Ti, in each case at the totally excluded
volume. Fraction 6 shows the highest Ti
concentration (~ 0.2 ppm).

The elution of Fe species commences
at the totally excluded volume for each
SESC fraction. This is not the case with
Cu and Zn, for which molecules of
‘‘size’’ smaller than an n-Css alkane are
predicted to elute.

Major Cu and Zn peaks eluting from
fraction 1 correspond to ~ 1.3 ppm (Cu)
and 0.4 ppm (Zn). The Cu metallogram
from fraction 7 has relatively sharp
peaks from which concentration can be
estimated: progressing to smaller
‘‘sized’’ species (increasing elution vol-
ume), the concentrations are ~ 0.8, 2.3,
and 1.1 ppm, respectively. Since fraction
7 is reputed to be polyphenols, these Cu
signals may be due to the elution of Cu
phenolates.

The Zn metallogram from fraction 7
exhibits the largest number of discrete
peaks, four. The largest ‘‘sized”” Zn
compound elutes at the totally excluded
volume and is ~ 6 ppm. Elution of the
species at 10.5 ml indicates a molecule at
the ‘‘size”’ of n-decane.

Fraction 8 has a Zn concentration of
~ 45 ppm, all of which elutes in a narrow
band at the “‘size’’ of n-C,4 alkane.

Fraction 9 displays a bimodal separa-
tion of totally excluded and selectively
permeated (~ 0.25 ppm) Zn-containing
matter.

As far as we know, we are the first to
report distributions of organically bound
metals in coal-derived products. The iso-
lation of metal-organic fractions is a first
step toward their speciation, which
could yield information significant for
both producing and utilizing coal liquids.
Evidence for the survival of organome-
tallic combinations of biological origin
may be useful to geochemists concerned
with the chemistry of coalification.

The source of organically bound met-
als in coal-derived materials is still un-
certain. They may be present in the raw
coal. They may be produced as a result
of chemical reaction during the coal con-
version process. They may originate
with the processing equipment; we have
observed large Cr concentrations in the
process solvent used for the production
of the SRC studied.

LARRY T. TAYLOR
DouGLAs W. HAUSLER*
Department of Chemistry,
Virginia Polytechnic Institute and
State University, Blacksburg 24061
ARTHUR M. SQUIRES
Department of Chemical Engineering,
Virginia Polytechnic Institute and
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Polycrystalline Echinoderm Calcite and Its Fracture Mechanics

Abstract. Polycrystalline calcite was revealed by scanning electron microscopy of
fractured skeletal ossicles of the sea star Echinaster spinulosus (Echinodermata,
Asteroidea). Whisker-like calcite crystals were observed in specimens that were
loaded in stress relaxation before being fractured; rapidly broken surfaces were
smooth and glassy. The crystallites were 1300 angstroms wide and at least 3600
angstroms long and were packed together in lamellae. The lamellae were wound into
spirals that formed the trabecular bars. All the crystallites in an ossicle appear to be
aligned in the same direction. Geometric considerations indicate that the require-
ment for packing the crystallites smoothly may explain the high magnesium ion

concentration of echinoderm calcite.

Virtually all echinoderms have an en-
doskeleton composed of calcite ossicles
or spicules. As a skeletal material, echi-
noderm calcite has several unusual fea-
tures: (i) macroscopically, the calcite
forms a fenestrated structure of trabecu-
lae pierced by roundish holes (stereom);
(i) the calcite is ‘‘impure,’’ containing 4

to 16 percent Mg?* substituted for Ca®*
(1); (iii) evidence for an organic matrix
within the calcite is equivocal (2); and
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(iv) each skeletal element, excepting
echinoid teeth, behaves optically as a
single crystal (3, 4). It is not clear wheth-
er each skeletal element (spine, plate, or
ossicle) is monocrystalline or an aggrega-
tion of crystallites with perfectly aligned
optical axes. X-ray crystallographic
analyses indicate that each skeletal ele-
ment could be referred to a single crystal
lattice (4). Although the data did not rule
out a polycrystalline substructure (3, 6),
the perfect alignment of crystallites re-
quired to explain the x-ray data had
seemed unlikely. Furthermore, since ex-
tensive scanning electron microscopy of
fractured skeletal surfaces had failed to
reveal a polycrystalline substructure (3-
5), most workers preferred the mono-
crystalline hypothesis (3-3, 7, 8).

