
that the distance between the 5- and 59-
carbons of the two thiophene rings of
1,2-bis(2,5-dimethyl-3-thienyl)perfluoro-
cyclopentene is shortened as much as
;10%, and unit cell lengths and volume
tend to decrease during the cyclization
reaction in the crystal. X-ray crystallo-
graphic analysis of 1b similarly confirmed
that the distance between the edges of two
phenyl rings was shortened from 1.41 to
1.39 nm when 1a was converted to 1b (Fig.
4). The cofacial orientation of the coplanar
planes of 1b (Fig. 5B) allows the molecules
to pack each other closely, which decreases
the unit cell along the c axis. This effect
would explain the valley formation on the
sectional B surface after UV irradiation.
The direction of the valley is the same as
the direction of the red arrow in Fig. 5B
(76.5° tilted from the b-c plane) to with-
in 62°. Upon visible-light irradiation, the
thiophene rings again rotated to the twisted
conformation and expanded the c axis to
fill up the valley.

The shortening in the distance between the
phenyl ring edges by the cyclization reaction
results in the decrease in the thickness of the
molecular layers shown in Fig. 5B. The shrink-
ing of the molecular layers produces vacancies
in the crystal bulk. Accumulation of vacancies
deep within the crystal allows the surface mo-
lecular layer to sink as much as one layer (;1
nm). According to the geometrical structural
change shown in Fig. 4, the one-layer vacancy
requires the photocyclization reactions of at
least 60 molecular layers. Irradiation for 10 s
with 366-nm light (intensity 12 mW/cm2) in-
duces the photocyclization reactions of 1.0 3
1017 molecules/cm2 in the single crystal by
taking into account 50% transmittance of the
thin crystal at 366-nm light and the quantum
yield of 0.96 (21). This corresponds to the
photocyclization reactions of 600 molecular
layers. The reactions take place as deep as 500
mm (Fig. 1). Therefore, the reacted molecules
are not localized in the 600 layers but are
distributed in about 5 3 105 layers (5 500 mm).
The number of reacted molecules in 600 (ver-
sus 60) molecular layers is necessary to produce
the one–molecular layer vacancy. When the
number of reacted molecules is less than 1.0 3
1017 molecules/cm2, the steps have been barely
formed. The induction period is the accumula-
tion time of the reacted molecules until 1.0 3
1017 molecules/cm2. This process would ex-
plain step formation on the A crystal surface.
Upon prolonged irradiation, the vacancies in-
crease and two or more molecular layers sink.
The direction of the step formation was along
the c axis (Fig. 5A, red arrow). The rather weak
interaction between perfluorocyclopentene
groups possibly induces the step formation
along the c axis. The cycloreversion reaction
filled up the vacancies, and the surface with
steps again returned to the initial flat surface.

The crystal reversibly shrank and expanded
by alternate irradiation with UV and visible
light. The shrinkage of the surface was digital,
and each step corresponded to the thickness of
one molecular layer as short as 1 nm. The
reversible surface morphological changes could
be applied to photodriven, nanoscale actuators
that reversibly change thickness stepwise by
alternate irradiation with UV and visible light.
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Ablation, Flux, and Atmospheric
Implications of Meteors Inferred

from Stratospheric Aerosol
D. J. Cziczo,1,2 D. S. Thomson,1,2 D. M. Murphy1*

Single-particle analyses of stratospheric aerosol show that about half of the
particles contain 0.5 to 1.0 weight percent meteoritic iron by mass, requiring
a total extraterrestrial influx of 8 to 38 gigagrams per year. The sodium/iron
ratio in these stratospheric particles is higher and the magnesium/iron and
calcium/iron ratios are lower than in chondritic meteorites, implying that the
fraction of material that is ablated must lie at the low end of previous estimates
and that the extraterrestrial component that resides in the mesosphere and
stratosphere is not of chondritic composition.

