Chemically Anomalous, Preaccretionally
Iradiated Grains in Interplanetary Dust from Comets
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Nonstoichiometric grains with depletions of magnesium and silicon (relative to oxygen)
and inclusions of iron-nickel metal and iron-rich sulfides have been identified in inter-
planetary dust particles from comets. These chemical anomalies accumulate in grains
exposed to ionizing radiation. The grains, known as GEMS (glass with embedded metal
and sulfides), were irradiated before the accretion of comets, and their inferred exposure
ages, submicrometer sizes, and ‘“amorphous” silicate structures are consistent with
those of interstellar silicate grains. The measured compositional trends suggest that
chemical (as well as isotopic) anomalies can be used to identify presolar interstellar

components in primitive meteoritic materials.

Although dust constitutes <1% of the
mass of the interstellar medium (H and He
provide most of the mass), it plays a funda-
mental role in physical and chemical pro-
cesses occurring throughout the galaxy (1).
Dust grains are produced mainly by conden-
sation in the expanding atmospheres of cool
giant stars and are observed in planetary
nebulas, novas, protostellar nebulas, and
the ejecta of supernovas (2). The properties
of interstellar dust are variable, depending
on local environments within the interstel-
lar medium, but C-rich grains and “amor-
phous” silicates, with diameters between
0.1 and 1 pm, are major constituents (1-4).
Interstellar grains of C (graphite), corun-
dum, silicon carbide, diamond, and titani-
um carbide have been found in primitive
chondritic meteorites (5). These grains
have survived because they are refractory
and resistant to alteration. Identification is
possible only because the isotopic composi-
tions of these grains are significantly dis-
tinct from those of average solar system
material. Interstellar grains provide insight
into the fundamentals of nucleosynthesis,
grain formation, and stellar evolution
throughout the galaxy, and their study is a
new frontier in meteoritics and astrophysi-
cal research.

Theoretical models predict grain life-
times in the interstellar medium on the
order of 108 years with shock waves (veloc-
ity, V, > 200 km s~!) as the primary agent
of destruction (3). Grains that survive are
expected to be processed by (intergrain)
collisional shock melting, vaporization,
mixing, condensation, and prolonged
(~108 years) irradiation by energetic H and
He nuclei. Grains that were originally
anomalous can thus become isotopically
and chemically “homogenized” (6, 7),
yielding irradiated grains with approximate-
ly chondritic (solar) element abundances.
[The average isotopic compositions of ga-
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lactic cosmic rays and the interstellar me-
dium are similar to that of average solar
system material (6—8)]. Nonetheless, the
grains found in primitive meteorites are ev-
idence that isotopically anomalous inter-
stellar grains were transported in the inter-
stellar medium, were incorporated into the
solar nebula, and survived postaccretional
parent-body processing that has altered the
meteorites in which they are found.

If isotopically anomalous grains can sur-
vive, there may be an even larger popula-
tion of interstellar grains in meteoritic ma-
terials, which have escaped detection be-
cause their homogenized compositions are
not significantly different from those of solar
system material. The logical place to search
for such grains is in the most primitive
meteoritic objects. Most meteorites are
from main-belt asteroids, many of which
have experienced significant postaccre-
tional alteration (9). Interplanetary dust
particles (IDPs) are from dust-producing as-
teroids and comets (Fig. 1A) (10-12).
Comets are believed to be the major reser-
voir of preserved solar nebula and interstel-
lar grains within the solar system (1, 13).
Most cometary IDPs are between 5 and 30
pm in diameter with chondritic (solar) bulk
compositions (Table 1, rows 1 and 2) (14,
15). They are porous aggregates of single-
mineral crystals, such as pyroxene, olivine,
and Fe-rich sulfides; glass; carbonaceous
material; and submicrometer polyphase
grains, that is, grains composed of multiple
minerals.

