years for water on Venus, significantly re-
ducing the need for continuous replenish-
ment. The effect of a single large cometary
impact (22) would also be proportionally
diminished. Using different arguments,
both Chyba (24) and Ip and Fernandez (25)
concluded that Earth’s oceans could have
been provided by an early flux of comets—
possibly tied to the formation of Uranus and
Neptune. It is hard to see how this bom-
bardment could have missed Venus. Unfor-
tunately, the massive early escape of hydro-
gen required to remove an ocean of water
would leave no record of D-H fractionation
(8, 20); therefore, we cannot evaluate the
size of the original reservoir from this ratio
alone. Removal of an original, large water
reservoir through dissociation and hydrogen
escape (4, 8) appears to be the simplest
explanation of the available data, however,
provided such escape can occur in a way that
does not affect the noble gases.

Our observations can easily be repeated at
higher spectral resolution and for several
locations on the planet at future inferior
conjunctions of Venus. Additional data will
improve the accuracy of the determination
of the D/H ratio and the measurement of
water abundance above 32-km altitude. If,
as seems likely, radiation that has been de-
tected from the dark side at shorter wave-
lengths (26) comes from still deeper levels in
the atmosphere, it should ultimately be pos-
sible to reevaluate the global abundance of
water vapor on Venus from Earth. This is
now the greatest obstacle for efforts to un-
derstand the significance of the high value of
the D/H ratio. Galileo observations of Ve-
nus made in February 1990 will also help.
The prospect of Magellan radar maps with a
resolution capable of detecting traces of
ancient fluvial erosion adds yet another ap-
proach to the study of the history of water
on Venus.
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An Interplanetary Dust Particle Linked Directly
to Type CM Meteorites and an Asteroidal Origin

J. P. BRADLEY AND D. E. BROWNLEE

Tochilinite, an ordered mixed-layer mineral containing Mg, Al, Fe, Ni, S, and O, has
been identified in an interplanetary dust particle (IDP). This mineral is found in only
one other class of meteoritic materials, type CM carbonaceous chondrites. The
presence of tochilinite in an IDP provides a direct petrogenetic link between a member
of the layer-silicate subset of IDPs and a specific class of meteorites and thus establishes
that some IDPs collected in the stratosphere have an asteroidal origin. The scarcity of
this IDP type suggests that materials with CM mineralogy are not abundant among

the dust-producing asteroids.

XTRATERRESTRIAL MATERIALS CAP-

tured by Earth include both conven-

tional meteorites and micrometer-
sized interplanetary dust particles (IDPs).
Meteorites have been intensively studied
because laboratory specimens have been
available for many decades and most are
large (>1 cm) objects that can be examined
by multiple analytical techniques. The IDPs
have been studied in less detail because most

J. P. Bradley, McCrone Associates, Westmont, IL
60559-1275.

D. E. Brownlee, Department of Astronomy, University
of Washington, Seattle, WA 98195.

have been collected only during the past
decade (1) and because techniques sensitive
enough for analysis of nanogram quantities
of material are required. Meteorites are be-
lieved to be derived primarily from asteroids
(2, 3), but because only a few asteroids have
spectral reflectances similar to those of the
major meteorite classes (4), it appears that
meteorites are a highly biased sampling.
This bias is believed to result from two
processes. First, for bodies larger than about
1 cm?, only strong objects can survive atmo-
spheric entry, and fragile objects, like
cometary meteors and weaker asteroidal ma-
terials, fragment into dust (5). Second, the
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sources of conventional meteorites appear to
be largely restricted to regions of the aster-
oid belt where orbital resonance with Jupi-
ter initiates gravitational transfer to Earth-
crossing orbits (2). Both comets and
asteroids generate IDPs (1, 6-8), and IDPs
include both strong objects as well as ex-
tremely fragile meteoritic materials that can
survive atmospheric entry because of the
greatly reduced ram pressure exerted on
meteors less than about 1 mm? in size (9).
Because the orbits of small particles decay to
Earth-crossing under the influence of Poyn-
ting-Robertson drag (1, 10, 11), asteroidal
IDPs can be derived from virtually any
dust-producing region of the asteroid belt.
One of the fundamental goals of interplan-
etary dust research is to identify IDPs that
have an asteroidal origin, because they may
provide a broader and less biased sampling
of the asteroid belt than is provided by
meteorites.

