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Metastable non-stoichiometric diopside and Mg-wollastonite:
An occurrence in an interplanetary dust particle
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Institute of Meteoritics, University of New Mexico, Albuquerque, New Mexico 87131, U.S.A.

ABSTRACT

Interplanetary dust particles (IDPs) are the best samples available for the study of the dust that
accreted in the early solar system to form protoplanets at 4.56 Ga. Chondritic aggregate IDPs have a
matrix of (sub)-spherical units with variable amounts of micrometer-sized Fe,Ni-sulfides, Mg,Fe-
olivines, and (Ca,Mg,Fe)-pyroxenes. The crystallographic and chemical properties of these materials
can be modified by energetic thermal processes such as irradiation by energetic atoms (space weath-
ering) and flash heating when an IDP decelerates in the Earth’s upper atmosphere. Both thermal
events have high heating and quench rates. Thermal alteration that occurs during atmospheric entry,
or dynamic pyrometamorphic alteration, could obscure many details of earlier thermal modifica-
tions. Pure and Ti© or Al,Os-bearing, non-stoichiometric diopside and Mg-wollastonite in the IDP
L2011K7 are the ultimate products of these thermal modifications, which were dominated by ther-
mally induced loss of (Ca,Mg)O or mostly MgO in original Ca,Mg-clinopyroxene. The calculated
oxygen deficiencies, O = 22 — 24 atoms per formula unit (afu) on the basis of Si = 8.00 afu, support
a sequence of “anhydrous biopyriboles”: diopside/Mg-wollastoni@nhydrous amphibole (Si-
rich) anhydrous smectite. This particular type of thermal modification, which is kinetically con-
trolled, is unique to the constituents of IDPs. The extreme environmental conditions of high
temperatures with high heating and cooling rates encountered by IDPs favor metastable equilibrium
of the reaction products. That is, the kinetic, non-equilibrium processes, do not yield random reac-
tion products but ones with predictable chemical compositions. The Ca,Mg-clinopyroxene composi-
tions observed in this IDP were determined by the metastable eutectic in the enstatite-wollastonite
system. The “anhydrous biopyribole” reaction sequence breaks down at calculated oxygen deficiency
(O< 20 afu) in the vesicular, amorphous, amoeboid grains that could have been melted by atmo-
spheric-entry flash heating.

INTRODUCTION resembled “anhydrous” tremolite, (Ca,M8)0.; (Xu et al.

Several lines of evidence indicate deviations from ideal st_$996)- Similar non-stoichiometri_c Ca,Mg-_siIicates in chondritic
ichiometry in pyroxene altered at very high temperatures. Nofterplanetary dust are the subject of this paper.
stoichiometric Mg, Ca-clinopyroxene domains, which consist Interplanetary dust particles (IDPs) are predominantly de-
of two intergrown phases with 15 and 51 mol% CaSi®med bris from impact erosion of (1) asteroids in a belt between Mars
during thermal decomposition of tremolite were reported B1d Jupiter and icy-bodies in the Kuiper belt beyond Neptune's
Xu et al. (1996). An experimental study of the system dioB—rb'tv and (2) cometary dust released during perihelion pas-
side-H atPy, = 10°-10° bar between 1200-150C showed Sage when ice sublimation releases embedded dust from the

2 . .

systematic Ca/Mg increases in partially evaporated diopsi@dcleus. After liberation from a parent body, an IDP spends
at temperatures above the vaporous (Mysen et al. 1985; Tafle-1® years in interplanetary space and slowly spirals to-
1: 2412liq.; Eps.Wos,¢). Synthetic aluminous enstatite withward the sun under Poynting-Robertson drag. When it crosses
“excess SiQ” or Mg/Si <1, showed substitution by a hy othe Earth’s orbit, there is an opportunity for the IDP to be cap-
thetical Mg-Eskola pyroxene, MEAI[Si O], with vacancies tured by the Earth’s gravitational field (Brownlee 1985). Typi-
in the large (M) cation sites (Fockenberg and Schreyer 1997<§jo1| Earth encounter velocities range from _11 to >20 _km/s._ln
The rapidly formed, non-equilibrium crystalline phases in the§a€ atmosphere between ~120-80 km altitude, an incoming
studies have the descriptive structural formula (Mg,Ca)fPP decelerates to velocities of cm/s in 5-15 s via collisions
,Si.050s. The thermally produced Ca,Mg-silicates in tremoWith air molecules. A large fraction of the kinetic energy con-

lite had randomly distributed (Ca,Mg)O vacancies aniibutes to flash heating whereby the interior of a typical IDP,
~10-20um in diameter, reaches a uniform temperature that

varies as a function of particle size and mass, its entry veloc-
ity, and entry angle (Brownlee 1985). The physical parameters
of this process are understood well enough to calculate the
*E-mail: fransjmr@unm.edu resulting time-temperature profiles in IDPs (Love and Brownlee
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1991) during flash heating up to 1150 and rapid cooling at EXPERIMENTAL PROCEDURES
10-10 °/h (Rietmeijer 1996a). Collection and curation