This report describes a specific class of
polyphase grains that are a dominant com-
ponent in most cometary IDPs. Although
the occurrence of this type of grain within
IDPs is well documented, the terminology
used to describe them is confused. They
have been called “tar balls,” “granular
units,” “polyphase units,” “microcrystalline
aggregates,” and “unequilibrated aggre-
gates” (16—20). Here they are simply called
GEMS (glass with embedded metal and sul-
fides), a term derived from both their min-
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eralogy and their petrography (Fig. 1B). In
addition to their homogenized (solar) bulk
compositions, GEMS exhibit nanometer-
scale compositional gradients that are con-
sistent with exposure to ionizing radiation.
Although the exposure could have occurred
either in the solar nebula or in the inter-
stellar medium, the inferred exposure ages
of GEMS as well as their chemical and
physical properties favor a presolar inter-
stellar origin.

The IDPs, irradiated meteorite matrix,
and lunar soil grains were embedded in
epoxy and thin-sectioned with an ultrami-
crotome equipped with a diamond knife
(17, 21). The electron-transparent thin sec-
tions (50 to 75 nm thick) were examined
with a 200-keV analytical electron micro-
scope (AEM) equipped with a solid-state
x-ray detector and an electron energy-loss
spectrometer (18, 22). Figure 2 shows a
dark-field micrograph of a low Fe (~1% by
weight) pyroxene crystal (MgSiO;) on the
surface of IDP W7028C4 (Table 1, row 3).
The linear features in the pyroxene are solar
flare tracks, and the track density (~5 X
10" ecm™1!) is consistent with a recent solar
orbital exposure age of 10* to 10° years (23,
24). The rim is caused by solar wind dam-
age, and both the tracks and the rim were
acquired while the IDP was in solar orbit.
Solar wind ions typically penetrate <<1
wm, whereas higher energy solar flare ions
can penetrate to much greater depths in
silicates (24, 25). Rims between 20 and 200

Fig. 1. (A) Secondary electron image of the co-
metary ‘‘chondritic porous’ anhydrous interplan-
etary dust particle U2012C-2I. (B) Bright-field im-
age of a GEM composed of FeNi metal and Fe(Ni)
sulfide crystals in glass [from (76)).



nm thick are present on surface grains in
most [DPs, generally with the thickest rims
on crystals that exhibit the highest solar-
flare track densities (17, 23). A similar re-
lation exists in lunar soil grains (24, 25).

The compositions of the unsputtered py-
roxene crystal and its rim were measured by
means of a quantitative thin-film energy-
dispersive system (EDS) (22). Relative to
the pyroxene, the rim is depleted in Mg and
Ca and enriched in S, Si, and Fe (Table 1,
rows 3 and 4). [I estimated the overall
composition of the rim by collecting EDS
spectra from multiple points (Table 1, row
4)]. There are compositional gradients in
the rim (Fig. 3A and Table 1, rows 5 and 6).
Using an electron probe ~20 nm in diam-
eter, | performed a series of stepwise EDS
analyses from the unsputtered pyroxene
crystal to the outer surface of the rim (Figs.
2 and 3A). At the crystal-rim interface, the
rim composition is closest to that of the
crystal but Mg and Ca are depleted (Table
1, row 5). Toward the surface of the rim, Mg
is almost totally absent, and there is a 56%
stoichiometric excess of O at the surface
(Table 1, row 6).

A sample of fine-grained matrix from the
Allende (CV3) chondritic meteorite was
irradiated with 20-keV protons (total dose,
1.3 X 10 'H per square centimeter) at
normal incidence. [Allende matrix is com-
positionally and mineralogically analogous
to IDPs in that it contains olivine, pyrox-
ene,”and Fe-rich sulfide grains (26)]. Figure
4 shows the radiation-damaged amorphous
rim on an olivine crystal that was exposed
to the "H beam. The composition of the