Among the collected IDPs are a group

Table 1. Compositions (normalized to that of Si) of matrix
carbonaceous chondrite. (Column 1, bulk composition of the
1A; column 2, average and standard deviations (parenthescs)
tc in
98]010(OH)g, in RB12A44; column 5, Mg-nch serpen-

”AIOZICao mMno 02F 165[314 O]OIO(OH)S’ mn RB12A44 Column 6 tmhlhmtcmlstcd

RB12A44; column 3, tochilini

Mgo 1Al 39030 01F°§ a3Fed 5[ Si;
tine, Mg,

39Fed

referred to as chondritic because their bulk
elemental compositions generally agree with
those of chondritic meteorites (7). One par-
ticular subset of chondritic IDPs are strong
candidates for asteroidal materials because,
like CI and CM meteorites, they contain
abundant fine-grained layer silicates, carbon-
ates, and related phases (7, 12, 13). The
presence of these phases is indicative of an
episode of aqueous alteration, which is be-
lieved to have occurred within moderately
heated asteroids during the early history of
the solar system (14). However, it has not
been possible to link these “layer-silicate”
IDPs directly to chondritic meteorites be-
cause no IDP has been found with a miner-
alogy characteristic of a specific class of
meteorites. In this report, we describe a
layer-silicate IDP that contains tochilinite,
an ordered mixed-layer mineral containing
Mg, Al, Fe, Ni, S, and O, that has been
found within only one other class of mete-
oritic materials, the type CM carbonaceous

in RB12A44 and a type CM
t of RB12A44 shown in Fig.
r ten individual thin sections of
wth in RB12A44; column 4, cronstedtite,

tite intergrowth in Murray (CM) matrix (22); column 7, cronstedtite in Murray (CM) matrix (22);
column 8, Mg-rich serpentine in Murray (CM) matrix (22)

Element 1 2 3 4 5 6 7 8
Mg 0718 0427(0.089) 0770 0204 0.844 0922 0461 1.030
Al 0.113  0.195(0.032) 0361 0281 0049 0332 0.118 0.036
s 0503  0.348(0.064) 2980 0012 0.003 3.052 0.197 0.172
Ca 0033  0.010(0.005) 0016 0006 0.008 0.003
Cr 0.023 0023 (0.007)  0.065 0.015
Mn 0010 0014(0.004) 0082 0024 0.008
Fe 2433  2677(0438) 10672 4462 0814 10759 4261  0.801
Ni 0.100  0.074(0.015)  0.442 0.339 0016 0.053

of a

1. Scanning clectron micrographs
%wmagmﬁmnonmgcshowmgboﬁﬁbmm(F)andsmooth(S)phm

like surface structures. The smooth
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regions are serpentine and

of RBI2A44. (A)

tinctive

Fig. 2. Bright-ficld clectron of a
tochilinite-rich of a thin section (~50 nm
thick) of RB12A44. The concentric structures are
tochilinite tubes (viewed in cross section). [See
also Fig. 3D and with figures 13 and 14
of (22).] Many of the tochilinite tubes contain

(noncrystalline) silicate cores.

chondrites. The finding of tochilinite estab-
lishes a direct petrogenetic link between an
IDP and a class of meteorites, implies a
common asteroidal provenance for this IDP,
and focuses attention on the entire subset of
layer-silicate IDPs as a diverse sampling of
the hydrous asteroids.

The tochilinite and serpentine-bearing
IDP, RB12A44, was collected from the
stratosphere at an altitude of 18 to 20 km
with the use of a NASA U-2 aircraft (1). It
was found as a grouping of five 10- to
12-pm fragments of a larger (~30 wm) IDP
that broke up when it impacted onto the
collection substrate. We used the scanning
clectron microscope (SEM) to examine the
bulk compositions, surface textures, and
morphologies of the fragments and the an-
alytical electron microscope (AEM) to in-
vestigate compositions and crystal structures
of specific mineral phases (15). Particle

regions intergrown serpentine (cronstedtite) and tochilinite [also
known as Pﬁ&#{zo-za)] B) ngh-magmﬁatlon lt:l)ageshowmgttl'clc[dls-
fibrous morphology of

the serpentine-tochilinite intergrowth.

SCIENCE, VOL. 251



RB12A44 exhibits both smooth, plate-like
surfaces and fibrous regions (Fig. 1). The
smooth surface structures are typical of lay-
er-silicate IDPs (Fig. 1) (7), but the fibrous
structures are unusual (Fig. 1B). We pro-
duced several ultramicrotomed thin sections
(~50 nm thick) of the particle shown in Fig.
1 in order to examine its indigenous micro-
structures, mineralogy, and petrography
(13). Solar flare tracks (with a density of
~10"! cm~2) were observed in several min-
eral grains (16), and the edges of some thin
sections contained amorphous rims (10 to 20
nm thick), which are believed to result from
direct exposure to the solar wind (8, 17).