I now present evidence that the skele-
tal elements of echinoderm calcite are
polycrystalline. Carinal and dorsolateral
ossicles of the sea star Echinaster spinu-
losus (Asteroidea: Spinulosida) were

Fig. 1. Scanning electron micrograph of a
fractured trabecular bar within a skeletal ossi-
cle of the sea star E. spinulosus. Whisker-like
calcite crystallites aligned in spiral lamellae
demonstrate the polycrystalline substructure
of the calcite ossicle. Scale bar, 10 um; mag-
nification, x5000.
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fractured during mechanical tensile test-
ing of strips of the aboral body wall of
the ray. Scanning electron micrographs
of the fractured ossicle surfaces indicate
that the skeletal ossicles of E. spinulo-
sus are polycrystalline aggregates (Figs.
1 and 2). Needle-like crystallites are
packed together in lamellae that form
concentric circular or spiral courses. The
lamellae are probably part of a continu-
ous sheet, rolled up in a spiral, since in
many instances such a spiral course can
be followed around the central axis
(Figs. 1 and 2B, arrow). The width of the
lamellae is about 2000 + 200 A (mean =
standard error, N = 24) (9). Most of the
concentric surfaces of the lamellae are

smooth, with tiny grainy irregularities,

and resemble the smooth external sur-
face of the trabecula. Some of the sur-
faces show striations that look like cleav-
age lines. :

The individual crystallites resemble
slender needles or whiskers (Figs. 1 and
2, B and D). They are parallel to each
other, and their long axes are parallel to
the central axis of the spiral (deviations
average less than 1°, N = 134) (10). Indi-
vidual crystallites protruding from the
trabecular fracture surfaces (Fig. 2, C
and D) are about 1300 = 100 A on a side
(N = 48). Because one end was con-
cealed it was not possible to measure
their length; but they extend an average
of 3600 = 250 A (N = 47) above the
surrounding area. The tips of the crystal-
lites are similar to scalenohedral calcite
crystals, although they are too small for
face angles to be measured. Face angles
were measured on a few larger crystal-
lites in the center of some scanning elec-
tron micrographs (for example, the cen-
ters of Fig. 2, C and D), in which one
face appeared to be parallel to the front
of the camera (/0). These angles aver-
aged 74° = 1° (N = 21), which approxi-
mates the characteristic rhombohedral
cleavage angle of calcite, 74°, 55’ (11).
The crystallites appear to be closely
aligned calcite crystals composed of
about 200 cleavage rhomb-unit cells (12)
on their short faces; their length is at
least three times their width.

The parallel crystallite orientation is
retained in the three-dimensional struc-
ture of the stereom. A single trabecular
bar may contain more than one central
- axis (Fig. 1). Extensions and branches
perpendicular to the axial direction are
built up by many layers of lamellae in
which the crystallite length is shortened.
Gradually curved struts are produced
because the crystallites are quite small.
This pattern is visible where large con-
tinuous trabecular surfaces have frac-
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tured (Fig. 2B, upper right, and C, right).

The precise orientation of the crystal-
lite axes with respect to the anatomical
axes could not be determined because of
distortion of the specimen as it fractured.
However, the long axis of the crystal-
lites, and hence the central axes of the
spirals, lay close to the transverse axis
of the ray. I observed no evidence of
an organic matrix between the lamellae
or crystallites, although such material
might be difficult to discern in scanning
electron micrographs. It is unlikely that
organic material was removed during
preparation of the specimens (13).

The polycrystalline structure was ap-
parent only in specimens that were load-
ed in stress relaxation before they were
fractured (/4). Intact strips (I5) of the
dorsal body wall were loaded in tension
along the longitudinal, transverse, or
oblique ray axes, or in torsion about the
longitudinal axis until fracture (14).
When specimens were loaded and bro-
ken rapidly (elongations of about 0.01
percent per second) in any of the above
ways, ossicle fractures with the smooth
conchoidal surfaces typical of echino-
derm calcite were always produced (3, 7,
8) (Fig. 2A). These smooth fractures

',‘ ...‘__

Fig. 2. Scanning electron microgi’aphs of fracture surfaces of skeletal ossicle of E. spinulosus.

occurred across the narrow portions of
trabecular bars. The tightly packed crys-
tallite whiskers were apparently stressed
in a manner that prohibited fracture
along calcite cleavage planes during fast
fracture.

Crystallites were detected in all speci-
mens that had been stress-relaxed before
being fractured, regardless of the direc-
tion in which the load was applied. The
calcite crystallites cleaved freely along
their rhombohedral planes. Trabeculae
fractured across the entire area sur-
rounding the holes (Fig. 2, B and C); at
areas of high curvature (Fig. 2C), surface
flaws characteristic of stress concentra-
tion developed. Ossicle fracture was
generally confined to areas near the junc-
tion of ossicles and dermis; collagen fi-
bers tended to shred away from the
stereom.

Under stress relaxation, the junction
between collagen and calcite was proba-
bly altered, causing the calcite to lose its
characteristic strength properties and al-
lowing the crystallites to cleave. The
nature of this alteration is unknown.