Table 1. Quantitative energy-dispersive x-ray analyses (atom percent, nor-
malized). Major elements (rows 3 through 17) (>10 atom %), = 5% relative
error; minor elements (1 to 10 atom %), = 25% relative error; trace elements
(<1 atom %), = 50% relative error. Row 1, solar system abundances of the
elements (C excluded) [from (74)]. Row 2, average composition of 90 anhy-
drous IDPs (C excluded) [from (15)]. Row 3, pyroxene crystal (Fig. 2), mean
and standard deviation (o) of five point-count analyses. Row 4, bulk compo-

crystal confirms that it is stoichiometric
olivine [(Mg, ¢sFe, 3,),Si0,] (Table 1, row
7). The amorphous rim is depleted in Mg,
resulting in a 27% stoichiometric excess of
O (Table 1, row 8). A 'H-irradiated rim on
a pyroxene (augite) crystal in Allende was
also examined. [The amorphous silicate rim
on the augite also contains nanometer-sized
(FeNi)S inclusions.] Relative to the stoi-
chiometric augite (Table 1, row 9), the rim
is depleted in Mg and Ca (Table 1, row 10).
[f Ni and Fe are assigned as (FeNi)S and the
remaining cations are assigned as oxides
(that is, ALLO;, MgO, SiO,, CaO, Cr,0;,
and FeQ), there is a 29% stoichiometric
excess of O in the rim on the pyroxene
(Table 1, row 10).

Figure 5 shows four submicrometer
grains within the matrices of two IDPs,
U2012C-21 and U220A19. [Confirmation
that U2012C-21 was captured from a co-
metary orbit was based on the degree to
which it was pulse-heated during atmo-
spheric entry (10, 27)]. The grain shown in
Fig. 5A is an FeS crystal whose surfaces
have been deeply eroded. Similarly eroded
olivines, pyroxenes, and other crystals are
common in cometary IDPs. Another FeS
crystal (Fig. 5B) is even more deeply eroded
and embedded in a matrix of silicate glass
and finely divided FeS and FeNi metal crys-
tals. This grain and those in Fig. 5, C and D,
are GEMS.

Most GEMS are between 0.1 and 0.5
pm in diameter, their bulk compositions are
within a factor of 3 of chondritic (solar)
values for most major elements (Table 1,
rows 1, 11, 12, and 15), and they are the

fundamental building blocks of cometary
IDPs. The bulk composition of the grain in
Fig. 5B is listed in Table 1, row 11. If S, Fe,
and Ni are assigned as metal and sulfides
and Mg, Al, Si, and Cr are assigned as
oxides (MgO, AL O;, SiO,, Cr,0,), there is
a 61% stoichiometric excess of O. Images of
GEMS containing well-rounded FeS and
FeNi crystals in glass are shown in Fig. 5, C
and D. There is a systematic correlation
between the textures and compositions of
GEMS; those with the smallest FeNi and
FeS inclusions and the highest glass con-
tents (Fig. 5D) exhibit the highest enrich-
ments in bulk O and depletions in Mg and
other cations (Table 1, row 15).

Compositional profiles from two GEMS
(Fig. 3, B and C) were obtained in a manner
analogous to the sputtered rim profile from
the pyroxene crystal (Fig. 3A). Because
there is no unirradiated “substrate” in most
GEMS, the electron beam (~20 nm in
diameter) was first positioned at the center
and then moved in steps toward the outer
surface (Fig. 5C). The measured composi-
tional trends in both GEMS mimic those of
the (solar wind) irradiated rim on the py-
roxene crystal (Fig. 3). In the first (Mg-
rich) GEM, with a bulk O excess of 13%
(Table 1, row 12), Mg becomes strongly
depleted toward the surface (Fig. 3B and
Table 1, rows 13 and 14). In the second
GEM, with a bulk O excess of 86%, Mg and
all cations except Si are depleted (relative
to O) (Table 1, row 15); Si becomes deplet-
ed by a factor of 2 toward the surface (Fig.
3C), resulting in a 183% excess of O (Table
1, rows 16 and 17).

sition of irradiated rim on pyroxene crystal (Fig. 2), mean and standard devi-
ation (o) of five point-count analyses. Row 5, base of rim (Fig. 2). Row 6,
surface of rim (Fig. 2). Row 7, olivine crystal (Fig. 4). Row 8, irradiated rim on
olivine crystal (Fig. 4). Row 9, augite crystal. Row 10, irradiated rim on augite
crystal. Row 11, bulk composition of GEM (Fig. 5B). Row 12, bulk composition
of GEM. Row 13, center of GEM. Row 14, surface of GEM. Row 15, bulk
composition of GEM. Row 16, center of GEM. Row 17, surface of GEM.