All IDPs experience some level of thermal alteration. This . . . .
alteration in IDPs is known as “dynamic pyrometamorphism’” In 1976 it became possible to collect IDPs routinely in the

(Rietmeijer 1998), but the term here does not imply the actli:ﬁhratosphere between 17-19 km altitude using inertial-impact,

of deformation processes as it does for terrestrial rocks. At-plate collectors mounted underneath the wings of high-fly-

namic pyrometamorphism is characterized by: (1) diffusionle : ..
oxidation and reduction reactions; (2) formation of cotectic a 987), Bradley et al. (1988), and Rietmeijer (1998) presented

thermal minimum melts (Rietmeijer et al. 1999a); (3) volatilf'€ Petrology Otf IDPs, ﬂ:je'r n:)?]or' andtr)nlngr-eleme\r/l\; and |so—d
element loss (e.g., sulfur, zinc); and (4) nucleation of Mg,F opic compositions, and noble gas abundances. Warren an

. . N . olensky (1994) and Rietmeijer and Warren (1994) provided
silicates and Fe-oxides (<50 nm in size) in amorpho%s . ) .
- . . . etails on the collection and curation procedures of the NASA
ferromagnesiosilica materials (Rietmeijer 1996b, 1998). It .
ohnson Space Center Cosmic Dust Program. The surface of

the final thermal alteration that an IDP experiences prior c%llectors is covered with a laver of high-viscosity silicone oil
being collected. IS cov wi \ igh-vi ity sili i

Sputtering by energetic H and He nuclei can modify anhtc-) entrap impacted dust. Particles were handpicked off the col-

drous silicates in IDPs prior to accretion by forming a rim or‘?Ctor and rinsed with hexane. This procedure is not fully effi-

. . . . cient and a monolayer of silicone oil remains on rinsed particles.
enstatite (Bradley 1994) and forsterite (Rietmeijer 1996b) ch:ilt- presence is no)t/a problem during major-elementpanalysis

acterized by a bulk stoichiometric excess of O and depletion ot - . . .
Mg. The crystal structure in the rim was destroyed and its co 5ing an.energy-dls.plersllve slflectrom.eter) ofigramf Iocagtgd n
position was changed relative to the underlying crystalline ph I;Smtler(lerZ '“lse”? Iu tra-t n sechops .(Rlet.rgeug][. L . 7
during exposure to the space environment (Bradley 1994). Ep- ) ndividua par.tlc es receive a preliminary | entification
ergetic solar flare particles leave randomly oriented linear trac at IS published in the NASA Cosmic Dust Catalogs
. - . ackinnon et al. 1982; Warren and Zolensky 1994).

along which the olivine and pyroxene lattice was destroy
(Bradley et al. 1988).

The primitive aggregate IDPs with an approximately cho-EM/AEM analyses
dritic bulk composition consist of a matrix of (sub)spherical Particle L2011K7 was embedded in epoxy (Spurrs). Serial
units (~0.1-31m in diameter) that include: (1) amorphous unitssections were prepared using a Reichert-Jung Ultramicrotome
(2) ultrafine-grained ferromagnesiosilica units; and (3) coarsg: The ultra-thin (90 nm) sections were placed on holey carbon
grained, holocrystalline ferromagnesiosilica units having vathin-films that were supported by standard 200 mesh Cu grids
able Al and Ca (Bradley 1994; Rietmeijer 1989, 1998; Brownlder study in a JEOL 2000FX AEM. The AEM operated at an
et al. 1999). Variable amounts of micrometer-sized Fe,Ni-suecelerating voltage of 200 keV and was equipped with a Tracor-
fide, Mg,Fe-olivine, and (Ca,Mg,Fe)-pyroxene grains are eftorthern TN-5500 energy-dispersive spectrometer (EDS) for
bedded in the matrix. The pyroxenes include Ca-freg{Ej analysis of elements with atomic number >11. The analytical
and low-Ca (0-15 mol% and ~25 mol% Caglifhases, diop- spot size was ~15 nm in diameter. Quantitative data were ob-
side (~40-55 mol% Wo) and Ti-diopside (Germani et al. 199@ined using the Cliff and Lorimer (1975) thin-film correction
Zolensky and Barrett 1994). | report here the analytical-elegrocedure and experimentally determitkef@dctors on natural
tron-microscope (AEM) data for non-stoichiometric diopsidstandards (Mackinnon and Kaser 1987). The error in abun-
and Mg-wollastonite that were produced in a chondritic aggrdances of major-element oxides is 5% relative. Of course, the
gate IDP by sputtering in space (space weathering) and dgeuracy and precision of EDS analysis cannot compete with
namic pyrometamorphism. The resulting metastable-eutectiavelength dispersive, electron-microprobe analysis but the size
compositions of clinopyroxene are predicted by phase relatianfsthese silicates in ultrathin sections precluded use of the lat-
in the Enstatite (En)-Wollastonite (Wo) system. ter technique. Care was taken to ensure that the EDS probe

