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PREFACE

This investigation focuses on the ordering of magnesium and man-
ganese on the octahedral sites in olivine and humite series structures
which, although closely related, vary significantly in degree of distor-
tion, ligancy, size and symmetry. Manganese, being very similar in its
geochemical behavior to but less abundant than irom, typically occurs in
rocks as a minor substituent for iron in ferro-magnesian silicates.
Essentially pure magnesium-manganese solid solutions are thus rather
rare. For them to occur, iron must either be crystallochemically
excluded from the mineral at the time of its crystallization or it must
not be present in the bulk rock assemblage at all. The humite series
is an example of the former. Jones et al. (1969) showed that iron does
not exceed eighteen percent of the cations in humites and no synthetic
iron ana{ogues of the humites are known, presumably because iron avoids
those sites coordinated by the monovalent anion (F,0H). The Mg-Mn
olivines from Langban, Sweden are an example of the latter. At Langban
iron and manganese have been geochemically segregated into separate ore
bodies, possibly the result of differing oxidation potentials in an
original sedimentary environment (Moore, 1970).

Divalent magnesium (no d electrons) and manganese (d5 configuration)
were predicted by Brown (1970) and Burns (1970) to be ordered according
to size because the influence of crystal field effects resulting from
site distortions is precluded by their electronic configurations. This
prediction is confirmed by the crystal structure refinements of two
intermediate Mg-Mn olivines (Chapter 1), magnesian manganhumite (Chapter

4) and magnesian alleghanyite (Chapter 5). Similar results are emerging

xi



from studies of Mg-Mn pyroxenes (e.g., Ghose et al., 1976; Hawthorne

and Ito, 1978) and pyroxenoids (e.g., Peacor et al., 1978; Finger and
Hazen, 1978; L. Pinckney, personal communication). These results
establish firm evidence upon which magnesium-manganese distributions

in other silicates can be predicted and have important implications for
minor and trace element distributions. In ferromagnesian silicates,

for example, minor amounts of manganese are routinely included with iron
for the purposes of site occupancy refinements, This is a reasonable
procedure considering our inability to discriminate between the scatter-
ing powers of the two with X-rays. However, at least in the case of the
olivines this is probably incorrect as recent studies have shown iron to
have a slight preference for the smaller M(1l) site relative to magnesium
(e.g., Brown and Prewitt, 1973) while manganese is here shown to have a
strong preference for the larger M(2) site.

Catién ordering can have profound effects on the physical and
chemical properties of minerals., The effects of cation ordering on the
lattice parameters, specific gravity, and infrared spectra of the for-
sterite-tephroite series are documented in Chapter 2 by contrasting
new measurements of the naturally-equilibrated specimens from Langban,
Sweden with data in the literature for synthetic specimens. Unfortu-
nately, the number of compositionally intermediate humites known is
insufficient for a similar study of the humite series to be meaningful.

Approximately ten mole percent zinc was found substituting for
magnesium and manganese in tephroites from the Franklin and Sterling
Mines, New Jersey and this prompted the examination of the role of zinc

in olivine reported in Chapter 3.

xii



CHAPTER 1.
Crystal Structure Refinements of Two Natural Mg-Mn Olivinesl
INTRODUCTION

With the widespread availability of automated X-ray diffractometers
and least-squares refinement programs, order-disorder has become a prin-
cipal theme of contemporary crystal chemical investigations (Burnham,
1973). Both natural and synthetic compounds with the olivine structure
have been intensively studied (for a review, see Ganguli, 1977). At
least twenty-five different room-temperature refinements of the geologi-
cally-important Mg-Fe olivines have been carried out and thirteen addi-
tional refinements extend the observational conditions to temperatures
of ~1000°C and pressures of ~50kbar (Basso et al., 1979; Birle et al.,
1968; Brown and Prewitt, 1973; Finger, 1970; Finger and Virgo, 1971;
Hazen, 1976; Smyth, 1975; Smyth and Hazen, 1973; Wenk and Raymond, 1973).