Element
Row Esc(e;ss
0 Mg A Si s Ca Cr Mn Fe Ni (%)
1 49.7 10.3 0.9 11.5 5.7 0.3 0.3 0.2 20.0 1.1
2 54.7 14.0 0.9 13.8 5.7 0.7 0.2 9.7 0.3
3 59.4(2) 18.6(1) 0.9(0.25) 19.9(1.9) 0.4(0.05) 0.2(0.05) 0.2(0.03) 0.4(0.15) 3*
4 61.3(2.4) 10.9(3.4) 1.1(0.5) 24.4(1.5) 0.3(0.2) 0.1(0.07) 0.2(0.1) 0.1(0.05) 1.6(0.9) 4*
5 65.4 8.2 0.8 24.9 0.1 0.2 0.1 0.3 9
6 75.2 0.5 0.6 22.9 0.3 0.1 0.4 56
7 57.0 16.2 13.7 13.1 0.5*
8 64.5 9.2 0.6 15.0 10.7 27
9 61.2 12.0 3.4 15.7 4.4 0.2 3.1 9
10 61.0 6.0 2.3 13.0 3.4 04 1.5 111 1.3 29
11 61.9 2.9 0.8 16.9 6.1 0.3 11.1 61
12 56.2 22.3 0.6 138.3 3.2 0.1 4.2 0.1 13
13 52.9 24.6 1.2 121 3.9 0.2 0.3 0.2 4.4 0.2 3*
14 61.2 11.4 1.2 17.5 3.3 0.3 0.2 0.2 4.5 0.2 25
15 75.3 1.2 0.5 19.1 1.2 0.2 0.1 2.2 0.2 86
16 68.1 1.3 2.0 24.5 2.1 0.3 0.2 1.1 0.4 26
17 70.1 1.5 11.6 3.8 12.7 0.3 183
*Stoichiometric within experimental error.
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A GEM texturally similar to that in Fig.
5D and with a bulk stoichiometric O excess
of 84% was analyzed by electron energy-loss
spectroscopy (EELS), a technique useful for
investigating local atomic environments in
solids (28). Figure 6 compares the electron
energy-loss oxygen (O-K) core scattering
ionization edge from the GEM with those of
an (anhydrous) pyroxene (MgSiO;) and
(hydrated) talc [Mg,(SigO,,)(OH),]. There
is a pronounced shoulder (arrowed) on the
low-energy side of the main ionization edge
from the GEM (Fig. 6, curve A). Similar
weaker shoulders were observed on the O-K
edges from radiation-damaged amorphous
rims on IDPs (Fig. 2), the Allende sample
(Fig. 4), and some lunar soil grains. The
magnitudes of the shoulders, relative to the
main O-K edges, increase with O enrich-
ment over stoichiometry. A shoulder pre-
cedes the main O-K edge from the hydrated
talc but not the anhydrous pyroxene (Fig. 6,
curves B and C).

Laboratory studies show that irradia-
tion causes sputtering and the erosion of
exposed surfaces (29). Sputtering can be
nonstoichiometric in that atoms are not
necessarily ejected in proportion to their
relative abundances (30). An irradiated
surface initially becomes enriched in
heavy atoms because light atoms are more
efficiently backscattered out of the target
(30, 31). However, superimposed on this
trend are the effects of the bombarding
ions (mass, energy, incidence angle, flu-
ence), recoil mixing (reimplantation of
sputtered atoms), diffusion, and various
properties of the target itself (for example,
redox potentials and bond strengths)
(29-31). Net enrichments of light versus

Crystal

Fig. 2. Dark-field electron micrograph of a pyrox-
ene (MgSiOg) crystal on the surface of IDP
W7027C4. The linear features in the crystal are
solar flare tracks (density of ~10'! cm~2), indicat-
ing a solar orbital exposure age of ~10* years
(23). The rim results from irradiation by solar wind
ions. Compositions of the crystal and rim are given
in Table 1, rows 3 through 6. White dots illustrate
the approximate positions of the electron probe
during the acquisition of a compositional profile
(Fig. 3A).