Ing aircraft. The review articles by Mackinnon and Rietmeijer

TABLE 1. Representative analyses showing chemical variations within two diopside single crystals (1-4 and 5-7) in aggregate IDP L2011K7

Grain size (nm) 758 1005
Texture smooth smooth vesicular
Analyses 1 2 3 4 5 6 7
SiO, 65.7 64.7 62.8 63.1 65.2 58.7 84.9
ALO, 3.3 3.9 2.4 2.7
MgO 16.6 15.7 14.2 16.6 16.3 16.1 7.4
CaO 17.7 16.3 18.5 17.9 18.5 21.3 7.7
TiO, 0.5 1.2

Structural formulae normalized to Si = 8.00
Al 0.48 0.59 0.36 0.43
Mg 3.01 2.89 2.70 3.14 2.98 3.27 1.04
Ca 2.31 2.16 2.53 2.43 2.43 3.11 0.78
Ti 0.05 0.12
O calcutatect 21.32 21.77 22.22 22.11 21.41 23.27 17.82
En 56.6 57.4 51.8 56.3 55.2 51.2 57.4

Wo 43.4 42.6 48.2 43.7 44.8 48.8 42.6
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only included a grain that was free of matrix material and visnits that are vesicular at the interface (Fig. 2). There is no evi-
ible inclusions. The probe size and beam current were modénce for chemical zoning in Ca,Mg-grains toward this inter-
tored during EDS analyses to ensure reproducible conditiofece. Rare grains show local, concentric circular, strain contrast.
For determination of its thickness, a grain was imaged with thefew single-crystal grains contain solar-flare tracks (Fig. 3).
sample at two different tilt angles relative to the incident ele@he grains occur as euhedral to subhedral single crystals, amoe-
tron beam. The resulting data are free of experimental artifadisid grains with convex boundaries impinged at discrete loca-
To test the accuracy and precision of the EDS analyses, a ptians on the grain boundary, and as rare grains with a smooth
dered sample of a pure diopside standard was prepared insilndace and rounded edges (Figs. 4a). A few rounded, subhedral
same manner for AEM analyses as was the IDP. The ultratigimins contain scattered, randomly oriented, Fe-oxide
sections of the standard were analyzed under similar expem@nocrystals in a featureless matrix (Fig. 4b). These nanocrystals
mental conditions and reduced using the same thin-film caange from 1-9 nm in size (mean = 3.3 nm=12.0 nm; mode
rection procedure. The relative error in interpladargpacings = 2.7 nm). Many grains contain circular vesicles (Fig. 5a) that
for single crystals of clinopyroxene in the IDP obtained frorare commonly concentrated in discrete domains. The largest
selected-area electron diffraction (SAED) patterns is 2%. vesicles (~20 nm) have a negative crystal shape. In grains with
large vesicles, the iron oxide nanocrystals (Fig. 5b) locally form
OBSERVATIONS linear arrays whereby areas of high nanocrystal density contain
The Ca,Mg-silicate in IDP L2011K7, which is 217um  up to 0.5 wt% FeO. One grain has a spotty distribution of circu-
in cross section, is embedded in a matrix of ferromagnesiosiliea patches (15-50 nm in diameter) consisting of ~90 wt% SiO
units that preserve the original accretion texture (Fig. 1). Theaed ~10 wt% CaO + MgO. Two perpendicular dimensians,
is a sharp interface between the grains and spherical malbrixvere measured across each grain. The root-mean-square size

FIGURE 1. TEM micrograph of the dust-accretion texture in aggregate IDP L2011K7 with diopside (DI) single crystals showing thesmal stres
lamellae (arrows) surrounded by ultrafine-grained ferromagnesiosilica matrix units. Elongated shapes result from fusioallgf(stig-)
spherical units.
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FIGURE 2. TEM micrograph of aggregate IDP L2011K7 showing
the interface between a single crystal of diopside (DI) and a
ferromagnesiosilica matrix unit with a large vesicle at the interface Figure 3. Dark-field TEM micrograph showing solar flare-tracks
(white arrow). Lineation in the unit probably indicates heating closg diopside in IDP L2011K7.
to its melting point followed by rapid quenching.

