counterrotating [one anticyclonic (high)
and one cyclonic (low)] eddies; smaller
mesoscale eddies were also present with-
in the domain. In CCS2, leg II, the jet
had a more alongshore orientation and
its intensity had changed. The changes in
jet orientation and intensity were con-
sistent with (i) northwestward displace-
ment of the main cyclonic eddy at a rate
of 8 to 12 km per day; (i) westward
displacement of the main anticyclonic
eddy at rate of 2 to 4 km per day; and (iii)
westward dispersion of the jet, at a rate
of 3 to 5 km per day, in the ““wake’’ of
the cyclonic eddy. In CCS1, the general
pattern (not shown) was a branching jet
flowing from northwest to southeast with
smaller mesoscale eddies 15 to 30 km in
diameter and indications of larger (100 to
200 km) features centered outside the
domain. In each quasi-synoptic realiza-
tion, the CCS included one or more jets
(intense current filaments) apparently
meandering between counterrotating ed-
dies.

We analyzed qualitatively an Ad-
vanced Very High-Resolution Radiome-
ter infrared image (from the NOAA-7
satellite) of the SST field (1 August 1982)
for an approximately 500-km square do-
main centered on the study area with
only the predominant features schema-
tized (Fig. 1). The general pattern is
indicative of cool water upwelled at the
coast in the summer season and of rela-
tively warm water advected equatorward
by the large-scale California Current.
The band of cool water extending off-
shore from the coast and cutting through
the CCS2 domain is a striking feature.
This feature is also dominant in the SST
map determined from the in situ XBT
and CTD data; the SST map, in addition,
indicates a sharp surface temperature
front (2°C per 20 km; actually, 2°C per S
km in continuous underway data) on the
southern boundary of the cool feature.
From the in situ data, the cool feature
was about 30 m thick. Comparison of the
dynamic topography and the SST maps
confirms that the cool feature was coin-
cident with the geostrophic jet, which
had presumably advected the feature off-
shore from the coastal upwelling center
off Point Arena. The cool feature enter-
ing the domain with the jet also appears
in the infrared image. (There is apparent-
ly another cool feature in the image,
cutting across the cyclonic eddy C. It
may be a relic or may be controlled by
some other mechanism. Alternatively,
since there was a 3-day delay between
the capture of the infrared image and the
in situ sampling in that area of the do-
main, this cool feature may have been
connected with the other one and, subse-
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quent to the imaging, may have been
displaced northwest with the cyclonic
eddy.) Nearshore, near-surface drifters
have documented (6) episodic offshore
flowing jets in wind-driven coastal up-
welling waters off Point Arena, consist-
ent with the results described here.

In summary, a new conceptual picture
of the CCS as a system of filamented jets
meandering between synoptic-mesoscale
cyclonic and anticyclonic eddies has
emerged. The jet and eddy system can
change substantially on a weekly time
scale. The source of these eddies and
their role in the local internal dynamics
of the CCS (in either driving or damping
the jets) have yet to be determined. This
conceptual picture provides a mecha-
nism (entrainment of cool water up-
welled nearshore and subsequent off-
shore advection by jets and eddies) to
explain the cool features commonly seen
in satellite infrared imagery to extend far
offshore from coastal upwelling centers.
The advection of cool coastal waters to
substantial distances offshore (100 km or
more) has significance for the rapid (a
few days) offshore transport of nutrients
and biota associated with coastal upwell-
ing and of pollutants discharged in the
coastal ocean. The jets and eddies also
advect warm offshore waters onshore to
the coastal ocean. The implications of

these results need to be incorporated in
models of coastal ocean circulation, eco-
systems dynamics, pollutant dispersal,
fisheries, and climate.
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Structural and Bonding Changes in

Cesium Iodide at High Pressures

Abstract. Cesium iodide, a simple ionic salt at low pressures, undergoes a second-
order transformation at 40 gigapascals (400 kilobars) from the cubic B2 (cesium
chloride~type) structure to the body-centered tetragonal structure. Also, the energy
gap between valence and conduction bands decreases from 6.4 electron volts at zero
pressure to about 1.7 electron volts at 60 gigapascals, transforming cesium iodide

from a highly ionic compound to a semiconductor.

