
SiO2 and MgO compared to A1203 and 
Fe2O3. Zoning of the pyroxenes is not 
observed and is unlikely to be preserved 
since intracrystalline diffusion is much 
more effective at high temperatures. 

The preservation of an intrusive con- 
tact is therefore more consistent with 
models of the Neyriz ophiolite, that sug- 
gest an origin during continental rifting 
(20) (perhaps resulting in an ocean simi- 
lar to the present-day Red Sea) rather 
than at the spreading center of a wide 
ocean destroyed through subduction (5) 
or partially obducted as a hot slab (4). 
Other ophiolites of the Tethyan belt, 
where evidence for subduction and ob- 
duction is often weak, may have origi- 
nated in a similar manner. 
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Aragonite Twinning in the Molluscan Bivalve Hinge Ligament 
Abstract. Molluscan bivalve hinge ligaments are composed of long needle-shaped 

aragonite crystals embedded in a protein matrix. These crystals are twinned and, in 
general, the twin forms a thin lamella through the center of the crystal. 
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Abstract. Molluscan bivalve hinge ligaments are composed of long needle-shaped 

aragonite crystals embedded in a protein matrix. These crystals are twinned and, in 
general, the twin forms a thin lamella through the center of the crystal. 

By electron microscopy and electron 
diffraction of single crystals in thin sec- 
tions, we have demonstrated that the 
aragonite (CaCO3) crystals in the mollus- 
can bivalve hinge ligament are twinned. 
Aragonite is orthorhombic belonging to 
space group Pmcn. Inorganic sources of 
the mineral are commonly observed to 
be twinned about the (110) morphologic 
plane (1). Thin twin lamellae have been 
observed in electron micrographs of 
aragonite crystals from limestone depos- 
its (2). Our experiments are apparently 
the first demonstration of twinning in 
biogenic aragonite, although Mutvei (3) 
has proposed that, on the basis of crystal 
morphology alone, the aragonite crystals 
of bivalve shell nacre are twinned. 

The bivalve hinge ligament is com- 
posed of long needle-shaped aragonite 
crystals embedded in an elastic, pre- 
dominantly protein matrix (4). The crys- 
tals are pseudohexagonal in cross sec- 
tion (Fig. 1), and the morphologically 
long (crystallographic c) axis is oriented 
perpendicular to the growing margin of 
the ligament. The crystals are about 100 
nm in cross section. For electron micros- 
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nm in cross section. For electron micros- 

copy, 0.5-mm slices of the ligament were 
fixed in 5 percent glutaraldehyde in 0. 1M 
cacodylate buffer, p H 7.6, for 4 hours, 
then dehydrated with ethanol and em- 
bedded in Epon. With a dry diamond 
knife, 100-nm sections were cut per- 
pendicular to the c axis of the crystals. 
The sections were transferred to a water 
surface with a fine hair and picked up im- 
mediately on copper grids to prevent dis- 
solution of the crystals. Images and dif- 
fraction data were obtained with a Phil- 
ips 200 electron microscope. Images 
were recorded at 60 kV and diffraction 
data at 100 kV. 

The electron micrographs of Mya are- 
naria and Spisula solidissima (Fig. 1) 
show hinge ligament cross sections. The 
electron-opaque structures are the 
aragonite crystals; the electron lucent 
area is the organic matrix. Since the c 
axes of the individual crystals (which are 
nearly perpendicular to the plane of the 
micrographs) are not perfectly parallel, 
not all of the crystals in a section are in 
a reflecting orientation. Those crystals 
that are in a strongly reflecting orienta- 
tion have opaque images as a result of 
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Fig. 1. Electron micrographs of hinge ligaments showing the aragonite crystals in cross section. 
(A) The Mya arenaria ligament. The thin bands through the center of the crystals are thin twin 
lamellae. (B) The Spisula solidissima ligament. Crystal a has multiple twin lamellae and crystal 
b has twin lamellae on both the (110) and (110) planes. Crystal c has a thick twin lamella and the 
lower third of crystal a is in the twin orientation. Bar equals 100 nm. 

Fig. 1. Electron micrographs of hinge ligaments showing the aragonite crystals in cross section. 
(A) The Mya arenaria ligament. The thin bands through the center of the crystals are thin twin 
lamellae. (B) The Spisula solidissima ligament. Crystal a has multiple twin lamellae and crystal 
b has twin lamellae on both the (110) and (110) planes. Crystal c has a thick twin lamella and the 
lower third of crystal a is in the twin orientation. Bar equals 100 nm. 
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the interception of the diffracted beam 
by the objective aperture; the weakly re- 
flecting crystals have light images. 

