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that  as much as.05 to.10 Fe3+ atom in M( l )  would merely  widen the

observed "single" l ine-pair but remain otherwise undetected.

Cnvsrar, Cueursrnv oF'rrrE Eprlorn-Gnoup MrNpnars

Besides the refinement results presented above, three additional recent
epidote group refinements have furnished the following estimates of site
occupancies: clinozoisite Car(Al1 00)(AI1.00)(A10.e6Fe0.04)SisO13H (Dollase,

1968), lowiron epidote Car(Alr.oo)(A11.00)(AI0 roFeo.so)SisO"H (P. Robin-

son and J.-H. Fang, in prep.), and piemontite Car.oo(Ca.szSr.ra)(Al.soM.zo)-
(AI1.00)(AI9.1zM.sa)SigOrgH where M:(MnT3Fejt) lDollase, 1969). In
these formulae the A and M sites are given in their serial order, and the
reader is referred to the individual papers for discussion of the bases of
these estimates. Bond lengths or other geometrical aspects of these struc-
tures considered germane to this paper are reproduced herel for other
data the original articles must be consulted.

Descri,ption oJ the epidote structure type. The basic epidote structure type
has been described and discussed previously (Dollase, 1968). The poly-
hedral connectivity is shown in Figure 2. Briefly, the structure contains
chains of edge-sharing octahedra of two types: a single chain ol M(2)
octahedra and a multiple or zig-za.g chain composed of central M(l) and
peripheral M(3) octahedra. The chains are crosslinked by SiOa groups
and SizOz groups. Finally, there remain between the chains and cross-
links relatively large cavities which house the,4(1) and A(2) cations.

In order to compare the six structures, the shapes and sizes of the
individual coordination polyhedra are first compared. As a second step,
changes in the orientation of the polyhedra are discussed. Inasmuch as
the differences between the six mineral structures under discussion in-
volve differences in the occupancies of only some of the sites (specifically
A(2), M(l), and M(3)), it would be expected that there would be major
difierences in the coordination polyhedra surrounding these sites and
that these differences would, in turn, result in only minor secondary
modifications or mere rotation-translation of the connecting polyhedra.
This expectation is largely borne out.

SiOttetrahed.ro. Si(1) and Si(2) share O(9), forming an SizOz group, while
Si(3) forms an isolated SiOa group. Each tetrahedron retains essentially
its same shape and size in all six structures. The different Si-O bond
lengths in this structure type, averaged over the six minerals, are given
in Table 5 along with the range of lengths encountered (both excluding
and including the imprecise hancockite). Statistically, all deviations of
individual bondJengths {rom their respective weighted averages are less
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Frc. 2. Polyhedral linkage in the epidote-group minerals.

than twice the bond-length standard deviations (see Table 6), implying
the difierences are insignificant.

Although in a given bonding situation a particular Si-O bond type has
nearly the same value in each of these minerals, the different Si-O bond
types have rather widely different lengths (see Table 6). A case has been
previously made (Dollase, 1968) relating the bond-length variations in
this structure-type to local charge imbalance (Zachariasen vaience-
balancing). The near uniform length of a given bond in all six structures
is consistent with this concept since the degree of local charge imbalance
is primarily a result of the topology and therefore is essentially the same
in all these structures.

The O-Si-O angles in the SizOz group are all within 40 of the ideal tetra-
hedral angle (109.50). The Si(3) tetrahedron, on the other hand, is some-
what distorted due probably to the fact that it shares it O(2)-O(2') edge
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T,tsro 6. WuGntson Avrnacn Sr-O Bowo LnNcrns

Length Rangeb Range

(2x) si -o(7)
-o(7)
-o(e)

Avg.

(2x) si(2)-o(3)
-o(8)
-o(e)

At'9.

(2X) si(3)-O(2)
-o(s)
-o(6)

Avg.

r . 6 4 9  A
1 . 5 7 7
1 .635

t .628

1 . 6 2 2
1 .598
1 . 6 2 7

r . 6 1 7

1 . 6 2 3
r .663
I . O J I

1.64t)

.010 A

.020

.o27

.020

.020

.007

.026

.014

.022

.02s A

.o+7

.027

.033

.039

.025

.030

.028

.045

' Weighted inversely proportional to estimated standard deviations of Si-O bond

lengths which are 0.006 A clinozoisite, 0.007 epidote and piemontite, .015 low-iron epidote

and allanite, and 0.02-0.03 hancockite.
b Excluding hancockite.