The structural transition

increases the rate at which the band gap closes, and an extrapolation suggests that
cesium iodide becomes metallic near (or somewhat above) 100 gigapascals. Similar
changes in bonding character are likely to occur in other alkali halides at pressures

above 100 gigapascals.

Alkali halides are considered to be
archetypal representatives of simple ion-
ic bonding (/). Among these salts, CsI is
of particular interest because its high
compressibility allows the bonding
forces to be probed over a substantial
range of interatomic distances (2). The
effect of pressure on ionic bonds should
therefore be especially pronounced in
this compound, and should not be ob-
scured by crystal-structural transforma-
tions. This is because Csl at zero pres-
sure is already in the high-pressure struc-
ture of the alkali halides: the B2 or CsCl-
type structure (3). Indeed, on the basis of

geometric packing, the B2 structure is
thought to be the highest pressure phase
accessible to the alkali halides (3). This is
in accord with existing shock wave data
that show no evidence for a first-order
structural transition in CsI to a volume
compression of 0.47 (4, 5).

Cesium iodide is isoelectronic with
xenon, which has recently been the sub-
ject of considerable attention (6). The
behavior of xenon and the other noble
gases at high pressures is of theoretical
interest because of the expectation that
significant changes in bonding charac-
ter occur under sufficient compression.
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Thus CsI may provide some interesting changes dramatically between pressures  determined by x-ray diffraction (/1), is
insights as an analog: in the ionic model, of 0 and 100 GPa (1 Mbar) (7-9). illustrated in Fig. 1. Above 40 = 1 GPa
Cs* and I are closed-shell atoms. Ex- We studied CslI to pressures in excess the cubic CsCl-type structure distorts to
perimental and theoretical results sug- of 60 GPa by means of the diamond anvil  a structure of lower symmetry, which we
gest that the bonding in this compound cell (10). The pressure-volume relation, identify as the closely related body-cen-

tered tetragonal (BCT) structure (12).

Our data were collected with both in-

— creasing and decreasing pressure, and
the degree of nonhydrostaticity varied
from one run to another with no resolv-

60 %ﬁ‘ able effect on the amount of distortion
(10). The transition is reproducible with
Fig. 1. Static com- essentially no hysteresis, and there is no
— pression data for CsI ~ evidence that it is caused (or enhanced)
collected at room by the presence of nonhydrostatic stress-
tempera’,t"ret-h ﬁT,*:e es. We believe that this is the first obser-
;«7 0 :frgﬁ quu atei on moef vation of such a distortion of the crystal
e state calculated by structure among any of the alkali halides
g Barsch and Chang 2) (13).
@ using  ultrasonically Two things are unusual about this
s measured values of  gyctyra) transition: it involves no vol-
the bulk modulus and h ithi luti di
its first two pressure ~UMme change (within our reso ution) and it
derivatives. The crys-  is of second order. That is, the tetragonal
20 | tal structure trans- distortion increases continuously with
forms frtom §2d(CSCl' increasing pressure (Fig. 2). The effect of
typ%) 0 olyécce%' the distortion is to increase the nearest
CsCl structure ered tetragonal ( ) : :
| . at 40 GPa. neighbor distance and decrease the sec-
BCT structure 5 ond-nearest neighbor distance (the a pa-
Barsch and Chang (2) rameter) relative to the corresponding
1 . | bond lengths that would occur in the
01 o 0.8 0.6 o4 cubic structure at the same volume. This
ViV increase in nearest neighbor distance (up
1.2 u

