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Structure of magnesian calcite from sea urchins
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ABSTRACT

X-ray # scans and high-resolution transmission electron microscopy (HRTEM) imaging
indicate that the calcite of sea urchin spines and skeletal plates forms in mosaic crystals.
Both coherent and incoherent boundaries were observed between slightly misaligned crys-
tallites. Small domains show an ordered superstructure. Using HRTEM and both X-ray
and electron diffraction data, we found that the most appropriate model for this super-
structure has Ca:Mg = 3:1 and alternating Ca layers and Ca and Mg layers along c. We
did not find evidence for the presence of protein molecules within the calcite structure.

INTRODUCTION

Numerous organisms produce calcium carbonate crys-
tals in the oceanic environment, and the resulting bio-
genic minerals are important contributors to carbonate
sediments on the ocean bottom (Lowenstam and Weiner,
1989). Being abundant in sediments, these carbonates are
involved in diagenetic processes, and their complete
characterization is important for understanding the
changes that occur during diagenesis. Echinoderms, con-
sisting of magnesian calcite, are prominent sources of car-
bonates and are the focus of this study.

In spite of extensive investigations of echinoid hard
parts, details of their structure are still not known with
certainty. Some scientists consider them to consist of sin-
gle crystals (Raup, 1966; Donnay and Pawson, 1969; Nis-
sen, 1969), whereas others believe they are polycrystals
(Pearse and Pearse, 1975; O’Neil, 1981). Towe (1967)
proposed that echinoderm skeleton elements are a com-
bination of both single crystals and polycrystalline aggre-
gates. Using high-resolution transmission electron mi-
croscopy (HRTEM), Blake et al. (1984) concluded that
echinoderm calcite consists of a pervasive mosaic struc-
ture that crystallized “under strong organism control.”
Paquette and Reeder (1990) obtained single-crystal X-ray
structure refinements of echinoderm magnesian calcite,
and, in contrast to dolomite, they found no evidence for
Mg ordering.

An intriguing feature, and one that has given rise to
considerable speculation, is the unusual flexibility and
strength of echinoderm calcite. Its mechanical properties
have been explained by either the porous character or the
hypothesized composite nature of the calcite. Currey
(1975), Burkhardt and Mirker (1979), and Emlet (1982)
proposed that it is the porous structure that improves
properties such as flexural, torsional, buckling, and ten-
sile strengths. On the other hand, Berman et al. (1990)
suggested, by analogy with composite materials, that pro-
tein molecules intergrown within the calcite are the crit-
ical factors, although Currey and Nichols (1967) and Kleyn
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and Currey (1970) reported an absence of organic mate-
rial in echinoderm calcite.

There are unresolved differences of opinion regarding
biogenic calcite. The purpose of the present investigation
is to examine echinoderm hard parts to obtain informa-
tion about their structural states and to search for evi-
dence of protein molecules within the biogenic crystals
that would indicate their composite character. We used
X-ray diffraction, electron microprobe analysis, and
transmission electron microscopy to study spines and
skeleton plates of Strongylocentrotus franciscanus (Str. fr.),
a deep water species, and Strongylocentrotus purpuratus
(Str. pr.), a shallow water species.

EXPERIMENTAL

Plates and spines of Str. fr. and Str. pr. were obtained
from fresh specimens. They were studied using a D/MAX-
IIB Rigaku X-ray diffractometer, operated at 50 keV, 30
mA, and equipped with a CuK« source, curved graphite
monochromator, and a 0.15° receiving slit. Samples for
electron microscopy were oriented using X-ray diffrac-
tion measurements, and then thin sections parallel and
perpendicular to the [001] direction were cut, ground to
a 30-um thickness, and ion milled. Microscopy was per-
formed using a Jeol JEM-4000EX electron microscope at
a 400-keV accelerating voltage and with a point to point
resolution of 0.17 nm. A 45-um objective aperture and
150-um condenser aperture were used.

Chemical analyses were obtained with an automated
electron microprobe analyzer (Jeol-JXA 8600 Super-
probe) using wavelength-dispersive spectroscopy. Sam-
ples were mounted on glass slides, polished, and coated
by vacuum evaporation with a thin conducting layer of
C. The microprobe was operated at 15 kV and 10 nA,
with a 15-um spot size. Count integration was for 30 s
for Mg and 5 s for Ca.