Accurate measurement of the flux of inter-
planetary material to Earth has proven diffi-
cult because the majority of extraterrestrial
matter incident on the atmosphere is in the

form of micrometeors that ablate at ;100-km
altitude when atmospheric pressure causes
sufficient frictional heating (1–6). Only a
minor fraction reach the surface without va-
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porizing as the interiors of large bodies, small
(,100-mm diameter) particles that survive
deceleration without alteration, and the melt-
ed remnants of meteors known as spherules
(1–8). Some estimation of the flux can be
based on observations above the atmosphere,
before substantial alteration of the objects has
occurred. Measurements have been con-
strained to the examination of impact craters
such as those on the Long Duration Exposure
Facility satellite (40 6 20 Gg/year) (9) be-
cause the large relative velocities involved
have precluded systematic material collec-
tion. Attempts to estimate the flux have also
come from models of meteoritic iron in the
mesosphere (8 Gg/year) (2), a region where
the ablation process leads to persistent layers
of metal atoms and ions (1, 2, 5, 6, 10), but
this material represents only a small fraction
of the vaporization products. Composites of
these estimation types have used satellite-
borne impact detectors and meteor trail radio
echoes and visual counts (8 to 30 Gg/year,
best estimate 5 16.2 Gg/year) (11). Measure-
ment of extraterrestrial iridium after ablated
material has settled from the atmosphere and
been deposited to the sea floor has also been
used for budget calculations (78 Gg/year)
(12).

An ideal location for a collection of ab-
lated meteoritic material is the layer of sul-
furic acid and water particles found in the
stratosphere. Model studies show that con-
densation and coagulation of the ablation
products result in the formation of nanome-
ter-sized smoke particles in the mesosphere
(3) that sediment and are transported into the
stratosphere, predominantly over the winter
pole because of atmospheric circulation (13).
Meteoritic material is incorporated into the
background sulfate aerosol (14, 15) in the
stratosphere and remains for an average of 12
to 16 months (16) because of the extreme
stability of this region. The material that ab-
lates in the upper atmosphere—the majority
of the incident material—will consequently
remain in the sulfate layer for an extended
period of time before deposition to the sur-
face. The extended residence time also pre-
vents sporadic events, such as meteor show-
ers, from creating transient extraterrestrial
material loads within the sulfate layer. Sam-
pling the large repository of meteoritic mate-
rial in this region can therefore overcome the
aforementioned difficulties in attempting to
estimate flux from a minor subset of material
and can also be used to provide detailed

information on the ablation process.
The Particle Analysis by Laser Mass

Spectrometry (PALMS) instrument has been
used to obtain high signal-to-noise measure-
ments of meteoritic material in stratospheric
aerosol particles (17). Measurements were
made aboard a NASA aircraft during April
and May 1998 as part of the WB-57F Aerosol
Mission (WAM) and September 1999 in the
Atmospheric Chemistry of Combustion
Emissions Near the Tropopause (ACCENT)
study. PALMS uses an yttrium-aluminum-
garnet laser to detect particles from 0.2- to
3-mm diameter by light scattering and to
trigger an excimer laser that vaporizes and
ionizes the components (18). During the mis-
sions, more than 2500 spectra of stratospheric
aerosol particles that contained meteoritic
material were obtained (Fig. 1). The sensitiv-
ity of the PALMS instrument to meteoritic
metals allowed us to quantify the amount of
extraterrestrial material present in strato-
spheric aerosol and to characterize the abla-
tion process by identifying the relative abun-
dances of individual components in laborato-
ry experiments.

Initial laboratory experiments were con-
ducted by dissolving ordinary chondrites
from the L- and H-groups (relative low and
high iron, respectively) in 65 weight % (wt
%) H2SO4. Aerosol was produced by bub-
bling dry nitrogen through the solution, and
particles were selected at 0.3-mm diameter
with a differential mobility analyzer. Al-
though experiments were normally per-
formed on particles of this diameter, no size
dependence was noted from 0.2 to 0.5 mm for
any of the results presented here. The solution
acid concentration and particle size were cho-
sen to closely represent stratospheric particles