However, the crystal structures of only two Mg-Mn olivines have
previously been refined. One of them contains 11 mole percent of
ZnZSiOA, thereby complicating the octahedral site refinement (Brown,
1970). The other is synthetic F053Te47 which was "heat treated at
1000°C" (Ghose and Weidner, 1974) and thus does not represent a natu-
rally equilibrated Mg/Mn distribution. The present refinements were
undertaken to examine Mg/Mn ordering in natural olivines uncomplicated

by additional substituents.

“This chapter was accepted for publication in The American Mineralogist
on April 22, 1980.




EXPERIMENTAL PROCEDURES AND STRUCTURE REFINEMENT

The crystals used for refinement were selected from the suite of
specimens described in Chapter 2 of this dissertation. The manganoan
forsterite from Langban, Sweden (Harvard Unmiversity #116463) has the
composition Mgl.OZSMnO.964C80.006Feo.0068104' It occurs with fine-
grained hausmannite in a calcite skarn. In hausmannite-~free bands
anhedral forsterite crystals range from 0.1-1.0 cm in size. The
tephroite, from an unspecified location in Madagascar (Harvard Univer-
sity #108206) has the composition Mnl.780Mg0.181Fe0.026Ca0'0138104.
It occurs as discrete rounded crystals 1-2 mm in diameter associated
with rhodonite, yellow spinel, and blue apatite in a calcite marble.
For the purposes of site occupancy refinement these compositions were

and Te_.,Fo_. and are denoted below as Fo and

approximated as F051Te49 91%% 51

Te91'
Refinements were carried out in the conventional but nonstandard
space group Pbnm. Unit cell dimensions (Table 1.1) were calculated from

the orientation matrices and are identical to within three estimated
standard deviations of-those obtained by least-squares refinement of
powder data as reported in a later chapter. The crystals used for data
collection are tabular with dimensions of 0.24 x 0.24 x 0.07 mm for
F051 and 0.30 x 0.30 x 0.20 mm for Tegl‘ Intensity data were collected
in two octants (20<70°) at 18°C on a Picker FACS-1 four-circle diffrac-
tometer using Nb filtered MoK radiation (A = 0.70926A) and the w-20
scanning technique at a rate of 1°20 per minute. Twenty-second back-

ground measurements were made at either end of dispersion-corrected scan

ranges. Two standard diffractions were monitored during data collection



Table 1.1 Crystal data for Fo_, and Te_,.

51 91
Fosg Tegy

Langban, Sweden Madagascar
a 4.794(2)*A 4.879(2) A
b 10.491(4) 10.589(4)
c 6.123(2) 6.234(3)
Vol 308.7(2) A3 322.1(2) A3
Density (calc.) 3.67 g/cc 4.06 g/cc

*
Numbers in parentheses represent estimated standard deviation
(1o) and refer to the last decimal place.




and used to calibrate the intensities by interpolation. The data were
corrected for background, Lorentz, and polarization effects. Crystal
shapes were approximated by polyhedral envelopes in the absorption
correction. Linear absorption coefficients (u) for nga are 47.7 cm-l
for Fo51 and 77.2 cm-1 for Te91’ Finally, the data were averaged to
yield sets of 731 and 773 unique structure factors for Fo51 and Te9l
respectively.

Full-matrix least-squares refinements of Fo51 and Tegl were carried
out using the program RFINE 4 (Finger and Prince, 1975). Scattering
factors for neutral atoms with corrections for anomolous dispersion
were taken from the International Tables for Crystallography (1974, p.
99, 149). The refinements were initiated using the positional parameters
of forsterite (Hazen, 1976), fully ordered cation distributions [Mg
concentrated on M(1)] and reasonable isotropic temperature factors.

After several cycles varying the scale factor and positional parameters,
the conventional R-factor dropped to ~0.10. Site occupancy refinements
were undertaken by varying the Mg content of M(1) while constraining
the total cation chemistries to agree with the observed compositioms.
Site occupancies were refined alternately with isotropic temperature
factors, and the R-factors decreased to R = 0.038 for Fo51 and R =

0.056 for Te 13 all positional parameters were identical within three

9
estimated standard deviations to those of the final anisotropic model.
Anisotropic thermal parameters and an isotropic extinction correction
were applied in the final cycles of both refinements, leading to

unweighted R-factors for all of the data of 0.0629 for Fo51 and 0.038

for Tegl.