with the,4(2) polyhedron and the opposite 0(5)-0(6) edge with the

,4(1) polyhedron. The shared edges are somewhat compressed. In the

six structures the O(5)-Si-O(6) angle l ies in the range 100-103o, and, in

addition, in allanite the O(2)-Si-O(2') angle is compressed to 1030. This
latter angle is compressed only in the allanite case, probably due to the
face that in this mineral A(2) is occupied mainly by trivalent lanthanide
elements and the,4(2)-Si(3) distance is here the shortest (3.32 A)'

The degree of f lexing of the Si2O7 group, i.e., the Si(1)-O(9)-Si(2)
angle, shows significant variation in the different structures and appears

to be directly related to the solid-solution-caused expansion of the con-
nected M(3) octahedron, as discussed below. Recently Brown, Gibbs'
and Ribbe (1969) have documented a prediction by Cruikshank (1961)

that, inter alia, Si-O bond lengths (to shared oxygens) should vary in-

versely with the Si-O-Si' angle due to the dependence of the Si-O zr-bond

order on this angle. Although it is only marginally signifi.cant here, due

to the size of the bond-length estimated standard deviations, such a

trend seems to occur. The Si-O-Si angle decreases more or less regularly
from 1640 in clinozoisite to 145" in allanite, while the average silicon-to-
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bridging-oxygen bond, increases from 1.627 A in clinozoisite to 1.639 in
allanite. The other members are within experimental enor of this inverse
Iinear relationship.

MO6 octahedla. One of the most interesting aspects of this structure-type
is the markedly unequal occupancy of the three different octahedral
positions (herein labeled M(l), M(2), and M(3). Reference to the site
occupancies given in Table 4 and the structural formulae reproduced
above show that in all six structures, as closely as can be determined, the
M(2) octahedral chain contains only aluminum atoms with the non-Al
octahedral atoms substituting entirely into the other, M(l)-M(3), com-
posite octahedral chain (even though these parallel chains have the same
periodicity).

Within the M(l)-M(3) chain the occupancy is also non-uniform. In
all cases the peripheral M(3) octahedra contain a Iarger fraction of the
non-aluminum atoms (principally Fe and Mn) than the central M(1)
octahedra. In the case of clinozoisite and low-iron epidote, the small
amount of iron present is found entirely in the M(3) site. (It should be
pointed out that site occupancy of the low-iron epidote \/as not refined
by Robinson and Fang; however, the temperature factors associated
with the octahedral sites are all reasonable when the iron present is
assigned to the M(3) site.)

The remaining epidote minerals show substitution of (Fe,Mn) into
both M(3) and M(l) with a maximum of 34 percent of the latter site
being so replaced in allanite. This substitution into M(1) occurs even
though the M(3) site is not completely occupied by (Fe,Mn). (The
maximum amount of (Fe,Mn) substitution into the M(3) site in the
cases studied here is co. 85 percent with Al occupying the remaining 15
percent.) More iron or manganese-rich epidote-such as those reported
by Strens (1966) with (Fef Mn)/(Fef MnfAl) nearly 0.S-probably
have the additional Fe,Mn atoms occurring in the M(1) site.

The size of the octahedra (for convenience, the metal-oxygen bond
length averaged over the octahedron) reflects the occupancies as shown
in Figure 3. The dashed lines give the slopes that could be ideally ex-
pected from the sizes of the ions concerned (Shannon and Prewitt, 1969).
There is a rough agreement between the observed rate of increase and
that predicted from the ionic radii of Fe3+ and Mn+. In the case of
allanite, where much of the iron is in the ferrous state, the average
M(3)-O bond length is close to the ideal curve drawn for Fe2+ replacing
Al.

Note that there is an inherent "size" difference between the octahedra
with the M(3\-O bond length average about .06 A greater than the
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!-ro. 3. Trends of metal-oxygen distances in octahedra as a function of site occupancy.

M(l)-O average and that this difference is roughly maintained with

substitution. The non-random distribution of the cations on the three

octahedral sites probably results from both the preference of the Al
(over the transition metals, Fe and Mn) for the OH-coordinated M(2)
site and the preference of the transition metals (over AI) for the larger
and more distorted M(3) site.

The A(I) and. A(2) polyhedra. Clinozoisite, low-iron epidote, and epidote
have both the large ,4 sites occupied entirely by calcium atoms. In the
other three members the calcium atoms are partially replaced by other
divalent atoms such as strontium and lead or trivalent lanthanide ele-
ments. As with the octrahedral sites, this substitution is markedly non-
uniform, and, in fact, all of the atoms replacing calcium are found only
in the,4(2)  s i te-none in the,4(1)  s i te .  (See Table 4) .