X-RAY RESULTS

The positions and intensities of the reflections from
powder X-ray diffraction (XRD) patterns of all the mea-
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Fig. 1. (A) X-ray 6 scans of the 104 reflection from a: a nom-
inally crack-free single crystal of calcite; b: a calcite crystal with
one crack visible with an optical microscope, and ¢: a mosaic
calcite crystal. Note the changes in peak shapes within this series.
(B) The 6/26 scans of the 104 reflection from crystals a and c,
above. The increased sensitivity of the 6 scans relative to 6/26
scans is evident.

sured samples are typical of calcite. We were interested
in assessing the crystal perfection of this calcite. Yukino
and Uno (1986) showed that such measurements could
be made of either powders or larger crystals through the
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use of XRD rocking-curve procedures (Azaroff et al.,
1974), which we will call 8 scans to distinguish them from
standard 6/26 diffraction scans. During such a 6 scan, the
specimen is rotated slightly around the axis of an X-ray
powder diffractometer, with the X-ray source and detec-
tor retained at a fixed 26 value for a given Bragg peak.
This procedure is in contrast to a more conventional /26
scan, in which both crystal and detector are rotated syn-
chronously. The resulting diffraction pattern contains in-
formation about both the sizes and orientations of the
crystals in the specimen (Yukino and Uno, 1986).

Slabs of calcite crystals, roughly 1 x 5 x 5 mm in size,
were used as standards to test the # scan method. Three
types of samples were studied: (1) a transparent crystal
(Iceland spar) free of cracks visible with an optical mi-
croscope, (2) a transparent crystal with a single micro-
scopic crack evident, and (3) a crystal containing multiple
microfractures. Slabs 2 and 3 were taken as models of
crystals having mosaic structures. The crystals were pol-
ished, mounted on glass slides, and then oriented on the
X-ray diffractometer.

We obtained both 6 and #/26 scans in order to test
which is more sensitive to crystal mosaicism. When using
a powder diffractometer to study a nominally single crys-
tal, as we did for these measurements, it is necessary to
determine the exact # orientation of the crystal before
obtaining a /20 scan. The 6 scan profiles of the 104 re-
flection, produced when a crystal fragment lies on its
cleavage surface, were obtained for our three reference
crystals (Fig. 1A). The differences in width and peak com-
plexity increase markedly with the extent of imperfec-
tions. Having determined the 6 position for the 104 peak
from the 6 scan, conventional 6/26 scans were used to
obtain Bragg diffraction spectra (Fig. 1B). In spite of the
striking difference among the 6 scan patterns (Fig. 1A), a
comparison with the 6/26 patterns (Fig. 1B) shows no
marked broadening of reflections from a mosaic crystal
relative to those from a single crystal. It is evident that §
scans are more sensitive to mosaic structures than are
6/26 scans. Thus, we used 8 scans for studying the echi-
noderm samples.

STRUCTURE OF SEA URCHIN SPINES AND
SKELETAL PARTS

Spines of Str. fr. and Str. pr. were sectioned so that
they were both parallel and perpendicular to their lengths
for X-ray study. Optical microscopy in both reflected and
transmitted light showed that the sections were flat and
free of observable fractures. Samples were mounted onto
glass slides and oriented in the diffractometer. The 00/
reflections were obtained for the transverse sections. The
# scans of the 0,0,12 reflection from many samples of Str.
fr. spines all produced broad, complex, and asymmetric
peaks having full widths at half maximum (FWHM) of
~0.9° (Fig. 2A). Having determined the proper 6 position
for the 0,0,12 reflection, we obtained 6/26 scans. Figure
2B shows the 6/26 scan of the 00/ reflections of the crystal
used for Figure 2A. Similar 6/20 profiles were obtained
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Fig. 2. (A) A ¢ scan of the 0,0,12 reflection of a S#r. fr. spine.

(B) A 6/20 scan of the 00/ reflections of a Str. fr. spine, with the
two strongest peaks (006 and 0,0,12) shown with intensities scaled
so that the peak positions are evident. The intensity of the 003
peak is 300 counts (curve a), whereas that of the strong 0,0,12
peak (b) is 200000 counts.

when the crystal was oriented for any position within the
FWHM range shown in Figure 2A.