Two principal mineral phases, serpentine
and tochilinite (Figs. 2 and 3), were identi-
fied in thin section by lattice-fringe imaging,
electron diffraction, and x-ray energy-disper-
sive spectrometry. Together, these minerals
account for >95% of the volume of the
IDP. Both Mg-rich and Fe-rich varieties of
serpentine are present (Table 1). The ser-
pentine exhibits characteristic basal lattice
spacings of 7.0 to 7.3 A, and the tochilinite
exhibits both 5.4 and 10.8 A spacings (Fig.
3). Most of the Fe-rich serpentine (cronsted-
tite) is intergrown with tochilinite on a
unit-cell scale (Fig. 3). No crystals of pure
(cronstedtite-free) tochilinite were ident-
fied. The most tochilinite-rich regions of the
thin sections exhibit characteristic tubular
microstructures (Figs. 2 and 3D). Pentland-
ite [(FeNi)gSg], kamacite (FeNi alloy), troi-
lite (FeS), magnetite (Fe;0,), and diopside
[(Ca,Mg)Si,Og¢] are minor constituents in
the matrices of RB12A44; single grains of
schreibersite [Fe-Ni-(Cr)phosphide], (Fosy)
olivine, and an Mg-Fe-S-O phase (presum-
ably sulfate) are also present. The schrieber-
site and olivine grains arc almost 1 wm
across, as are some of the pentlandite crys-
tals, but the other mineral grains seldom
exceed 200 nm in diameter.

The composition of the particle shown in
Fig. 1 and the compositions of the major
mineral phases identified in thin sections
(Table 1) were determined by quantitative
x-ray energy-dispersive spectrometry. We
measured the bulk particle composition in
the SEM using a correction procedure devel-
oped for analyses of small particles (Table 1,
column 1) (18), and we analyzed thin sections
in the AEM using a thin-film correction
procedure (column 2) (19). Compositions
were also determined for the tochilinite-cron-
stedtite intergrowths, cronstedtite, and Mg-
rich serpentine (columns 3 to 6).

Tochilinite is an abundant (4 to 15% by
weight) and ubiquitous constituent of the
fine-grained matrices of type CM carbon-
aceous chondrites (20-26). It has not been
found in any other meteorite (20, 22, 25).
The presence of tochilinite thus implies that
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IDP RB12A44 is linked to CM chondrites.
Its presence also suggests that RB12A44
was not strongly heated during atmospheric
entry, because tochilinite is thermally unsta-
ble and converts rapidly to troilite at 245°C
(26). Tochilinite is texturally distinct from
any other minerals found in meteorites (Fig.
2). It is seldom found as crystals >100 nm,
and as illustrated in Figs. 2 and 3, it is
usually intergrown with cronstedtite on a
unit-cell scale (22, 23). Although the crystal
structure of tochilinite has yet to be verified
by single crystal x-ray diffraction, it is be-
lieved to consist (ideally) of alternating
sheets of Mg, Fe hydroxide, and Fe, Ni,
(Cu) sulfide (27). The texture and composi-
tion of tochilinite provide key information
for understanding the mechanism of aque-
ous alteration in the parent bodies of CM
chondrites (21-25). Tomeoka and Buseck
(22), for example, proposed that tochilinite
and tochilinite-cronstedtite intergrowths
(referred to as FESON and PCP, respective-
ly) formed in the parent body regolith dur-
ing a three-stage process of aqueous alter-
atdon. Their. proposed sequence of
mineralogical reactions is consistent with
bulk compositional changes that have been
observed to occur in the matrices of some
CM chondrites that preserve differing de-
grees of aqueous alteration (20, 25).

The compositions and microtextures of

Fig. 3. Lmioe-ﬁl'inndgcimagsofcronstedtiteandmdﬁﬁnitcin RB12A44. (A) Mixture of cronstedtite
tochilinite (5.4 and 10.8 A spacings). (B) Unit cell in