5 6 |— Zero pressure /

- W CsCl structure

- | O BCT structure

1.1} S
s Y CR
° \Tetragonal §
I distortion 2
@
- , ; g -
>
I / g
1.0 —I-I—I——-—-—-——"——I—I—-ﬁ Cubic oo'
2~
, R ) . | . , , Second neighbor
0 20 40 60 80
Pressure (GPa) —
Fig. 2 (left). Plot of the pressure dependence of the structural
distortion in CsI. Below 40 GPa the crystal is in the cubic B2 structure .1 | ] L]
and the ratio of lattice parameters ¢ and a is 1. Above 40 GPa the 0 280 320 360 200

increase of the c/a ratio with pressure shows that CsI undergoes a
second-order phase transition that is a progressive distortion from
cubic to tetragonal symmetry. Fig. 3 (right). Change in the energy of the absorption edge or optical gap of CsI under pressure, shown as a
function of nearest neighbor distance and, where indicated, second-nearest neighbor distance. The gap decreases from 6.4 eV at zero pressure to
1.7 eV at the highest pressure for which data were collected (60 GPa, first-neighbor bond length of 317 pm). The optical changes are reversible,
with no hysteresis as pressure is increased or decreased. Our high-pressure data are in general agreement with theoretical calculations (shaded
region) (9) and with independent experiments (thin lines, dashed where extrapolated) (8); the lower line represents the published values and the
upper line is our reinterpretation of the same data (19). There is a distinct increase in the rate at which the band gap closes as a function of nearest
neighbor distance after Csl distorts to the tetragonal structure. When plotted as a function of second-nearest neighbor distance, however, there is
no evidence that the rate of gap closure changes across the structural transition (we show a straight line through the data for simplicity, despite
our expectation that it curves downward with increasing compression). An extrapolation of our data is consistent with the theoretically calculated
result that CsI becomes a metal at a pressure near or somewhat above 100 GPa (first-neighbor distance of 299 pm).

Bond length (pm)
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to about 5 percent at 60 GPa) may help
stabilize the structure at high pressures;
however, it is also possible that the te-
tragonal distortion is related to changes
in bonding under compression.

Our pressure-volume data to 60 GPa
(Fig. 1) are in excellent agreement with a
finite-strain equation of state based on
the elastic constants measured at low
pressures (2). This illustrates our conclu-
sion that the distortion from CsCl-type to
BCT structures occurs at constant vol-
ume. In fact, we see no effect of this
transition on the first three derivatives of
the pressure-volume relation for Csl.
The agreement between our data and the
equation of state derived from the elastic
constants is of further interest because it
provides strong experimental support for
the Eulerian finite-strain formalism (/4).
To our knowledge, these results for Csl
represent the largest range of compres-
sion (1 = V/V, » 0.5) for which the fi-
nite-strain theory has been shown to be
successful (15).

With increasing pressure, the absorp-
tion edge of CsI shows a large shift to
lower energies, moving from ultraviolet
frequencies through the visible and into
the infrared (8). Thus Csl transforms
from a highly ionic compound at low
pressures to a semiconductor and ulti-
mately a metal at high compression (6~
9). We studied this transformation by
measuring the optical absorption spec-
trum of Csl under pressure (/6). The
results, summarized in Fig. 3, demon-
strate that the energy gap between the
valence and conduction bands decreases
from 6.4 eV at zero pressure (I7) to
about 1.7 eV at 60 GPa. There is, howev-
er, a slight ambiguity in relating the
observed absorption-edge energy to the
actual band gap because of the possible
effects of excitons (I8). Nevertheless,
our data provide an estimate of the band
gap, and the quantitative difference is
not likely to be large.

The band gap in CsI corresponds to a
direct, Brillouin zone-center transition
from the full valence band that consists
mainly of iodine 5p states to the empty
conduction band, consisting mainly of
cesium S5d states (I7). This picture re-
mains valid at high pressures (9), al-
though complexities exist in detail be-
cause of the mixing of electronic states
as well as the occurrence of the structur-
al distortion.