TABLE 2. Representative analyses of subhedral diopside and Mg-wollastonite single crystals (1-6) and irregular amorphous grains (7) in
aggregate IDP L2011K7

Grain size (nm) 545 617 174 732 315 801

Texture smooth lamellae lamellae smooth

Analyses 1 2 3 4 5 6 7 8

SiO, 60.7 76.3 75.6 60.2 62.5 59.1 83.5 54.5

Al,O4 5.2

MgO 17.3 12.2 10.9 10.9 15.1 16.4 6.0 16.9

CaO 22.0 115 13.4 19.2 224 23.1 10.5 27.1

TiO, 4.4 1.4 1.3
Structural formulae normalized to Si = 8.00

Al 0.81

Mg 3.40 1.91 1.72 2.16 2.88 3.31 0.87 3.70

Ca 3.11 1.29 1.52 2.73 3.07 3.35 1.08 4.26

Ti 0.44 0.14 0.14

O (calculated) 22.51 19.20 19.24 22.99 21.95 22.94 17.95 24.24

En 52.3 59.5 53.5 44.1 48.5 49.7 44.5 46.5

Wo 47.7 40.5 46.5 55.9 51.5 50.3 55.5 53.5

Note: Two grains (1-2) and (3-4) have (110) fracture lamellae; diopside crystal (6) contains solar flare tracks.

[rms = @+ b?)¥2] displays a skewed(= —0.9) normal distri- The SAED pattern in an orientation perpendiculahkb110
bution with mean =587 nm ¢1= 207.9 nm; range = 141-1005show that they are (slightly) rotated single-crystal lamellae (Fig.

nm). The smallest grains have a circular cross section.

6). The SAED data confirm thg2/c clinopyroxene space group

The euhedral and subhedral grains typically have a well-deith B = 106 (diopside), and a few single-crystals >50 mol%
fined, single-crystal SAED pattern (Fig. 6). The SAED pattern&o that are Mg-wollastonite witg = 95° (Shinno 1974).

for most of the amoeboid grains lack diffraction maxima indi- Representative EDS analyses across each of two large, tex-
cating that they are amorphous. Several grains are partially frazally homogeneous, single crystals are reproducible (Table 1).
tured with sub-parallel (110) lamellae that are 10 nm to 59 m@ompositional varable 1, anal. 7; Table 3, anal. 1), thermal stress
wide (mean =20.9 nmpl=12.4 nm; mode =12.3 ni8= 0.7). lamellae (Table 1, anal. 4; Table 2, anal. 2-4), and incipient
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FIGURE 4. TEM micrographs of aggregate IDP L2011KR) the sharp interface between and amoeboid diopside (DI) single crystal and a
matrix unit, andB) an irregularly shaped diopside (DI) grain with elongated vesicles (arrow) and scattered nanometer-sized iron oxides (black
spots).

melt textures (Tables 1, anal. 7; Table 3, anal. 5 and 6). Abqyk ¢ 3. Representative analyses of Al- and/or Ti-bearing diop-

90% of grains contain AD; and/or TiQ with the highest con- side and Mg-wollastonite single crystals in aggregate IDP
centrations of these oxides generally in an ill-defined domain L2011K7
within a grain (Table 3, anal. 6 and 7). The wollastonite cograin size (nm) 902 247 316 463 789
tents range from 37.1 to 61.8 mol% (mean = 50.566: #1.7;  Texture vesicles smooth smooth smooth ~__ smooth
N = 68) and could mark a transition from clinopyroxene propgpalyses 5712 5026 5634 5:4 ei 4 sfe
(<50 mol% CasSi@) to a pyroxenoid (>50 mol% CaSjGhinno a0, ' 9.4 6.8 26 ' 7.4
1974). The single crystals include pure quadrilateral diopsidégO 164 137 112 151 16.3 136
Al,Ox-bearing diopside, and pure ancdtH{)—Mg-wollastonite (T:%C: 20 229 28 27 193 s
(Table 4). The TitAl)-bearing Mg-wollastonite grains and do-
mains show a coupled substitution CaT@\l (Fig. 7). The ob- s Stfu;tgéa' fOflm;(')ae balsgg on 01292 oo 184
servations suggest two possible models, as follows. Al ' 020 002 005 ' 0.16
Model 1 Al 020 026  0.06 0.15
Stoichiometric Ca,Mg-clinopyroxene is present but thgg g:gg 8:573‘31 8:?2 8:8; 8:3‘11 8:;5
majority is non-stoichiometric. Calculated on the basis of O 0.04 012 014  0.09 0.14
6 afu, i.e., (Mg,Ca),Si»0s0s there is stoichiometric * excess\e’igggscél 8(1)2 011 025 009 8-3523 0.14
Si”, or 0.5, in the formula (Table 4). High excess Si values are '
found in the irregularly shaped and rounded grains with the Structural formulae normalized to Si = 8.00
highest values for amoeboid grains with >55 mol% Wo. Tlﬁé 3.42 %;g ;é‘?‘ g:gi 3.02 é;ii
sums of cations) range from 3.34 to 3.99 with,..,= 3.79 ca 375 373 309 3.89 257 3.70
(10 = 0.13; mode = 3.88\ = 68) (Fig. 8). Only high-alumina Ti 015 051 055 035 0.59
(+ TiO,) clinopyroxene has Si <2.00 and ample Al to fill th%“a'““'a‘“’ 23'27 ig'il i;‘-? ig:gg ﬁ;gg ig 85
tetrahedral site. A systematic deficiency in the remainder vb 522 536 562 540 46.0 54.1