Typically, calcite 00/ and 400 refiections are weak on
powder XRD patterns because of the preferred orienta-
tion along {104} cleavage planes and the correspondingly
strong 104 reflections. Our patterns, which are not of
powdered samples, show strong, narrow 006 and 0,0,12
peaks, together with weaker 003 and 009 peaks (Fig. 2B).
The strong peaks have d values of 0.2827(2) and
0.14136(4) nm, and the weak ones have values of
0.5543(6) and 0.18467(7) nm. These peaks are not simple
submultiples of a single ¢ parameter, presenting an inter-
esting problem. In addition, 003 and 009 reflections are
forbidden by the R3¢ space group of calcite. We interpret
this situation as one resulting from the superpositioning
of reflections that arise from two structures having dif-
ferent symmetries— R3¢ and R3 (or C2/m), with the lat-
ter being a minor component. The patterns arise from
calcite and dolomite-like structures, with the strong cal-
cite peaks normally obscuring the weak 006 and 0,0,12
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Fig. 3. X-ray scans of 300-type reflections from a Str. fr.

spine. (a) A 6/26 scan of the 300 reflection, (b) # scan of the 300,
030, and 330 reflections, and (c) 6 scan of the 300 reflection.
The peak width in ¢ has been expanded relative to b in order to
show details within the peak.

dolomite-like peaks. Calculated ¢ dimensions corre-
sponding to the two sets of peaks are 1.696 and 1.662
nm, respectively.

In order to examine the effects of mosaicism in other
directions, we reoriented the crystals to investigate a set
of 00 reflections. An entire Str. fr. spine was mounted
on the XRD goniometer, with the long spine axis coin-
cident with the axis of rotation of the goniometer. By
using conventional §/26 scans around ¢, we found sharp
300 reflections that are well resolved into Ko, and Ka,
peaks (Fig. 3a). The # scans around ¢ show three well-
defined peaks that are separated by 60° and that result
from the {300} planes (Fig. 3b), as is typical of well-
developed single crystals. However, there is considerable
dispersion (~0.6° FWHM) evident in the 6 scans (Fig.
3¢), showing that this is, in fact, a mosaic crystal.
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Fig. 4. Two 0 scans of the 0,0,12 reflections from Str. pr.
skeleton plates from a single specimen. Curve a shows two wide-
ly separated peaks, and curve b shows two overlapping peaks.
Other plates show different peak separations.

The results from skeletal plates differed slightly from
those of spines. The # scans of 0,0,12 reflections show
both dispersion (Fig. 4a) and apparent angular separation
of up to 5° into distinct crystals, each of which shows
distinct mosaicism (Fig. 4b). Close examination of Figure
4 shows additional minor structural complexity in the
weak peripheral peaks.

ANALYTICAL AND TEM OBSERVATIONS

All of the calcite that we analyzed is magnesian. Based
on a series of electron microprobe measurements, we es-
timate the MgCO, content as ranging from 2.4 to 4.5
mol% for spines of Str. pr. and Str. fr. and for skeletal
plates of Str. fr. and MgCO, content from 4.2 to 7.8
mol% for skeletal plates of Str. pr. The estimated error for
any given analysis is about 3% (relative) for Mg and about
1% for Ca. Neither systematic variations in Mg content
nor appreciable amounts of other elements were observed.

Calcite is sensitive to radiation damage during HRTEM
investigations, and so rapid operation was required. To
minimize the damage, it was useful to prepare calcite
sections having the desired {100] and [001] orientations
for imaging. We used 8 scans to find these orientations.

SAED patterns of certain regions reveal weak c-type
extra reflections (Reeder and Wenk, 1979) halfway be-
tween the fundamental calcite reflections (Fig. 5a). We
found that the intensities of the ¢ reflections vary consid-
erably from place to place. Images obtained from areas
in which the ¢ reflections are most pronounced contain
round domains exhibiting a set of parallel, widely spaced
fringes that suggest a superstructure. These domains are
<10 nm in diameter (Fig. 6). The orientations of the
superstructure fringes in different domains appear to be
rotated by 120° to one another, as would be expected if
their orientations were controlled by the host carbonate.
An SAED pattern and image of diagenetic magnesian cal-
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Fig. 5. SAED patterns of the same Str. fr. spine as is illus-
trated in Fig. 3. The projections are along (a) [001], (b) [100],
and (c) [120]. The arrows show the positions of superstructure
spots.

cite from a Jurassic ammonite, similar to Figures 5a and
6, are shown by Wenk et al. (1991).