The optical gap as a function of near-
est neighbor bond length is in general
agreement with the results of theoretical
calculations (9) that lead to the predic-
tion that CsI becomes metallic at or
somewhat above 100 GPa (Fig. 3). Our
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data are also consistent with previous
experimental results (/9), but we find a
distinct change in the rate of gap closure
after the tetragonal distortion sets in.

In the BCT structure the energy gap
decreases more rapidly with decreasing
first-neighbor distance than in the cubic
(B2) structure (Fig. 3). This may be
attributable in part to the lowered sym-
metry of the crystal structure, which
may increase the widths of the valence
and conduction bands. We believe, how-
ever, that the more rapid band closure is
largely due to the interaction between
second-nearest neighbors. That is, the
tetragonal distortion results in shorter
second-nearest neighbor distances (at a
given volume), which causes the valence
and conduction bands to broaden in ac-
cordance with the Pauli exclusion princi-
ple. Hence the gap decreases in response
to the decreasing anion-anion (and per-
haps cation-cation) distance with com-
pression. One argument in favor of this
suggestion is that the optical gap appears
to decrease continuously with second-
nearest neighbor distance without being
affected by the structural transition (Fig.
3). This is in qualitative agreement with
theoretical expectations.

On the basis of their properties at low
pressures, the alkali halides have tradi-
tionally been considered to be relatively
simple ionic solids. Nevertheless, with
sufficient compression a salt, Csl, can
exhibit unusual optical and structur-
al properties associated with drastic
changes in bonding character (from high-
ly ionic to semiconducting in this case).
Similar phenomena undoubtedly occur
in the other alkali halides but, because of
their lower compressibilities, take place
at higher pressures than those used in
this study.

ELISE KNITTLE
RAYMOND JEANLOZ
Department of Geology
and Geophysics, University of
California, Berkeley 94720
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Carbon Compounds in Interplanetary Dust: Evidence for

Formation by Heterogeneous Catalysis

Abstract. Associations of carbonaceous material with iron-nickel alloy, carbides,
and oxides were identified by analytical electron microscopy in ten unmelted
chondritic porous micrometeorites from the earth’s stratosphere. These associa-
tions, which may be interpreted in terms of reactions between a carbon-containing
gas and catalytically active dust grains, suggest that some of the carbon in the
chondritic porous subset of interplanetary dust was emplaced through heteroge-

neous catalysis.

Chondritic meteorites contain up to 4
percent carbon, mostly in reduced form
as organic compounds and elemental
carbon, and to a lesser extent in oxidized
form as carbonates (/). The nature and
origin of these phases are subjects of
considerable interest because they are
clues to the evolution of carbon during
and possibly before formation of the
solar system. New insight into the origin
of carbon in meteoritic materials is pro-
vided by the study of micrometeorites,
unmelted interplanetary dust particles
(typically < 50 wm) that are routinely
collected in the stratosphere. It is
thought that a significant fraction of mi-
crometeorites are of cometary origin
since comets are major contributors of
dust to the interplanetary medium (2).
We report here the results of a study of
micrometeorites that are termed chon-
dritic porous (CP); the particles are car-
bon-rich (> 2 percent by weight) aggre-
gates with chondritic (solar) elemental
composition (3). We consider them to be
a type of chondrite that has not been
found as a conventional-size meteorite,
probably because the material is too
fragile to survive atmospheric entry in
sizes larger than dust. In addition to their
porosity, CP micrometeorites differ from
carbon-rich carbonaceous chondrites in
that the major silicate phases appear to
be anhydrous, as determined by electron
diffraction and infrared studies (4).