Structure factors for which F0 S<20Fo were considered unobserved

b bs

and were excluded from the refinement. These are indicated in the
structure factor tables (Francis and Ribbe, 1980) by asterisks. Atomic
coordinates are listed in Table 1.2, anisotropic temperature factors,
equivalent isotropic temperature factors, and their root-mean-square
equivalents are listed in Table 1.3, and interatomic distances and

interbond angles are recorded in Tables l.4a and 1l.4b.

THE OLIVINE STRUCTURE

The olivine structure is so well-known that only a brief descrip-
tion is given here. [For structure diagrams the reader is referred to
Birle et al., (1968) and Hazen (1976).] It consists of a slightly
distorted hexagonal closest-packed array of oxygen anions with one-half
of the octahedral sites filled with divalent cations and one-eighth of
the tetrahedral sites occupied by silicon. The key structural feature
is the serrated chain, parallel to c, of two symmetrically-independent,
edge-sharing octahedra. The M(1l) octahedron is at the interior of the
chain and the M(2) octahedron forms the "elbows" of the chain. The
[3104] tetrahedron shares its basal edges with two M(1) and one M(2)
octahedra. Its apex links to the adjacent chain, which is related to

the first by b-glide planes.

CATION ORDERING
Consideration of cation ordering in non-calcium olivines began
with the prediction of Ghose (1962) that because the effective ionic
radius of Fe(r = 0.78A) is larger than that of Mg(r = 0.72A) it should

be preferentially ordered into the larger MﬁZ)lsite. Refinements of



Table 1.2 Atomic coordinates for Fo51 and Te,.,.
Fo51
Atom X y z
M(1)
M(2) 0.9870(1) 0.2790(1) EA
Si 0.4226(2) 0.0910(1) %
0(1) 0.7585(5) 0.0867(2) 4
0(2) 0.2301(5) 0.4489(2) Y
0(3) 0.2782(3) 0.1590(2) 0.0374(2)
Teqy
Atom X y z
M(1)
M(2) 0.9877(2) 0.2801(1) %
Si 0.4265(4) 0.0951(2) L
0(L) 0.7574(10) 0.0914(5) 3
0(2) 0.2162(11) 0.4525(5) %
0(3) 0.2857(8) 0.1625(3) 0.0401(5)
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Table l.4a Interatomic distances (A) and angles (°) for F051.

[Sioh] tetrahedron
51-0(1)E1] 1.611(3)*

0(2)[1] 1.661(2)
0¢3)[2] 1.638(2)
Mean 1.637
0...0 distances Angles at Si
0(1)-0¢2)[1] 2.753(3) 114.6(1)
0(1)=-0(3) 2%32.752(3) 115.8(1)
0(2)-0(3)[2]72.560(3) . 101.8(1)
0(3)-0(3)[1]%2.604(3) 105.3(1)
Mean 2.664. Mean 109.2
[§(1)06] octahedron
M(L)-0(2)[2] 2.124(2)
0(2) 2% 2.075(2)
0(3)[2] 2.148¢2)
Mean 2.116
0...0 distances Angles at M(1)
0(1)-0(2)[21° 2.753(3) 85.35(7)
o(1)-0¢2)[2] 3.087(1) 94.65(7)
o(1)-0(3)[2] =2.752(3) 85.93(8)
0(1)-0(3)[2] 3.126(3) 94.07(8)
0(2)-0(3)(2] 2.560(3) 105.38(8)
0(2)-0(3) 2 3.359(3) 74.62(8)
Mean 2.940 Mean 90.0
[#(2)0.] octahedron
M(2)-0(1)[1] 2.296(2)
o(2)E1] 2.129(2)
0(3){2] 2.287(2)
0(3)[2] 2.126(2)
Mean 2.209
0...0 distances Angles at M(2)
0(1)-0(3) 2 ° 2.752(3) 78.90(7)
0(1)-0(3) 2 3.197(3) 92.53(7)
0(2)-0(3) 2 3.316(3) 97.28(8)
0(2)-0(3) 2 , 3.359(3) 90.09(7)
0(3)-0(3) 1 ¢ 2.604(3) 69.40(8)
0(3)-0(3) 2 3.010(3) 89.12(6)
0(3)-0(3) 1 3.520(3) 111.70(9)
Mean 3.116 Mean 89.75

*Number in parentheses represents one estimated standard deviation
() and refers to the last decimal place.

a. Edges shared between tetrahedron and cctahedron.

b. Edge shared between octahedra.