(7.3 A spacing)

tochilinite-cronstedtite  intergrowths  in
RB12A44 are similar to those observed in
the matrices of CM chondrites (compare
Table 1, columns 3 to 8) (22), and most of
the minor phases found in association with
tochilinite in CM chondrites [for example,
troilite, magnetite, pentlandite, and Fe-Ni-
(Cr)-phosphide (22] are also found in
RB12A44. The link to CMs is significant
because there is evidence that this rare chon-
drite class [<2% of meteorite falls (4)] is
abundant in space. The CM chondrites have
the lowest albedo of all chondrites, and they
show the best spectral and albedo match to
the C asteroids that dominate the mid-
region of the asteroid belt (4, 28). Frag-
ments of CM material are the most common
type of xenolith inclusions found inside oth-
er meteorites (28), and the ratio of sidero-
phile elements to Ir of the meteoritic com-
ponent of lunar soils suggests that CM-like
material has provided a large amount of the
material accreted to the moon over the past
3.7 billion years (29). The average oxygen
isotopic composition of cosmic deep-sea
spheres (melted 0.1- to 1.0-mm IDPs) is
consistent with that of CM chondrites and
distinct from that of CI and ordinary chon-
drites (30).

The apparent rarity of IDPs with CM-
type mineralogy is also significant. Of al-
most 100 layer-silicate IDPs that have been

g AR AR S

of cronstedtite and

tochilinite. (C) Psuedo-rectangular tochilinite “prototube” (22) nucleated in a cronstedtite plate. (D)

Tochilinite tube.
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studied by electron microscopy (7, 12, 13,
31), RB12A44 is the only one in which
tochilinite and cronstedtite have been
found. A specific search for these phases
might reveal a higher abundance, but it is
unlikely to exceed 10% of these IDDPs.
Therefore, if layer-silicate IDPs are a repre-
sentative sampling of the asteroid belt, then
CM chondrites cannot dominate the main
belt, despite their similarity to the C reflec-
tance class of asteroids (28). Both layer-
silicate IDPs and C class asteroids could be
samples of a broad spectrum of CM-like
materials sharing common physical proper-
ties (for example, reflectance), but having
significant mineralogical differences. For ex-
ample, most layer silicate IDPs contain smec-
tite rather than serpentine, and although the
degree of aqueous alteration is variable from
one IDP to another, it is often less than the
matrices of CM chondrites (13, 31).

The identification of a CM-type IDP con-
firms predictions, based on calculations of
particle orbital dynamics, that asteroidal ma-
terial should be present among stratospheric
IDPs (6, 11); most likely, materials from a
variety of asteroidal parent bodies are pre-
sent. However, only a subset of the IDPs
have been studied. Most research has been
focused on fine-grained IDPs because study
of the variety of minerals they contain pro-
vides the best means for understanding their
origins; coarser-grained IDPs have not yet
been studied in detail. (Because of their
coarse grain size, most meteorites could not
be linked to a specific class of parent body on
the basis of analysis of a 10-pm fragment.)
In this study, we were able to make a strong
link between RB12A44 and CM chondrites
only because CMs are very fine grained and
can be mineralogically distinct on a microm-
eter scale. If all layer-silicate IDPs are indeed
of asteroidal origin, future sample studies
combined with studies of dust dynamics
should provide new information about
geochemical conditions among the asteroids.
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A New Method for Carbon Isotopic

Analysis of Protein

D. E. NELSON*

The reaction of ninhydrin with amino acids can be used in carbon isotopic studies of
protein. The reaction can be applied to extract as carbon dioxide only peptide-bonded
carbon in proteinaceous material, thus avoiding most, if not all, contaminants. Test
radiocarbon dates on ancient bone indicate that the method provides reliable ages, and
stable carbon isotopic data suggest that our understanding of isotopic dietary recon-
struction needs detailed examination. The technique should also be useful in biochem-
ical tracing experiments and in global carbon budget studies, and the underlying
principle may be applicable to other isotopes and molecules.

GE AND DIETARY INFORMATION

obtained from carbon isotopic de-

terminations on ancient bone is of-
ten contentious (1, 2) because of difficulties
in isolating material uncontaminated by ei-
ther diagenetic processes or laboratory pro-
cedures. Purity requirements are stringent,
especially for radiocarbon dating of old sam-
ples, where admixtures of a few parts per
thousand of contaminant carbon can cause
serious errors. In most of the methods de-
veloped to solve this problem, an attempt is
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made to eliminate all possible contaminants
from the sample (3, 4), whereas a few are
designed for the extraction of only reliable
material (5~7). In all cases, the material
isolated is burned to yield the CO, used in
isotopic analyses. Burning does not discrim-
inate against contaminants and is known to
be a source of carbon contamination (8).
These methods do not provide internal mea-
sures of quality; one is never certain of
sample purity and hence of the integrity of
the result.

In this report I propose an alternative
method; the use of a chemical reaction that
selects specific carbon atoms from protein-
aceous molecules. First tests indicate that
this method is accurate, practical, and easily
adapted for routine use in both radio- and
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