from the region where it was formerly
abundant.

The sun star is a top carnivore in the
rocky intertidal zone and may play an
important role in structuring intertidal
communities in the Gulf (5). In other
marine communities where top carni-
vores have been removed by various
agents, dramatic changes have ensued
(5, 27).

Chthalamus anisopoma, the most fre-
quent prey of H. kubiniji, has been
shown to be capable of competitively
excluding other species from emergent
rock surfaces (28). Chthalamus abun-
dance shows no significant changes be-
tween 1976 and 1981 at one site near
Puerto Pefiasco (29), but at another site
Chthalamus has increased since 1978
and has remained significantly above
1978 levels (30). This increase in density
is correlated with significant decreases in
cohabiting encrusting algae and limpets
(31). Considering the marked seasonality
of northern Gulf of California popula-
tions and the difficulty of sorting out
predator removal effects from impacts of
other factors, it is premature to charac-
terize these changes as responses to the
removal of the top carnivore in this sys-
tem.
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Bismuth Vanadate: A High-Pressure, High-Temperature

Crystallographic Study of the Ferroelastic-Paraelastic Transition

Abstract. Lattice dimensions of bismuth vanadate have been determined under 37
different high-pressure or high-temperature conditions or a combination of these
conditions. New high-pressure, high-temperature, single-crystal x-ray techniques
were used to bracket the reversible monoclinic (ferroelastic) to tetragonal (paraelas-

tic) transition.

Combined high-pressure, high-tem-
perature (P-T) crystallography is a pow-
erful new technique for measuring crys-
tal structures and stabilities at nonam-
bient conditions. In this report we de-
scribe the application of P-T crystal-
lography to the determination of a re-
versible phase transition.

Bismuth vanadate, BiVQ,, has re-
ceived considerable attention since the
discovery of a ferroelastic-paraelastic
phase transition at 250°C by Bierlein and
Sleight in 1975 (I). Subsequent studies of
crystal structure variation with tempera-
ture (2, 3), Raman spectroscopy at high
temperature (4) and high pressure (5),
transmission electron microscopy of the
domain structure (6), birefringence at
combined high temperature and pressure
(7), and Brillouin spectroscopy (8) have
provided a consistent set of descriptive
parameters for the transition. The high-
temperature paraeclastic phase has the
scheelite structure (space group, I4,/a;
multiplicity, Z = 4), in which vanadium
atoms are in isolated tetrahedra and bis-

muth atoms are coordinated by eight
oxygens. This high-symmetry, undistort-
ed form was observed above 250°C at
room pressure and above 15 kbar at
room temperature; thus a negative dP/dT
for the transition is indicated. The low-
temperature, low-pressure, ferroelastic
phase is a slight distortion of the tetrago-
nal structure to monoclinic symmetry
(I2/a, Z = 4), with Bi and O atoms shift-
ed by approximately 0.1 A from their
ideal tetragonal positions (2). There are
two permissible orientations of the fer-
roelastic state, and twinning in the low-
symmetry form is thus almost universal.

The transition in BiVQy is a pure dis-
placive, reversible transformation [a
“‘proper ferroelastic transition’ in the
terminology of Aizu (9)]. The monoclinic
v angle, therefore, gradually changes to
90° as the temperature or pressure of the
second-order transition is approached.
The deviation of v from 90° is a sensitive
measure of atomic displacements from
their ideal tetragonal positions and is
related to the order parameter of mean
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Fig. 1. Unit cell parameters of BiVO, plotted against pressure at 25°C.

field theory. All such displacements,
however, are continuous and reversible,
and unit cell parameters must be mea-
sured in situ under appropriate P-T con-
ditions. The objective of this investiga-
tion was to apply recently developed
single-crystal, P-T, x-ray diffraction
techniques to document the variation of
BiVOy, unit cell parameters as a function
of temperature and pressure. These data
may be used to (i) define more precisely
the P-T conditions of transition, (ii) plot
the ferroelastic distortions as a function
of P and T and compare them with
theory (10), and (iii) determine equation-
of-state parameters for both monoclinic
and tetragonal forms of BiVO,.

Synthetic single crystals of BiVO,
were cut from a boule supplied by the
Royal Signals and Radar Establishment
(Malvern, United Kingdom). Unit cell
parameters were determined on two sin-
gle-crystal plates, both approximately 90
by 90 by 30 wm. One crystal plate was
cut perpendicular to (001) and the other
was cut perpendicular to (110). The two
crystals in air yielded the same unit cell
dimensions, so systematic effects due
to specimen absorption are not signifi-
cant,

The (110) crystal plate was then trans-
ferred to a diamond anvil pressure cell

992

for single-crystal x-ray diffraction (//) in
which a methanol-ethanol mixture was
the hydrostatic pressure-transmitting
fluid. Ruby chips 10 wm in diameter were
included in the mount for pressure cali-
bration (/2). Unit cell parameters were
measured at 16 pressures to 53 kbar. In
addition, full sets of intensity data were
collected at several pressures for high-
pressure crystal structure determina-
tions (13).

A second (110) plate was mounted

BivOy

| L

Tetragonal

200 *

Temperature (°C)
o
Is)

Pressure (kbar)

Fig. 2. Lines of constant unit cell angle vy
plotted against pressure and temperature.
Crosses mark P-T conditions of unit cell mea-
surements.

with a CaF; calibration crystal in a P-T
diamond anvil cell designed by Hazen
and Finger (/4) for single-crystal, x-ray
diffraction studies to 450°C at pressures
to 40 kbar. Temperature was controlled
and measured by an external thermocou-
ple, and pressure was deduced from the
known temperature, the measured lattice
constant of cubic CaF,, and the known
equation of state of CaF, (/5). Unit cell
parameters were determined under 21
sets of P-T conditions.