The crystals in the Mya ligament (Fig. 
1A) have a thin band through the center 
of the crystal because of diffraction con- 
trast from a thin twin lamella on the (110) 
plane (5). The two halves of the parent 
crystal are in the same orientation; the 
thin lamella is in twin orientation (that is, 
rotated 63.8? about the c axis) with re- 
spect to the parent. Since the twin la- 
mella of all the crystals have nearly the 
same orientation, the crystals are well 
aligned with respect to rotation about the 
c axis, and, since the crystal images are 
of nearly uniform intensity, the c axis of 
the crystals is nearly parallel as well. 
This is not the case in the Spisula liga- 
ment (Fig. IB). Here the crystals appear 
to have a nearly random orientation 
about the c axis, and the variation in in- 
tensity demonstrates the nonparallel 
alignment of the c axes. The twinning 
pattern is also very irregular. In addition 
to the thin twin through the center of the 
crystal, there is often a series of twin la- 
mellae (crystal a in Fig. IB) or twin la- 
mellae on both the (110) and (110) planes 
(crystal b in Fig. 1B). Some crystals 
have a large component in the twin 
orientation. Crystal c (Fig. IB) has a 
thick twin lamella, and the lower third 
of crystal a (Fig. 1B) is in the twin 
orientation. 

To confirm the crystal twinning, elec- 
tron diffraction images were obtained of 
individual crystals by using a selective 
area aperture. Selected crystals had the c 
axis oriented parallel with the electron 
beam in order to generate the hkO recip- 
rocal lattice net (Fig. 2). Figure 2C is a 
diagram of the predicted hkO net for 
twinned aragonite and has the same ori- 
entation as the diffraction images. The 
black circles represent the parent reflec- 
tions and the open circles the twin reflec- 
tions, which are coincident for reflec- 
tions (hhO). The line segments in the dia- 
gram represent double diffraction of 
parent reflections by the twin and twin 
reflections by the parent. Theoretically, 
an indefinite number of these reflections 
can occur along the [110] zone axes, but 
in practice only a few are observed since 
the intensity of the diffracted beam de- 
creases for higher order reflections. 
Electron diffraction patterns of twinned 
crystals have been described (5). 

Figure 2A is a diffraction pattern from 
a crystal which has a large component in 
the twin orientation such as crystal a or c 
(Fig. IB). This reciprocal lattice net can 
be indexed by reference to the diagram 
and crystallographic data in Fig. 2C. Fig- 
ure 2B is a diffraction pattern from a 
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Fig. 2. (A) Electron diffraction pattern show- 
ing the hkO reciprocal lattice net from a crystal 
which has a large component in the twin ori- 
entation such as crystal a or c (Fig. IB). (B) 
Electron diffraction pattern showing the hk0 
reciprocal lattice net from a crystal with a 
single thin twin lamella such as the crystal in 
the Mya ligament (Fig. IA) or crystal d (Fig. 
IB) in the Spisula ligament. (C) Diagram of 
the hkO reciprocal lattice net for twinned 

andgllgl i638.Cytllogra c aragonite. Black circles represent reflections 
hSKSfXSilllS*f + krfrom the parent crystal and the open circles 

reflections from the twin. These reflections 
are coincident for reflections (hhO). The line 

?SSSilK:KflS i "segments represent double diffraction of par- 
ill ~~: ent reflections by the twin and twin reflections 

by the parent. The arrows give the direction 
of the axes; subscripts 1 and 2 refer to the parent and twin, respectively. The angle between a,* 
and 0a2* is 63.8?. Crystallographic data for aragonite: space group Pmcn; for hkO net, reflections 
h + k = 2n + 1, forbidden; a = 4.959, b = 7.968, and c = 5.741. 

crystal with a single thin twin lamella 
such as the crystals in the Mya ligament 
(Fig. IA) or crystal d (Fig. lB) in the 
Spisula ligament. In this case, the twin 
primary reflection intensities are no 
stronger than many of the double diffrac- 
tion reflections, because the twin lamella 
is very thin (less than 5 nm) compared to 
the crystal diameter (about 100 nm) and 
crystal thickness (about 100 nm), making 
it improbable for a twin primary dif- 
fraction beam to emerge from the crystal 
before a secondary diffraction by the 
parent crystal has occurred. The reflec- 
tions in the diffraction pattern tend to 
have a star-shaped, instead of circular, 
structure. This is due to diffraction arti- 
facts caused by irregularities in the circu- 
lar selective area aperture. 

Crystal twinning is always apparent in 
thin sections irrespective of the angle 
used between the (110) twinning plane of 
the crystals and the knife-edge during 
section preparation. The distribution of 
twin structures within the ligament crys- 
tals differs with species, as was demon- 
strated with Mya arenaria and Spisula 
solidissima. Cahn (6) has stated that, al- 
though aragonite undergoes mechanical 
twinning by shear when heated, it never 
twins through mechanical stressing 
alone. It is, therefore, unlikely that the 
ligament crystals were mechanically 
twinned during processing for electron 

microscopy but were twinned during 
growth in situ. 

Rapid precipitation and the presence 
of foreign substances favor twinning in 
many crystals. It has been proposed that 
the ionic constituents of tissue fluids or 
the structure and composition of the or- 
ganic matrix or matrix vesicles are re- 
sponsible for the nucleation, growth, ori- 
entation, and polymorphic form of bio- 
genic calcium crystals (7). Twinning in 
biological mineral deposits is probably 
influenced by these same factors. 
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