heavy atoms in irradiated objects may be
controlled by recoil implantation and to-
tal ion fluence (31). Although light ele-
ments are preferentially sputtered, they
are also more efficiently recoil-implanted
into deeper regions of the target by in-
coming ions. After a small ion fluence, a
surface layer enriched in heavy atoms de-
velops, while reimplanted lighter atoms
accumulate at greater depths. After a pro-
longed ion fluence, the surface migrates
downward to the light element—enriched
region by sputter erosion. Thus, irradiated
grains highly enriched in light elements,
such as O, may have been exposed to
prolonged ion fluences.

Irradiation by H and He ions is an im-
portant erosional process acting on solids
throughout the interstellar and interplane-
tary medium, and some extraterrestrial ma-
terials exhibit evidence of this erosion (3,
6, 7). Soil grains on the lunar surface ac-
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Fig. 3. Compositional profiles of irradiated silicate
grains; atom abundances of Mg (filled circles) and
Si (hollow circles) relative to O. (A) Irradiated rim (in
Fig. 2) obtained by collection of stepwise x-ray
spectra from the pyroxene crystal (left side of the
plot) to the outer edge of the rim (right side). (B)
GEM (with 12% bulk O excess) obtained by col-
lection of stepwise spectra from the center of the
grain (left) to the outer surface (right) (see also
Table 1, rows 12 through 14). (C) GEM (with 86%
bulk O excess) from the center (left) to the outer
surface (right) (Table 1, rows 15 through 17). The
(20) error bars were assessed by repetitive EDS
point-count analyses of thin-film standards and
the pyroxene crystal (Fig. 2; Table 1, row 3).
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quire amorphous rims resulting from expo-
sure to solar wind H and He as well as
nuclear tracks from solar flares (24, 25), and
IDPs in solar orbit acquire solar wind—irra-
diated rims and implanted solar flare tracks

100 nm
—

Olivine
crystal

Fig. 4. Bright-field micrograph of a thin section
(<100 nm thick) of the 'H-irradiated surface of an
olivine crystal in Allende (CV3) meteorite matrix.
Compositions of the olivine crystal and rim are
given in Table 1, rows 7 and 8.

(AR
A

Fig. 5. Bright-field electron micrographs of irradi-
ated grains within the matrices of anhydrous IDPs.
Relative irradiation doses increase from (A)
through (D). (A) An FeS crystal with etched surfac-
es (IDP U2012-2l). (B) GEM containing a deeply
etched FeS crystal (U2012C-2l). (C and D) GEMS

with  progressively longer exposure ages
(U220A19). Note the increased rounding and de-
creased grain size and definition with exposure
age. Stars in (C) illustrate the approximate diame-
ter and positions of the electron probe during ac-
quisition of the compositional profiles (for exam-
ple, Fig. 3, B and C). Scale bars, 100 nm.
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(Fig. 2) (23). Surface rims on IDPs and
some lunar soil grains are depleted in Mg
and Ca, enriched in O, and invariably en-
riched in S, Fe, and Ni (Table 1, rows 3
through 6). These same chemical effects in
rims on the 'H-irradiated meteorite sample
(Fig. 4) result from exposure to ionizing
radiation (Table 1, rows 7 through 10). In
silicates, the irradiation effects are dynamic
in that silicate crystals become amorphous
while crystalline inclusions of metal and
sulfides accumulate (25, 29, 31-33). De-
pending on the target (silicate) composi-
tion, ion irradiation first strips cations (for
example, Mg and Ca) with the weakest
bond strengths (34). When these cations
are depleted, more strongly bound cations
(for example, Si) are stripped. The net re-
sult is an irradiated object with a stoichio-
metric “excess” of O.