This behavior can be at least rationalized by noting that the substitu-
tion is by atoms larger than calcium and that tine A(2) site is larger and
has a higher coordination number than the ,4 (1) site even when both are
completely occupied by calcium atoms.

Considering ,4-O bonds greater than 3.1 or 3.2 A as inconsequential,
the,4(1) site in all cases is 9-coordinated, and the A(2) site is 10-coordi-
nated in all cases except for allanite where this latter site is mostly

occupied bv lanthanides and an eleventh neiehbor at 3.13 A should

+
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perhaps be included. The size and shape of the,4(1) polyhedron in the
various members investigated are quite similar. The changes in individ-
ual bond lengths in the different minerals are minor. In contrast, the
size and shape of the A(2) polyhedron in the six compounds is much more
variable, no doubt due to the diverse occupancy of this site. The largest
changes involve A(2)-O(2) and A(2)-O(10) which have values of 2.53-
2.57 A when,4(2) is occupied by calcium b'rt2.88-2.78 A in hancockite
where this site contains largely lead and strontium.

Reorganizati.on. Fina.Ily, it is worth examining how this structure type
absorbs major changes in site occupancy with the concomitant major
expansion or contraction of the coordination polyhedron involved.
Evidently the structural change is not a homogeneous expansion or con-
traction of the entire unit cell since some polyhedra, e.g., the SiO+ groups,
remain the same size in all the structures. Rather, comparison of the
atomic coordinates furnished by these different refinernents shows that
the reorganization of the structure can be largely described by major
rotations and minor translations of polyhedra (or groups of polyhedra)
which behave as rigid units.

Where polyhedra share edges (such as the M(l)-M(3) composite
chain) the expansion of one polyhedron necessitates the expansion of
(at least one edge of) the connected polyhedron, but there is little rota-
tional reorientation between the two units. On the other hand, where
only a corner is shared (such as between M(3) and Si(2) polyhedra)
there is a possibility for rotation of one unit relative to the other which
may or may not change the M-O-M' angle. In the epidote series this
rotation of polyhedra is a prominent aspect of the structural difierence
between the members. This can be illustrated by reference to Figure 2.
If an aluminum ion in M(3) (clinozoisite) is replaced by a Fe2+ ion (as
in allanite), the M(3) octahedron expands, and specifically the O(8)
atom moves away from the M(3) ion. Si(2) tetrahedron has O(8) for
one corner and since the Si(2) tetrahedron has the same shape and size
in clinozoisite as it has in allanite, then the entire tetrahedron must be
translated or rotated (or some combination of both) in going from the
clinozoisite structure to the allanite structure. Furthermore, the Si(2)
tetrahedron is connected in turn to the M(2) octahedron which also
becomes reoriented by the rotationftranslation of the Si(2) tetrahedron,
and so forth, around any of the numerous circuits that can be drawn
using the polyhedral edges. Since reorientation of polyhedra often in-
volves altering bond angles across the polyhedral corners (oxygens) or
Ionger range interactions and since each polyhedron belongs to several
such circuits, the net resultant reorientation is not simply predictable.
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Some simplification, however, can be seen when, for example, the circuit
considered is approximately planar, in which case the sense of rotation
(about an axis normal to the circuit) of adjacent polyhedra would not
be expected to be the same. Thus, by way of example, a circuit of 14
polyhedra whose centers are at b=L to ] consists of. M(3)-Si(2)-M(2)-
Si(3) -M(1) -Si(1) -Si(2)-M(3) -M(1) -si( 3) -M (2) -Si(2)-si(1)-M(1) and then
repeats. In going from the clinozoisite structure to the allanite structure,
the M(3) octahedral expansion initiates the rotations. Starting with the
Si(2) tetrahedron, the rotations (which are primarily about the b axis)
a re  f  11o ,  -4o ,0o ,  +4o ,  -6o ,  +11o ,  - t o ,  +4o r  0o ,  -4o ,  +11o ,  -60 ,

l4o, - 10, in order. Because there are also translations of the polyhedra
involved as well as the overall expansion of the M(3) and M(l) octa-
hedra, the magnitudes of the successive rotations are not the same, but
the sense of rotations is seen to alternate or result in a net rotation of
zero for some ployhedra.

Structural changes among isomorphous or closely related compounds
by this rotation mechanism are probably common and, for example,
have been well documented in the so-called tetrahedral layer of layer
sil icates by Bailey (1966) and others.
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