the structural formula could indicate vacancies in the structuyete: Grain 5 has a large Al,Ti-domain (6).
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FIGURE 5. TEM micrographs of Ca,Mg-rich grains in IDP L2011KR&) pright-field image showing vesicles (arrows) and nanometer-sized
iron oxides (black spots)B{ dark-field image of the same area showing the iron oxides (white spots).

(Table 3). Grains with excess-Si (Table 3; anal. 1) also coldélow 23.5 indicate non-stoichiometric, i.e., O-deficient,
have had vacancies, although Al and Ti redistribution into dolinopyroxene. To facilitate comparison of the models, the re-
mains could be involved (Table 3; anal. 6). lationship of excess Si (based on O = 6) as a function of calcu-
Model 2 lated O (based on Si = 8.00) is shown in Figure 11. The largest

Following the (Ca,Mg)O-vacancy model (Xu et al. 19962 deficits and maximum non-stoichiometry (or excess Si) oc-
vacancies could be formed in the thermally modified Ca,M§ur in (Al,Ti)-free amorphous grains. The non-stoichiometry
clinopyroxene in IDP L2011K7. When normalized to Si = 8.0®f diopside and Mg-wollastonite is a property that can be used
this model maintains the integrity of the pyroxene chain stru@ characterize their thermal history in this IDP.
ture showing the stoichiometric (Ca + Mg) deficiency and O
excess (Tables 1-3). The lowest calculated oxygen contents, O DISCUSSION
<20 (afu), occur in the Al- and Ti-free, vesicular, amorphous, Interplanetary dust particles are the best available samples
amoeboid grains. The scatter of calculated O as a functiontofstudy the dust that accreted to form the early solar system
Mg (afu) (Fig. 9a) decreases significantly as a function pfotoplanets. Conditions in their icy parent bodies were not
(Mg+Ca) (afu) (Fig. 9b). The oxygen vs. (Mg+Ca+Al+Ti) (afu)conducive to alteration that could greatly modify the original
diagram shows a linear correlation that is offset from the ideaineralogical properties of aggregate IDPs. They still contain
correlation due to the high (Al, Ti)-silicates with excess O (Fig record of a complex history that spans the time from pre-IDP
9c). The data points below the correlation line are Al Ti-beagccretion processes to alteration that occurred shortly before
ing silicates. Excess calculated O correlates with hight(AlIDPs were collected in the lower stratosphere. The highly en-
Ti) in Mg-wollastonite. The calculated O content in the purergetic thermal processes that could efficiently induce mineral
diopside standard ranges from 22.7-24.48 (Fig. 10). The medigration in IDPs are sputtering and radiation by energetic at-
value of calculated O is 23.5 (one standard deviation = 0.38Jns in space and flash heating during deceleration in the Earth’s
This result on the diopside standard shows that oxygen valaémosphere. Both processes are characterized by high tempera-
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FIGURE 6. TEM micrograph of diopside in Figure 1 and a single-crystal SAED patietto(n-left) from the left-hand side of the grain and
a SAED patternifottom-right) of slightly rotated (arrows) thermal stress lamellae.
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TaBLE 4. Chemical and formula characteristics of diopside (<50 mol% Wo), Mg-wollastonite, and glass (>50 mol% Wo) in aggregate IDP

L2011K7
Diopside Mg-Wollastonite and glass
Quadrilateral.Cpx Al,O;-bearing Cpx Quadrilateral.Cpx TiO,-bearing grains Al,O4/TiO,-bearing grains