The chemical state of the excess O in
irradiated silicates is of fundamental impor-
tance because, in the absence of a compen-
sating phenomenon, selective removal of
cations from silicates must produce dan-
gling O bonds and charge imbalance. Pro-
longed irradiation implants saturation lev-
els of H and He in silicates and, although H
is difficult to measure directly by electron
microscopy, H could provide the necessary
charge balance as hydroxyl (-OH) ions.
The low energy shoulder on the O-K edges
from GEMS (Fig. 6, curve A) and other
irradiated silicates suggests that the im-
planted H and excess O are present as -OH
because the same shoulder is present on the
O-K edge from talc [Mgy(SigO,,)(OH),]
(Fig. 6, curve B) and brucite [(Mg(OH),)].
[Iron-free talc and brucite were analyzed
because the O-K edges from iron oxides,
(such as Fe;O,) and other transition-metal
oxides also exhibit a pre-edge shoulder
(35)]. Shoulders are not observed on the

Pyroxene

C
2
g
2
£
B
A ¥ GEM
530 550 570
Energy loss (eV)

Fig. 6. Electron energy-loss oxygen (O-K) core
scattering edges following a point spread function
correction, deconvolution, and background sub-
traction. Energy resolution (measured at 284 eV)
is ~0.75 eV. (Curve A) GEM (with 84% bulk O
excess). (Curve B) Talc [Mgg4(SigO,0)(OH),]. (Curve
C) Pyroxene [enstatite (MgSiOy)).
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O-K edges from pyroxene (Fig. 6, curve C)
and other anhydrous silicates (36).

GEMS within cometary IDPs (Fig. 4) also
exhibit the effects of irradiation, but the mag-
nitudes of the cation depletions, the nonstoi-
chiometry of O, and the accumulations of Fe,
Ni, and S (Table 1, rows 11 through 17)
relative to the (~10*year-old) solar wind—
damaged rims on the surfaces of IDPs (Table
1, rows 4 through 6) suggest that some GEMS
were irradiated on time scales of >> 10* years.
Moreover, the spheroidal morphologies of the
GEMS and their embedded grains are typical
of grains exposed to prolonged irradiation
(25, 37). Although specific details of the ir-
radiation flux regime are unknown, the in-
ferred exposure ages of GEMS are qualitative-
ly consistent with theoretical (~108 years)
exposure lifetimes of interstellar grains (2, 3,
6, 7). Because the distribution of GEMS is
not surface-correlated, that is, they are dis-
persed throughout the interiors of IDPs, their
exposures must have been preaccretional.
Their homogenized compositions are consis-
tent with prolonged irradiation in an environ-
ment where processing by irradiation, sputter-
ing, recoil mixing, crystal growth, and vitrifi-
cation produced grains with approximately
cosmic (chondritic) element abundances.
The interstellar medium is such an environ-
ment (I-3, 6, 7). GEMS may have been a
major component of the submicrometer dust
grains analyzed by instruments on the Giotto
and Vega spacecraft during the 1986 comet
Halley encounters. The distribution of the
Mg/Si ratio versus the Fe/Si ratio in Halley’s
dust is unlike that seen in primitive fine-
grained meteorites and most IDPs, and it is
difficult to explain in terms of a simple mix-
ture of mineral grains (38). However, the
distribution of the Mg/Si ratio versus the Fe/Si
ratio in IDPs dominated by GEMS is very
similar to that found in comet Halley’s dust
(20, 38).

The characteristic chemical signature
of solar wind irradiation on the surfaces of
IDPs (Fig. 3A) applies equally to lunar
soil grains. Although there is compelling
evidence that some amorphous rims on
lunar soil grains are caused by solar wind
damage, condensed impact-generated va-
pors also deposit on lunar grains (24, 25,
32, 33). The relative contributions of
these processes are under investigation
(32). The vapor deposition hypothesis is
based on observations similar to those
reported in this report, specifically that
the rims are enriched in certain cations (S
and Si) and contain nanometer-size in-
clusions of Fe and FeS. However, similar
chemical effects in rims on IDPs and 'H-
irradiated silicates that were not exposed
to regolith vapors establish that solar
wind irradiation can effect significant
chemical changes in silicate grains (Figs.
2 and 4 and Table 1, rows 4 through 10).
SCIENCE «
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Stoichiometric excesses or depletions of
O measured in rims on lunar soil grains
could clarify the relative contributions or
solar wind damage versus vapor deposi-
tion. [Condensed rims are unlikely to be
enriched in O because silicate glasses
formed from vapors should be stoichio-
metrically depleted in O (39)].