In contrast to SAED patterns of magnesian calcite from
sediments (Wenk et al., 1991), some of our [100] and
[120] SAED patterns contain dolomite-like 00/ reflec-
tions, such as 003, 009, and 0,0,15 (Fig. 5b, 5¢). Tilting
experiments were performed to determine whether they
might arise from dynamical effects. Although they be-
came weaker and so may have some dynamical contri-
bution, these reflections were not eliminated by tilting,
and therefore they are at least permissive of R3 or lower
symmetry. Moreover, since these same reflections were
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Fig. 6. A [00/] image of the Str. fr. spine. The outlined region
shows one of the domains that displays an ordered superstructure.

observed in the X-ray patterns, we believe that they are
real and thereby indicate the presence of dolomite-like
structure, rather than simply being the result of multiple
diffraction.

We found numerous instances of crystal misorienta-
tions within the urchin calcite similar to those observed
by Blake et al. (1984), who described a coherent bound-
ary between two slightly misoriented blocks in magnesian
calcite. Local areas of strain and dislocations are associ-
ated with such misorientation, as seen in [100] projection
(Fig. 7).

Our samples also contain crystallographic defects that
produce incoherent domains. These defects include
stacking faults (Fig. 8a), dislocations, and complicated
planar defects of composite character that seem to be
typical of the urchin calcite. Figure 8b shows examples
of elongate, slightly winding defects that cut across regions
of well-formed calcite from Str. fr. Calcite from Str. pr.
also displays such long (>130 nm) subgrain boundaries
(Fig. 8c¢).

DiISCUSSION

Both the diffraction patterns and HRTEM images of
our samples indicate the presence of superstructural do-
mains in regions ~10 nm in diameter. Superstructures
have been reported from many diagenetic rhombohedral
carbonates (Reeder and Wenk, 1979; Gunderson and
Wenk, 1981; Van Tendeloo et al., 1985; Wenk and Zhang,
1985; Frisia Bruni and Wenk, 1985; Miser et al., 1987;
Barber and Khan, 1987; Reksten, 1990a, 1990b).

Wenk et al. (1991) proposed several ordering models
to explain the superstructures in magnesian calcite. Four
of their models result in a doubling of the a, and a, cell
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Fig. 7. A [100] image of a slightly bent crystal of the Str. fr.
spine. Reference to the white line (arrowed) shows the misalign-
ment. A region of strain (S) and a dislocation (D) are indicated.

dimensions. Figure 9a and 9b provide perspective views
and [001] projections of the » and v models that are of
special interest for our purposes. It is convenient to dis-
cuss them with reference to calcite (a structure) and do-
lomite (8 structure). In dolomite the Ca and Mg cations
lie in layers that alternate along c. Each cation layer in
the » structure has a composition with the dolomite ratio
of Ca:Mg = 1:1 and contains rows of Ca and rows of Mg
alternating along one of the hexagonal a axes. Thus, all
layers in the v structure are compositionally identical,
whereas those of dolomite are compositionally distinct.
The v structure can then be described as a composite of
the calcite and » structures, with a regular alternation of
Ca layers and Ca and Mg layers along [001], resulting in
Ca:Mg = 3:1. The « structure can also be considered as
a composite of the dolomite and » structures, with all Mg
layers of dolomite replaced by »-type layers. As in dolo-
mite, adjacent layers have different compositions.

Figure 9¢ shows simulated [001] images. For this ori-
entation, the several models yield distinct ordering pat-
terns and diffraction patterns. In distinction to the iden-
tical cation site occupations and hexagonal organization
of the cations in calcite and dolomite, the » and v models
show doubled spacings along one of the a axes and non-
hexagonal ordering. Such doubling and ordering are com-
patible with the domains in Figure 6 and presumably give
rise to the ¢ reflections in Figure 5a. They occur in three
directions as a result of the several orientations of the
domains within the host calcite (Reeder, 1992).