Other evidence suggests that polycrys-
talline skeletal ossicles are not restricted
to E. spinulosus, nor even to Asteroidea.

B

Scale bars, 10 pm. (A) Smooth fractures produced by rapid breaks. The glassy fracture surfaces
are characteristic of echinoderm calcite (x1500). (B) Fracture surface produced after stress-
relaxation. The lamellae of crystallites follow a spiral course (arrow). Layers of lamellae stack
up to produce branches and struts. The flaky material at the upper left is collagen (x1000). (C)
Spiral lamellae and stress concentration flaws (arrows) on the normally smooth trabecular
surface. The long axes of the crystallites all point in the same direction despite the plane of
fracture. (D) Individual crystallites that protrude from the surface are roughly rhombohedral.
Pointed tips, however, may be scalenohedral (x7500).
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Puzzling laminar (3) or ‘‘zonar’ struc-
tures (§) resembling the concentric la-
mellae that [ observed have been seen in
scanning electron micrographs of frac-
tured echinoid plates. A scanning elec-
tron micrograph of a broken trabecular
bar from a young urchin (/6) shows
jagged structures that resemble crystal-
lites, and Pearse and Pearse (/6) suggest
that organic material might be contained
between lamellae. Theoretical (/7) and
x-ray diffraction (I8) evidence also indi-
cate polycrystallinity.

Some of the enigmatic features of echi-
noderm calcite can be explained if the
polycrystalline model is typical of echi-
noderms. Crystallite lamellae may con-
tribute to the strength of the stereom in
two ways. (i) The crystallites are whis-
ker-like and may share some of the
strength properties (19) of whisker crys-
tals. (ii) Since the outer trabecular sur-
faces are tightly packed cleavage faces,
they are extremely smooth. The surface
perfection of the trabeculae may produce
strengthening by crack inhibition (3, 7,
8). The Echinaster material demonstrat-
ed loss of this surface smoothness at
areas where stress concentrations were
likely (Fig. 2C, arrows).

The curvature of the lamellae may
explain the high Mg®* concentration of
echinoderm calcite, A smooth, curved
surface cannot be formed from calcite
crystals, which are rhombohedral, be-
cause the outer circumference must be
greater than the inner circumference.
The ionic radius of Mg?* (0.67 A) (12) is
32 percent smaller than that of Ca?*
0.98 A) (I2), and magnesian calcites
have smaller interplanar spacings in the
crystal lattice (20). If the magnesium ions
are located within the crystallites so that
the inner faces are slightly contracted,
the crystallites would fit together
smoothly. Where the curvature is great-
est—around tight curves and near the
central axis—Mg?* would be more abun-
dant than in the straighter sections of
lamellae. Overall Mg>* content varies
among the different skeletal elements (6),
but it is not known whether Mg?* con-
tent varies with any of the smaller struc-
tural features such as lamellae.

All echinoderm ossicles are bound by
connective tissue of some sort (27).
Since the ossicle-dermis junction ap-
pears to be sensitive to loading rate,
failure to observe crystallites in other
studies may have been the result of pro-
ducing fractures by rapid compression.

PatriciAa L. O’NEILL*
Department of Zoology,
Duke University,
Durham, North Carolina 27706
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Quiet Zone Within a Seismic Gap near Western Nicaragua:

Possible Location of a Future Large Earthquake

Abstract. A 5700-square-kilometer quiet zone occurs in the midst of the locations
of more than 4000 earthquakes off the Pacific coast of Nicaragua. The region is
indicated by the seismic gap technique to be a likely location for an earthquake of
magnitude larger than 7. The quiet zone has existed since at least 1950; the last large
earthquake originating from this area occurred in 1898 and was of magnitude 7.5. A
rough estimate indicates that the magnitude of an earthquake rupturing the entire
quiet zone could be as large as that of the 1898 event. It is not yet possible to forecast
a time frame for the occurrence of such an earthquake in the quiet zone.

Segments of seismically active plate
boundaries in the circum-Pacific that
have not been ruptured by a large (mag-
nitude M greater than 7) earthquake for
30 years or more are considered likely
locations for future large earthquakes (/,
2). The earthquake potential of each seg-
ment, or *‘seismic gap,’ is considered to
increase with the time since the last large
earthquake within that segment. Since
1973, when this concept was presented
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by Kelleher er al. (I), nearly all large
circum-Pacific earthquakes have oc-
curred within such gaps. Thr~ e con-
cept has been of great utility in forecast-
ing where large earthquakes should oc-
cur. To be socially useful, however,
earthquake predictions must specify the
time of these events more accurately.
Some workers (3) have reported precur-
sory patterns of seismicity that may
make possible the forecasting of large
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