(16). Particles produced from dissolved
ground meteorite were sampled with the
PALMS instrument, and the spectra exhibited
good correlation with those obtained during
flight (Fig. 1). This result demonstrated that it
was possible to represent stratospheric parti-
cles by preparing aerosol in the laboratory
from the individual components associated
with those particles. The second step of lab-
oratory experiments was to prepare “artificial
meteorite” solutions by dissolving commer-
cially available chemicals in sulfuric acid to
mimic the principal components of chondritic
meteorites (19). Fe, Mg, Ca, Na, Ni, Mn, and
K, which are moderately soluble in sulfuric
acid (20), were added to solution as neutral
metals or sulfate salts. Silicon and aluminum
were not included because they form insolu-
ble oxides that would not mix homogeneous-
ly during particle generation. Sulfur and ox-
ygen are substantial meteorite components
but were not added because they could not be
distinguished from the sulfuric acid matrix.
Experiments were conducted on artificial me-
teorite particles and not just those produced
from dissolved ground meteorite for two rea-
sons. First, ground meteorite contains insol-
uble components that precluded the quantifi-
cation of dissolved material and identification
of which components were in solution. Sec-
ond, the preparation of solutions from labo-
ratory chemicals allowed us to vary the quan-
tity of components with respect to one anoth-
er, a flexibility not available with addition of
a ground sample of fixed composition. Parti-
cles produced from artificial meteorite solu-
tion were sampled with the PALMS instru-
ment under the same conditions used for
dissolved ground meteorite, and these spec-
tra also exhibited good correlation with
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Fig. 1. Typical positive
ion mass spectra. (A)
Stratospheric aerosol
particle that contained
meteoritic material (17).
(B) Ground meteorite
particle composed of H-
group chondritic matter
(Field Museum of Natu-
ral History sample Me
2076) dissolved in 65 wt
% sulfuric acid such that
there was #1.0 wt % Fe
in solution (some frac-
tion, possibly SiO2, re-
mained visibly undis-
solved). (C) Artificial
meteorite particle pre-
pared in the laboratory
that was 65 wt % sulfu-
ric acid, 0.75 wt % Fe,
0.23 wt % Mg, and mi-
nor species in the abun-
dance found in chon-
dritic meteorites (19)
with respect to the given
iron concentration. Particle mass is balanced by H2O in all cases.
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those obtained during flight (Fig. 1).
Laboratory studies were critical to quantify

the amount of meteoritic matter present in
stratospheric sulfate aerosol and thus the extra-
terrestrial flux. The quantity of dissolved artifi-
cial meteorite components was gradually in-
creased from a level of 0.1 to 5.0 wt % Fe. With

the exception of magnesium, which was deplet-
ed by a factor of 2 (explanation in following
paragraphs), all species were added in the rela-
tive abundances to iron found in ordinary chon-
drites. The S1 and SO1 ion peaks, the domi-
nant positive ion fragments produced when sul-
furic acid and water particles are laser ablated,

were compared with Fe1 as the concentration
of the solution from which the particles were
produced was increased. Artificial meteorite
particles with 0.5 to 1.0 wt % Fe exhibited good
correlation for these two ratios with stratospher-
ic particles containing meteoritic material.

Mossop (21) and Bigg et al. (22) have noted
the presence of meteoritic inclusions, frequently
several per droplet, within sulfate particles in
previous studies. This is consistent with the
presence of insoluble silicon and aluminum
oxide fragments in stratospheric sulfuric acid
and water particles. Sheridan et al. (23) ob-
served infrequent inclusions of .30-nm diam-
eter in stratospheric particles. Meteoritic iron
present at the lower limit found here of 0.5 wt
% in a 0.3-mm diameter, 65 wt % H2SO4

particle would correspond to a sphere contain-
ing all extraterrestrial material of diameter ;70
nm at a density (3) of 3 g/cm3, which should
have been detected. It is unlikely, however, that
smoke particles form spheres. Instead, a loose
aggregate, much like soot, may be formed dur-
ing coagulation. Once present in solution, sol-
uble components would be eliminated from the
aggregate, leaving behind several smaller insol-
uble fragments below the detection limit of the
Sheridan et al. observations.

Once laboratory experiments had been used
to show that stratospheric particles contain
;0.75 wt % extraterrestrial iron, the ratios of
the other meteoritic metals were characterized
by variation of magnesium and the minor com-
ponents at this fixed concentration of iron in
sulfuric acid and water solutions (Figs. 2 and 3).
Although the composition of extraterrestrial
material incident on the atmosphere is believed
to be predominantly chondritic in nature (6, 10),
the ablation process may cause preferential va-
porization of the more volatile species from the
precursor bodies. For example, McNeil et al.
(5) proposed “differential ablation” of meteorite
components at various altitudes to explain ob-
servations that show higher mesospheric con-
centration of more volatile species than chon-
dritic composition would suggest (6, 10). This
concept is consistent with the findings of Hashi-
moto (24), which show that melts of FeO-
MgO-SiO2-CaO-Al2O3 exhibit a volatility se-
quence such that the iron fraction vaporizes
more readily than magnesium. Taylor et al. (25,
26) noted that a well-preserved collection of
spherules from the South Pole exhibit a range of
compositions that can be explained by various
stages of evaporation from an idealized chon-
dritic melt.