Number of data 11 13 7 19 18
mol% Wo mean 45.8 46.1 54.0 53.1 52.5

o 2.8 3.8 3.8 3.15 34

range 43.4-50.0 37.1-50.0 51.0-61.8 50.1-58.7 47.4-60.4
excess Si mean 2.31 2.33 2.20 [N= 5] 2.10 2.02

[2.675; N= 2]

o 0.14 0.12 0.06 0.11 0.12

range 2.12-2.50 2.02-2.45 2.16-2.30 1.98-2.44 1.80-2.28
z mean 3.69 3.73 3.80 [N=5] 3.86 3.82

[3.33; N= 2]

o 0.13 0.11 0.05 0.11 0.09

range 3.50-3.87 3.52-3.96 3.70-3.84 3.52-3.985 3.61-3.93
Al,O; wt% mean 1.93 4.1

o 1.35 2.0

range 0.6-4.8 1.6-9.4
TiO, wt% mean 1.34 2.6

o 0.60 15

range 0.1-2.3 0.5-5.2

Note: Gaussian distributions are confirmed at a 95% confidence limit. Two amorphous amoeboid Mg-wollastonite grains that are not listed have
excess Si = 2.7.

tures and by rapid heating and cooling rates. Bradley (19%M#&tastable, non-stoichiometric diopside, and Mg-
showed that irradiation by energetic nuclei produced Mg-derollastonite
pleted silicates with a bulk stoichiometric O excess. These |1 is conceivable that structurally weakened, non-stoichio-
amorphous grains and/or solar flare tracks in IDP silicates @f@tric, Ca,Mg-clinopyroxene in IDP L2011K7 formed before
unambiguous evidence that the grains, and by associationi{&rporation into this IDP and that pre-accretionary radiation
host IDP, traveled in space (Bradley et al. 1988). created the (Ca,Mg)O vacancies. The observed correlation be-
When meteorites enter the Earth’s atmosphere, they devej@iden deviations from the ideal structural formula and grain
a fusion crust of a few millimeters of thickness underneath Whiﬁh‘brphomgy would lend support to the notion that precursors
the rock remains thermally unaffected (Ramdohr 1967). Thi§ the amorphous grains contained more vacancies than did
situation is different for decelerating IDPs that generally estafingle-crystal grains with solar-flare tracks. The former became
lish thermal equilibrium between the surface and interior (LO\&norphous at temperatures below the (unknown) flash-heat-
and Brownlee 1991). Phase transformations in constituent phgggsannealing temperature of solar-flare tracks in diopside. The
could cause a thermal gradient. Formation of the thermal gragihgle-crystal grains suffered variable levels of modification
ent depends critically on the IDP size, although the exact natd{ging this final thermal event, such as loca@land/or TiQ
of this relationship remains untested (Flynn 1995). This flasBnrichments. It is uncertain whether Si-rich patches (Table 1,
heating event that induces dynamic pyrometamorphic alteratigial. 7) are a primary feature or a readjustment of the amount
occurs between 100-80 km altitude, whege ~10"? bar and  of Si in solid solution to the conditions of pyroxene and pyrox-
Po, ~10® bar (U.S. Standard Atmosphere 1976). Thermal modinoid stability after peak heating.
fications that indicate an extraterrestrial origin (Fraundorf 1981; The very nature of both thermal events promotes metastable
Rietmeijer 1998) of IDP L2011K?7 include: (1) a (partial) ironequilibrium during kinetically controlled thermal alteration. The
oxide rim (<100 nm thick); (2) decorations of Fe-oxidgormation of solids with metastable eutectic compositions was
nanocrystals in rare Ca,Mg-grains with traces of iron; (3) vesiclebserved in aluminosilica solids condensed from the vapor
(degassing); (4) (110) fracture lamellae; and (5) fused matpkase (Rietmeijer and Karner 1999) and in the nanometer-sized
units. Fraundorf et al. (1982) showed that solar-flare tracksrigaction products in a triggered-lightning experiment
olivine were erased by flash heating above ~8D0The re- (Rietmeijer et al. 1999a). A study of diopside (~1ifB in di-
sponse of similar tracks in Ca,Mg-clinopyroxene is unknown. kimeter) evaporation Bf,, = 10°-10° bar between 1200-1500
IDP L2011K7, solar-flare tracks occur in some grains but not i€ (Mysen et al. 1985) may help to explain the IDP data. That
others. The failure of tracks to anneal in some grains might indtudy showed systematically increased Ca/Mg at temperatures
cate that a thermal gradient kept the internal IDP temperatatsove the vaporous suggesting preferential loss of Mg com-
below the track flash-heating annealing temperature, whergaged with Ca. The scatter of data points (Fig. 9a) could sup-
other grains were already weakened structurally due to vacport the interpretation that mostly MgO vacancies were involved
cies that existed prior to atmospheric entry, which facilitated tragkthe IDP.
erasure at lower temperatures. The question becomes what is the driving force for the meta-
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stable formation of non-stoichiometric diopside and Mg-wo@f
lastonite. Neither the En-Di (Huebner 1980) nor Di-Wo (Shinrp *

