spherules
include chondrules, but aso in the implication that improved understanding of how type-
S spherules formed will alow us to distinguish more unusual and interesting objects.
Type-l spherules show generally larger degrees of isotopic fractionation than type-S
spherules. Possible explanations include: @) the short duration of the heating pulse
associated with the high volatile content of the type-S spherule precursors compared to
type-1 spherules; b) higher evaporation temperatures for at |east arefractory portion of
the silicates compared to that of iron metal or oxide; ¢) lower duration of heating of type-
S spherules compared to type-1 spherules as a consequence of their lower densities.

The isotopic results on these spherules, formed by transient heating at the top of the
atmosphere, are interesting in their own right but they may also provide insight into other
areas of study such as the origin of chondrules and perhaps even processes on Mars.
Chondrules also form by transient heating but they do not show the levels of isotopic
fractionation seen in the cosmic spherules. That they do not, provides clues to the nature
of therelatively constrained conditions that produced chondrules. Cosmic spherules,
accumulated over billions of years, must be highly abundant in some of the martian soils.
This may be particularly true in cases where lag deposits form by winnowing processes.
The isotopic character of the spherules could provide clues to past martian processes and
environments. The presence of a significant abundance of spherulesin a soil sample
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might also cause small but confusing effectsin its bulk isotopic composition.
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