Using analytical electron microscopy
(5), we examined carbon-bearing phases
in ten CP micrometeorites. Our imaging
techniques (in conjunction with electron
diffraction) were bright-field, dark-field,
and high-resolution lattice fringe imag-
ing. Where possible, collaborative chem-
ical information was provided by x-ray
energy-dispersive spectrometry (EDS)
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and energy-loss spectroscopy (ELS). As
observed previously (6), much of the
carbon appeared to be amorphous in the
form of mantles, filaments, discrete
grains, and matrix material in heteroge-
neous mineral aggregates. Although
most of it was not detectably crystalline
(7), we observed minor amounts of poor-
ly crystalline graphitic carbon in some of

on
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Fig. 1. (A and B) Electron micrographs of a
hexagonal iron-nickel carbide grain (from mi-
crometeorite Oz) embedded in a carbona-
ceous mantle. (A) Bright-field image (sub-
strate is a thin carbon support film). (B) High-
resolution lattice fringe image of the grain-
mantle interface. The carbide grain [defined
by 2. 1-A (011) fringes] is rimmed by ~ 25 Aof
graphitic carbon [defined by 3.4-A (002)
fringes], which merges into the bulk of the
amorphous mantle (upper right). (C) A [110]
SAED pattern from an orthorhombic iron-
nickel carbide (from Oz). The predominantly
strong supercell reflections (indexed) and
weaker subcell reflections arise as a result of
an ordered arrangement of interstitial carbon
atoms in the carbide crystal lattice. (D) A
[100] SAED pattern from an iron-nickel alloy
(kamacite) grain. The superimposed ring pat-
tern is due to Fe;O, (magnetite) decorating
the alloy grain.

the micrometeorites (Fig. 1, A and B).
The amorphous material evidently was
not elemental carbon, since ELS indicat-
ed minor amounts of nitrogen and oxy-
gen along with the carbon. (It was not
possible to determine the extent to which
the nitrogen and oxygen measurements
were influenced by contamination.) The
material could also be unstable under
electron irradiation, suggesting that it
contained organic compounds or other
volatile phases. In typical micrometeor-
ites the carbonaceous material repre-
sented only a minor fraction of the parti-
cle, although in some micrometeorites
discrete grains of low-atomic-number
material may have occupied a major
fraction of the particle volume.

Carbon was also a constituent of the
iron-nickel grains (4 to 8 percent nickel)
that usually accounted for < 1 percent of
the mass of the micrometeorites exam-
ined. Almost all the iron-nickel grains
studied contained significant amounts of
interstitial carbon. These grains ranged
in size from 0.05 to 1.0 pm and were
usually embedded in carbon or ‘‘chon-
dritic’’ material. For these reasons, se-
lected area electron diffraction (SAED)
identifications reported here are general-
ly based on the successful indexing of a
single zone axis pattern and on the verifi-
cation of inconsistency between that pat-
tern and patterns possible with a range of
alternate candidate structures. Figure 1,
A and B, shows hexagonal (epsilon) car-
bide; Fig. 1C shows an SAED pattern
(for an orthorhombic carbide) that exhib-
its superlattice reflections, suggesting an
ordered arrangement of interstitial car-
bon in the iron-nickel carbide crystal
lattice (8). In micrometeorite CP 22 we
identified cohenite, an iron-nickel car-
bide with yet another orthorhombic
structure (8). Other grains had cubic
structures: for example, the SAED pat-
tern shown in Fig. 1D (a grain from
particle CP 22) corresponds to the body-
centered cubic iron-nickel alloy (kama-
cite). We also characterized an iron-
nickel grain (in particle SP 61) with face-
centered cubic (FCC) iron structure. Be-
cause FCC alloy (< 10 percent nickel by
weight) is not stable at room tempera-
ture, we interpret this latter structure in
terms of the FCC carbide (austenite),
which has a similar crystal structure and
is more stable than the alloy (9). At least
three of the carbides have been observed
by others: Christoffersen and Buseck
(10) reported hexagonal (epsilon) carbide
in one micrometeorite, and Fraundorf
(11) observed both orthorhombic cohen-
ite and an iron-nickel grain with FCC
austenite structure. Finally, bright-field
and dark-field imaging experiments and
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