Experiments performed on artificial mete-
orite particles formed from solutions with the
chondritic Mg/Fe ratio had comparable mass
spectral Mg/Fe ratios to those formed from
ground meteorite solution (Fig. 2). Although
these experiments strengthened the assertion
that artificial meteorite solution was a suit-
able surrogate for dissolved ground chon-
drites, they also showed that the flight data

Fig. 2. Normalized his-
tograms of the spectral
ratio of Mg to Fe.
Shown in shaded green
are fractions of spectra
versus Mg to Fe ratio
for artificial meteorite
solutions. Numbers in-
dicate the relative
quantity of magnesium
added with respect to
chondritic abundance
(“0.5” represents deple-
tion by half from the
chondritic abundance,
whereas “2.0” repre-
sents enrichment by
two times). Studies
were performed on ar-
tificial meteorite parti-
cles at 65 wt % sulfuric
acid containing 0.75 wt
% Fe. Histograms from two recent WB-57F aircraft missions for stratospheric aerosol that contained
meteoritic matter best match artificial meteorite particles when magnesium was depleted by a factor
of two (“0.5”). Histograms for ground meteorite particles produced from dissolved L- and H-group
chondrites (Field Museum of Natural History samples Me 1990 and 2076, respectively) exhibit best
correlation with artificial meteorite particles with chondritic Mg composition (“1.0”) but do not agree
with the flight data. All histograms are of the same scale with offsets for clarity.

Fig. 3. Ion ratios of
magnesium and the
minor meteoritic ele-
ments to Fe observed
in flight versus the
chondritic atom ratio
normalized to iron. The
values are based on the
mass spectral ratio
from flight and the rel-
ative sensitivity factor
(RSF) of the PALMS in-
strument to each spe-
cies as determined
from laboratory exper-
iments. For example,
the RSF for magnesium
was determined with
the histograms shown
in Fig. 2, which yield a
value of 0.33. Similar
laboratory experiments
yielded RSF values for
Na, Ni, Mn, and K of
0.20, 0.21, 6.3, and 1.6,
respectively. The error
bars in the ion ratios
are given by the com-
bination of the linearity
of the RSF as a function of solute concentration from laboratory studies on artificial meteorite particles
and the uncertainty in the modes of the histograms observed in the laboratory and in flight. No specific
value is given for calcium, but the possible range observed in flight is shown (27). Values that fall below
the 1:1 line (dashed) are therefore depleted in stratospheric aerosol relative to chondritic, whereas
values that lie above the line are enriched. Ni, Mn, and K each represented less than 10217 g in a 0.3-mm
diameter artificial meteorite or stratospheric particle containing meteoritic material and are conse-
quently less certain than the other species because of proximity to the level of noise in the mass spectra
investigated.
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were comparable only to artificial meteorite
particles formed from solutions with half the
chondritic Mg/Fe ratio and not the nominal
value (Fig. 2). Likewise, calcium is depleted
in stratospheric aerosol by up to a factor of
3.5 (27). Sodium, the most volatile species
investigated, is enriched by about a factor of
2 with respect to Fe (Fig. 3).

The relative ratios of meteoritic metals in
the ablation products that reside in stratospheric
sulfate aerosol determined in this work can be
used to estimate the fraction of extraterrestrial
matter that is vaporized if a chondritic precursor
is assumed. Ordinary chondrites are about 20%
Fe, 10% Si, and 10% Mg by mass. Calcium and
aluminum represent ;1% each. If all of the Na
ablates, consistent with the suggestion by
Brownlee (28) that a criterion for judging the
extraterrestrial origin of spherules be the almost
complete depletion of volatile species, and the
Na/Fe and Mg/Fe ratios are as determined by
our calibrations, then the implication is that
about 50% of the Fe and 75% of the Mg does
not ablate. Under reasonable assumptions (Si
and Al ablate like Fe, Ca like Mg, and the
portion that remains in a melt is as FeO, MgO,
SiO2, Al2O3, and CaO), then a best estimate for
the fraction of incident mass that ablates is
58%. A reasonable upper limit for vaporization
can be calculated by assuming that the Na/Fe
and Mg/Fe enrichments are 1.3 and 0.75, re-
spectively (about the 1s deviations of the his-
tograms as shown in Fig. 2 for Mg), and main-
taining the remainder of the above method. This
corresponds to a vaporization of 75% of the Fe
and 56% of the Mg and 78% overall ablation of
the incident mass. These levels of vaporization
are consistent with previous studies, falling to-
ward the low end of estimates based on isotopic
fractionation in spherules (52 to 99%) (29) and
ablation (;70%) (3) and thermal modeling (70
to 90%) (4).