The simulated [001] images of the v and » models ap-
pear similar (Fig. 9¢), as do their [001] diffraction pat-
terns. However, for orthogonal orientations, their diffrac-
tion features differ. Specifically, the vy structure yields odd
00/(003, 009, . . .) reflections (as does dolomite), whereas
the v structure does not. The X-ray data suggest two dis-
tinct ¢ parameters, 1.696 and 1.662 nm, corresponding
to calcite containing minor Mg and to carbonate contain-
ing an increased amount of Mg, respectively. The odd 00/
reflections seen in X-ray and SAED patterns, taken to-
gether with the experimental and simulated HRTEM im-
ages, suggest that the domains in our material have the v
structure. However, we cannot exclude the possibility that
regions having the v structure could also exist, given that
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Fig. 8. Three [100] images of subgrain boundaries. (a) A stacking fault (SF) and (b) misaligned blocks characterized by offset
fringes on opposite sides of the subgrain boundary of a Str. fr. spine, (c) a long (> 130 nm) defect zone separating two mosaic blocks
in a Str. pr. spine. The arrows show shifts in the fringe contrast. A dislocation (D) is indicated.

B
CaMg —= 1.0 1:1

Fig. 9. The effects of different Ca and Mg ratios on the car-
bonate structure. (a) Models showing different ordering schemes
and the corresponding (b) [001] projections, and (¢) computer
simulated images (Scherzer focus). The scale of ¢ is 1.33 times
that of b. The large solid circles represent Ca, the small open
circles indicate Mg, and the large open circles indicate columns
containing both Ca and Mg; CO, is not shown.

their diagnostic features are not unique where » occurs
together with v.

Our conclusion contrasts with the analysis of Wenk et
al. (1991), who indicated the » structure is plausible and
the v structure is prohibited as domains within calcite.
They point out that v can occur within dolomite and can
also occur as a secondary ordering product of », although
they indicate that origin is unlikely. Wenk et al. (1991)
studied material that had been diagenetically processed
and found the ~ structure as domains only within dolo-
mite and the » structure within magnesian calcite. On the
other hand, we investigated biogenic calcite that had not
experienced any geological processing and observed the
v structure as domains within calcite. Our results, al-
though complementary to theirs, differ and are incom-
patible with their theoretical analysis of possible trans-
formations of the structure models. The difference in
origin of the two sets of samples may contain the answer
to this apparent discrepancy, but a resolution remains in
the future.

Our X-ray and HRTEM studies show that a pro-
nounced mosaicism is characteristic of urchin carbon-
ates. Blake et al. (1984) speculated that the “mosaic struc-
ture [of biogenic calcite] is a result of small changes in
the orientation of submicrometer-sized crystallites, which
despite their differences in orientation, are largely coher-
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ent.” Finding an absence of dislocations, these authors
concluded that “the structure is in a state of stress.” Our
investigations of the imperfections in biogenic calcites
show numerous coherent and complex incoherent bound-
aries between slightly misoriented mosaic blocks (Figs. 7,
8, and 9). Most of these defect zones contain dislocations
that relieve stresses in the structure.

There are several possible explanations for the devel-
opment of mosaicism during crystal growth. Davies et al.
(1972) showed that multiple long, thin spines develop in
parallel packets and are subsequently connected by nar-
row bridges of calcite. He concluded that growth is not
synchronous across the crystals. Moreover, localized en-
vironmental conditions have a profound influence on the
perfection of the skeletal hard parts of sea urchins. Their
growth rate and Mg content depend on the temperature
of the sea water and the food supply (Weber, 1969; Da-
vies et al. 1972; Pearse and Pearse, 1975). Deviations in
these conditions are reflected in the internal structure of
the hard parts and may result in uneven crystal growth
and mosaic structures with intermediate defective zones,
in spite of strong organismal control. Contrary to the re-
sults of Berman et al. (1990), we found no evidence of
organic matrix either along the subgrain boundaries or
within the calcite structure.

It is apparent that our biogenic calcite, which has not
been processed geologically, and material that has under-
gone diagenesis (Wenk et al., 1991) show different fea-
tures. It remains for a future study to determine how
general these differences are and whether they arise from
aging or from other processes.
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