GEMS are abundant in cometary IDPs
along with grains that do not appear to
have been preaccretionally irradiated (pre-
dominantly single crystals of silicates and
Fe-rich sulfides). Cometary IDPs are expect-
ed to contain both solar nebula and inter-
stellar dust grains (13). [Nonsolar >He/*He
ratios measured in U2012C-21 (Fig. 1A)
and other cometary IDPs suggest an inter-
stellar irradiation component (27)]. Solar
nebula grains in comets are unlikely to have
been exposed to prolonged irradiation, al-
though intense short-term exposure during
a more active phase of the early sun cannot
be ruled out. However, interstellar grains in
comets were inevitably subjected to pro-
longed preaccretional irradiation. Further-
more, the submicrometer sizes, chondritic
(solar) compositions, amorphous silicate
structures, and inferred exposure ages of
GEMS are consistent with those of silicate
grains in the interstellar medium (2-4, 6, 7,
40). Other preaccretionally irradiated inter-
stellar grains may exist in meteorites in which
isotopically anomalous grains have already
been found. However, grains rendered amor-
phous by irradiation are particularly vulnera-
ble to alteration with reported hydration rates
enhanced by as much as 10° times (41). Me-
teorites are more suitable as sources of inter-
stellar grains because of their larger masses
and grain sizes, but they are also more altered
than some anhydrous IDPs.

Electron microscopy may provide access
to a whole new population of interstellar
grains in IDPs. The existing capability of
determining both the chemistry and the
precise location of submicrometer grains
may make complimentary isotope measure-
ments with the ion microprobe possible.
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Impact Crater Densities on Volcanoes
and Coronae on Venus: Implications
for Volcanic Resurfacing

Noriyuki Namiki* and Sean C. Solomon

The density of impact craters on large volcanoes on Venus is half the average crater
density for the planet. The crater density on some classes of coronae is not significantly
different from the global average density, but coronae with extensive associated volcanic
deposits have lower crater densities. These results are inconsistent with both single-age
and steady-state models for global resurfacing and suggest that volcanoes and coronae
with associated volcanism have been active on Venus over the last 500 million years.

Volcanic features are widely distributed
over the surface of Venus (1), and their ages
provide critical information on the mag-
matic budget of the planet. However, the
generally low density of impact craters on
Venus, a result of atmospheric shielding (2,
3), has prevented a comparison of crater
retention ages among small regions (4) and
contributes to the controversy over whether
a catastrophic (2) or an equilibrium model
(3) better describes the global resurfacing
history. The spatial diversity of the crater
distribution has nonetheless been addressed
by grouping areas by latitude or longitude
(2), radar cross section (3), elevation (5), or
terrain type (6). Following this practice, we
have integrated the areas and cratering
records for large volcanoes and for coronae
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(7) on Venus, and we assess here the impli-
cations of the results for volcanism and
global resurfacing.

We made use of a database of 841 impact
craters classified according to the extent of
tectonic deformation and of embayment or
partial covering by volcanic material (5, 8).
A database for 175 volcanoes at least 50 km
in diameter (9), compiled from Magellan
images and a published map (1), includes
radius and relief of the topographic edifice
and the dimensions of the radial flow apron.
A database for 358 coronae (10) includes a
classification by feature type and extent of
interior volcanism. There are 51 features
listed in both the volcano and corona da-
tabases, because in many coronae there are
associated volcanic centers.

For each large volcano, we ascertained
from the databases the presence of one or
more impact craters on the edifice or flow
apron, and from Magellan radar images we
determined superposition relations (Fig. 1).
We included the edifice and discernible
radial flows in calculating the area of each
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