Ablation of extraterrestrial material forces
the majority of the mass incident on the atmo-
sphere to become incorporated in stratospheric
aerosol. Our measurements of these particles, in
conjunction with laboratory studies, can be
used to estimate the influx without constraint by
a minor fraction of the precursor bodies or
incoming velocity and material property as-
sumptions. As shown, 0.5 to 1.0% by mass of
;50% of stratospheric particles is extraterres-
trial Fe. The influx of S to the stratosphere is
100 to 160 Gg/year (16), representing 472 to
755 Gg/year condensable matter at 65 wt %
H2SO4. For a 12- to 16-month average aerosol
lifetime (16), an influx of 4 to 19 Gg/year of
meteoritic material is required to maintain the
observed Fe signal in the stratospheric sulfate
layer. This calculation assumes that all of the
ablated material is incorporated into strato-
spheric sulfate aerosol (30). For 58% ablation,
this corresponds to an extraterrestrial mass in-
flux between 8 and 33 Gg/year. Maurette et al.
(31) found that the abundance of unmelted mi-

crometeorites was 25 to 40% of the spherule
mass in a collection from Antarctic blue ice.
Adopting this value, the total micrometeorite
flux to Earth is 8 to 38 Gg/year.

The presence of several wt % of metal ions
and insoluble oxides in a large fraction of
stratospheric particles has interesting implica-
tions for our understanding of the sulfate layer.
For example, the artificial meteorite solutions
of $0.75 wt % Fe used in these studies exhibit
a visible tint. The existence of chromophores in
stratospheric aerosol could have chemical and
radiative importance. Several other atmospher-
ically relevant consequences must also be con-
sidered. Particle formation in the stratosphere is
often assumed to predominantly proceed homo-
geneously from the gas phase, but heteroge-
neous aerosol formation may occur as sulfuric
acid vapor condenses on smoke nuclei as they
sediment from the mesosphere. Meteoritic par-
ticles are one of several possible explanations
for the enhancement of aerosol in the strato-
sphere during polar spring as smoke-rich me-
sospheric air downwells (32). This result is not
restricted to the terrestrial atmosphere. Particles
originating from meteor ablation and capable of
acting as condensation nuclei are probably
present for all solar system bodies with an
atmosphere (for example, Mars and Titan). As
discussed by Prather and Rodriguez (13), ions
derived from meteoritic metals could act as a
source of alkalinity for acidic sulfate aerosol. If
meteoritic particles do gradually acquire a sul-
furic acid coat as they descend through the
stratosphere, they would also traverse a range
from basic to acidic as vapor uptake occurs.
This condition may have unconsidered hetero-
geneous chemical implications. One of the
more puzzling atmospheric issues is the uncer-
tainty of what process induces the freezing of
the aerosol that forms polar stratospheric
clouds, the site of ozone depletion (33). Mete-
oritic material, incorporated in stratospheric
aerosol as a combination of solution ions and
insoluble material altered to some extent during
the ablation process, could be a candidate for
this phase change. Past studies have suggested
that meteoritic material does not cause hetero-
geneous freezing (34) but that work used un-
dissolved chondritic meteorite fragments and
micrometeorites that are shown here not to be
representative of the morphology or chemical
composition in sulfate aerosol. Finally, the ex-
traterrestrial flux stated here corresponds to an
ablation of 0.5 to 1.7 Gg/year of sulfur. This
represents 0.3 to 1.7% (16) of the total current
stratospheric sulfur budget estimate. Although
this flux is insignificant in the lower strato-
sphere, it may dominate in the upper strato-
sphere, above the sulfate layer wherein most of
the sulfur of terrestrial origin resides.
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