1974) phase diagrams have a metastable eutectic, but the cbm- /‘/

-

[

A . . . +
posite diagram shows a metastable eutectic matching the obsegved ,
Wo contents of the IDPs (Fig. 12). Diopside nonén 5 ,"
stoichiometry must have a limit beyond which its structure trans- 1
forms to a pyroxenoid. With increased Ca/Mg, diopside gradu-

. . 0 T t u T T + +
ally changed t_o metastable_Mg-V\_/(_)IIa_stonlte that nucle_ated Na'y 1 & 1© 2 2 2 # w3 s 2
glass phase within the \Wa Di stability field at ~900C (Shinno Oxygen (calculated) (afu; i = 8.00)
1974) (Fig. 12). The observed non-stoichiometric diopside and
Mg-wollastonite compositions are a predictable phenomenon in
rapidly heated and quenched Ca,Mg-clinopyroxene.

In Figure 11, note that a modal value of 0.25 for excesd Si FIGURE 9. Calculated oxygen (afu) in non-stoichiometric diopside,

corresponds to a range of calculated O deficiencies from O :gﬂg-wollastonlte, and Al- and Ti-free amorphous grains in IDP

_ . . . L2011K7 on the basis of Si = 8.00 as a functiona)fNlg afu, @)
24 (afu). The introduction of random (Ca,Mg)O vacancies mlg+Ca) afu, andd) (Mg+Ca+Al+Ti) afu. The solid line imandc is

(Czi'Mg)*S'So?‘{ yields (Ca,MgjSisOzs, an “anhyqr0u§ amphib- linear correlation through the data showraimhe dashed line iais

ole” composition. The range of oxygen deficiencies spans @ jinear correlation through the data for the aluminous enstatite
“anhydrous biopyribole” sequence starting with stoichiomegompositions with a hypothetical substitution MgI[Si,O]

ric diopside and Mg-wollastonite to anhydrous amphibole {@ockenberg and Schreyer 1997).

y =0.8686x - 13.326
R?=0.9619
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55

recalculate the original stoichiometric Ca,Mg-clinopyroxene

54 . compositions. The amount of MgO loss is [(/6] x 40.327,

531 m whereA is the sum of the atomic proportions of O for each mol-
3% "y ecule calculated from the original analysis anmdpresents ex-
2 51 _': i cess Si (see Table 4). The original wollastonite contents ranged
§ 50 L] = from 14 to 55 mol%, with mean Wo = 29.2 mol% in Ti-free cpx
‘é 49 am & and 42.0 mol% in Ti-bearing clinopyroxene. The (110) fracture

and Ca-rich (~35 mol% Wo) pyroxenes. The thermal stress lamel-
lae could have formed during quenching following flash heating
of clinopyroxene in the IDP because of different thermal expan-
» _ ‘ ‘ , sion and contraction coefficients. The original Ti-bearing (Al-
% 17 1 19 2 = 2 23 24 25 2 a2 (ree) clinopyroxene had(mean) = 3.98 (@ = 0.015; range
Oxygen (calculated) (afu; Si=8.00) 3.94-4.00N = 19), which was probably presenttag:CaTis
Si,0s with 3.5 cations per unit formula. In this case, the average

FIGURE 10. Calculated oxygen (afu) on the basis of Si = 8.00 iabundance (7 mol%) of this molecule yiekds 3.97 (based on
the diopside standard as a function of its Wo content, which rang®s= 6). This Ti-bearing clinopyroxene probably already con-
from 45.1 to 54.0 mol% with an average of 49.3 mol% (one standagined substitutional vacancies prior to thermal modification.
deviation = 1.9) Iron-free clinopyroxene in IDPs could have formed during

solar nebula condensation or thermal annealing of amorphous
materials. Equilibrium condensation models predict pure di-
16 opside formation in a cooling solar-nebula gas at 1125
4 (Grossman and Larimer 1974), but evidence for equilibrium
condensation based on studies of meteorites is still lacking.
Vapor-phase condensates are typically fluffy particles of na-
1 . nometer-sized grains (Stephens and Kothari 1978) that would
Ly require post-condensation processing to transform these par-
- u ticles to single crystals. This condensation scenario cannot be
06 ‘. n » eliminated based on our current understanding of the physical
L ) e " processes during solar-system formation, which included ig-
o a ™ neous activity and metamorphism in asteroids (Kerridge and
02 q"..'- au Matthews 1988). Aggregate IDPs commonly contain amorphous
: : ] aluminosilica materials with variable CaO, MgO, and FeO con-
6 1718 owoow oa o onm o3 w23 2 2 x  tents(Rietmeijer 1998). Itis possible that Ca,Mg-clinopyroxene
Oxygen (calculated) (afu, Si = 8.00) formed originally in these materials, but at present there are no
observations to support this notion.