All single-crystal, unit cell measure-
ments were performed on an automat-
ed four-circle x-ray diffractometer with
MoKa; radiation (wavelength, 0.7093
A). Each reflection was centered in eight
equivalent positions after the procedure
of Hamilton (/6) to correct for systemat-
ic errors due to crystal centering and
diffractometer alignment.

Unit cell parameters at 43 P-T condi-
tions [including five room temperature
and high-temperature unit cell measure-
ments from (2) and (3)] were tabulated
(17). Unit cell expansion and compres-
sion of BiVO, clearly reflect the mono-
clinic-tetragonal transition. Below the
transition temperature the a axis is lon-
ger than b, but a contracts and b expands
to an intermediate value at 250°C. Aver-
age expansion of a + b is seven times
greater above than below the transition,
whereas expansion of the c¢ axis in-
creases by a factor of 6 from 4 X
107 °C~! in the monoclinic form to 2.3
x 1073 °C~! in the tetragonal form. Vol-
ume thermal expansion of the monoclin-
ic and tetragonal phases of BiVO, is
8 x 107% and 50 x 107% °C™!, respec-
tively.

Variation of unit cell parameters with
pressure (Fig. 1) is, in many respects, the
mirror of the temperature response. Be-
low 15 kbar the a axis compresses and
the b axis actually expands with increas-
ing pressure. To our knowledge, this
result is the first example of a crystallo-
graphic axis becoming longer with in-
creasing hydrostatic pressure. Both the
average a + b axes and the ¢ axis are
significantly less compressible above the
transition pressure than below. Volume
compressibility, B8, of the high-pressure
tetragonal form of BiVO, (B = 6.9 X
107% kbar™"), therefore, is nearly 60 per-
cent less than that below the transition
pressure (B = 15.4 x 107* kbar™),
Such a large change in bulk modulus is
unusual in reversible transitions.

The P-T cell data for BiVO, lattice
dimensions may be combined on P-T
nomograms to illustrate the systematic
variations of cell parameters with pres-
sure and temperature. Figure 2 shows
lines of constant vy with negative dP/dT.
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These lines are consistent with a linear
P-T transition curve:

T (°C) = 250(=3) — 15.0(=8)P (kbar)

A nomogram of unit cell volume ver-
sus P and T reveals isochoric lines with
positive dP/dT and with sharp breaks in
slope at the transition. Positive sloping
isochors could be combined with the
negative sloping lines of constant vy (Fig.
2) to provide a simple single-crystal in-
ternal P-T standard for the range of sta-
bility of the monoclinic phase.

This study demonstrates the utility of
P-T crystallography in the determination
of phase equilibria. The P-T cell is a
practical. device for x-ray diffraction
studies of single crystals to several hun-
dred degrees centigrade and several tens
of kilobars. In situ determination of lat-
tice parameters and crystal structures
at combined temperature and pressure
should be especially valuable in the doc-
umentation of nonquenchable, reversible
phase transitions, such as that displayed
by bismuth vanadate.
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Stem Rust of Wheat 3300 Years Old Found in Israel

Abstract. A fungus parasite observed on two ancient lemma fragments of wheat
was identified as Puccinia graminis. The fragments were found in a storage jar from
the Late Bronze Age excavated at Tel Batash, Israel, Uredia, hyphae, and germi-
nating uredospores, though charred, were well preserved.

Two rust-infected wheat lemma frag-
ments from the Late Bronze Age II (1400
to 1200 B.C.) were found at Tel Batash
on the piedmont of the Judean Moun-
tains, Israel. The fragments were in a
nearly intact storage jar that was full of
wheat grains and also contained some
unthreshed spikelets. The jar was exca-
vated from a storage space located be-
neath wooden steps leading to the sec-
ond story of a public building. It was
sealed under a thick layer of charred
wood and fallen bricks (/). Although
charred, the wheat grains, as well as
some ear parts, were well preserved;
there was almost no damage even to the
vulnerable epidermis and its hairs. The
wheat belongs to the archeobotanical
naked tetraploid species Triticum parvi-
coccum (2). Some investigators include
this species in 7. turgidum (2, 3).

One large longitudinal and two smaller

Fig. 1 (left). Pustule of Puccinia graminis on
the inner surface of a lemma of Triticum
parvicoccum. Fig. 2 (top right). Penetra-
tion of germinating tube into host stoma. Only
remnants of the vesicle-like appressorium (ar-
row) are present. Fig. 3 (bottom right).
Four equatorial germ pores (arrows) charac-
teristic of Puccinia graminis are visible on the
broken uredospore.

round uredia were observed on the larger
lemma fragment (Fig. 1). A large longi-
tudinal uredium was also seen on the
smaller fragment. All infestations were
located on the inner concave face of the
lemma. In the scanning electron micro-
scope, various stages of spore germina-
tion, including penetration into the lem-
ma, could be observed (Fig. 2). The
characteristic ruptured epidermis of the
host along with the oval echinulate ure-
dospores (17 by 11 wm) with four equato-
rial germ pores (Fig. 3) enabled identifi-
cation of the fungus as Puccinia graminis
f. sp. tritici, the cause of stem rust of
wheat (4). The charred uredospores are
smaller and rounder than uncharred P.
graminis f. sp. tritici, as is common for
other archeobotanical specimens (3).
The delicate structures of the pustules,
the hyphae, and the germinating uredo-
spores were well protected during the
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