FIGURE 11.The correlation between calculated O (based on Si = T.he data for non-stoichiometric diopside and Mg-vyollasto-
8.00) and excess Si (ax”) on the basis of O =6 in non-stoichiometricnlte In Fhe IDP L201l}_<7 reveal a compl_ex thermal history of
diopside, Mg-wollastonite, and in Al- and Ti-free amorphous grains fputtering and dynamic pyrometamorphism. The temperatures
IDP L2011K7 of these thermal events cannot be reconstructed because ther-

mal modification was facilitated by structural vacancies and

possibly affected by the surface free energy of these small (<1

pm) Ca,Mg-silicate grains. The dominant role of (Ca,Mg)O
(Si-rich) anhydrous smectite with calculated O = 22, and bgr mostly MgO) vacancy formation in originally pure, and.TiO
yond MgSigO,; (Fig. 9¢). This sequence of variablé*l for and/or A}Os-bearing, pigeonite and diopside caused chemical
Si = 8.00 (afu) is interpreted as a kinetic response to thernshhnges that proceeded as an anhydrous biopyribole sequence.
alteration. Vapor-condensed amorphous “MgSiO” and “FeSiThe final diopside and Mg-wollastonite represent kinetically
solids showed well-defined compositions that match the metmntrolled thermal modifications described by the composition
stable eutectics in the MgO-SiQNuth et al. 1999) and FeO/ of the metastable eutectic in the En-Wo phase diagram. This
Fe0:-SiO, (Rietmeijer et al. 1999b) phase diagrams. In aalteration in IDPs is not a chaotic non-equilibrium phenom-
MgO-(FeO/Fg0,)-SiO, diagram, these eutectics predict that anon but is entirely predictable.
Si-rich smectite dehydroxylate is the only possible metastable The observations presented here show unusual features in a
phase (Rietmeijer 1999). Thus, | submit that a kinetic resporma@eral group (clinopyroxene) that is typically composition-
of thermally altered pyroxenes in IDPs will reach metastabidly well-behaved and a faithful recorder of its history. Of
equilibrium at (Ca,Mg)SisO,like compositions. course, the vast body of knowledge about pyroxenes comes

Assuming that the chemical response predominantly involveédm studies of terrestrial crystalline rocks and only recently
Mg-loss, then the formula, (Mg,Gapbi+050s, can be used to has it been shown that pyroxenes may develop some unusual

47 o

]
% - "- - lamellae were probably intergrowths of Ca-poor (~18 mol% Wo)
]
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FIGURE 12. Computer-generated composite of the enstatite-diopside (Huebner 1980) and diopside-wollastonite (Shinno 1974) diagrams.
There is an uncertainty in the match between the original diagrams. Thus, the phase field Di + Fo + L in the originaCEmssadit¢ediagram
is not indicated in this composite diagram. The dashed lines merging toward the diopside composition denote the metastaislghaute
composite diagram and its offset that straddles the compositions in IDP L2011K7 (black bars) compared to nei&igbeollastonite
(Shinno 1974; black dots)

features under mantle conditions and in deep-seated anorthdsite by at least 4.56 billion years. Much detail of earlier sput-
massifs (Dymek and Gromet 1984). The pyroxene propertiesing-induced thermal modifications can become obscured
reported in this paper are the result of a history in extreme elring dynamic pyrometamorphism that occurred during at-
vironments: (1) unknown modification of vapor-condenseahospheric-entry flash heating. In this regard, the recently
solids to form the original mineral; (2) space weathering bgunched NASA STARDUST Discovery mission could provide
high-energy atoms colliding with the original pyroxenes; anetitical information. This mission will collect dust at comet P/
(3) dynamic pyrometamorphism in the upper atmosphere tidlid 2 during its 2003/2004 perihelion for laboratory analy-
is characterized by high temperatures and high heating ases. Because atmospheric-entry flash heating will not modify
qguenching rates. This kind of evolution ultimately may prahis collected dust, it is an excellent probe to study the nature
duce highly unusual if not unique features. The thermal evetite origin of non-stoichiometry in silicates that might date from
recorded in these clinopyroxene minerals can be separatethimtime of solar-system accretion.
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