Table 1l.4b Interatomic distances (A) and angles (°) for Te9l.

[si0 “] tetrahedron
31-o<1)[1} 1.613(5)*

0(2)E1 1.663(6)
0(3){2] 1.641(4)
Mean 1.640
0...0 distances Angles at Si
o()-0(2){1] 2.737(7) 113.3(3)
0(1)=-0(3)[2] 22-750(6) 115.4(2)
0(2)-0(3)[2] 22-580(6) 102.7(2)
0(3)-0(3)[1] “2.617¢6) 105.8(3)
Mean 2.669 Mean 109.2
[ﬁ(l)os] octahedron
g(l)-o(l)Ez] 2.183(4)
0(2)(2] 2.144(4)
0(3)[2] 2.228(4)
Mean 2.185
0...0 distances Angles at M(1)
o(1)-0(2)[2] ®2.737¢7) 86.26(15)
0(1)~-0(2)[2] p3-158(2) 93,74(15)
o(1)~-0(3)[2] "2.750(6) 85.20(16)
0(1)~-0(3)[2] b3.247(5) 94.80(16)
0(2)-0(3)[2] "2.580(6) 107.69(16)
0(2)~-0(3){2] 3.530¢6) 72.31(16)
Mean 3.000 Mean 90.0
[§(2)06] octahedron
g(z)-o(l)Ell 2.292(5)
0(2){1] 2.139(5)
0(3)E2] 2.318(4)
0(3)(2] 2.147(3)
Mean 2.227
0...0 distances Angles at M(2)
0(1)-0(3)[2] °2.750(6) 80.72(14)
o(1)-0(3)[2] 3.175(5) 91.26(12)
0(2)-0(3)[2] 3.355(5) 97.59(15)
0(2)-0(3)E2] 3.350(6) 89.84(12)
0(3)-0(3)[1] 22.617(6) 68.73(17)
0(3)-0(3)[2] 3.102(4) 87.94(8)
0(3)-0(3)[1] 3.617(6) 114.77(20)
Mean 3.172 Mean 89.85

*Number in parentheses represents one estimated standard deviation
( ) and refers to last decimal place.

a. Edges shared between tetrahedron and octahedron.

b. Edge shared between octahedra.
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four compositions across the forsterite-fayalite series by Birle et al.
(1968) and refinements by Brown (1970) failed to detect Mg/Fe order.
Subsequent refinements by Finger (1970), Finger and Virgo (1971), Brown
and Prewitt (1973), Wenk and Raymond (1973), Ghose et al. (1976), and
Basso et al. (1979) have shown small but significant degrees of ordering
of Fe onto M(1) rather than M(2). This unexpected result, termed anti-
ordering by Brown and Prewitt (1973), has generally been attributed to
the greater distortion from ideal 0h symmetry of the ﬁg(l)oﬁ] octahedron
which results in a slightly greater crystal field stabilization energy
for Fe2+ on M(1) (Walsh et al., 1974). In general, site preference of
divalent transition metal cations relative to Mg in olivine is determined
by two competing factors: cation size and crystal field effects
(Rajamani et al., 1975).

Divalent manganese has a high spin g? configuration which is
unaffected by crystal field effects. Thus cation ordering in Mg-Mn
olivines is predicted (Brown, 1970; Burns, 1970) to be governed by the
size criterion with Mg (r = 0.72A) preferring M(1) and Mn (r = 0.83A)
preferring M(2). The cation distributions determined in the present
refinements and an earlier refinement of a synthetic manganoan forsterite

(F053Te ) "heat treated at 1000°C" by Ghose and Weidner (1974).

47
Ghose et al. (1976) confirm the predicted preferences (Table 1.5).
Another refinement, that of Mnl.300Mg0.3452n0.227]§‘e0.1288104 from
Franklin, New Jersey (Brown, 1970), is consistent with but is not a
valid test of the prediction, because Mg had to be assigned to M(1) in

order to simplify the computation.

The degree of order for the three pure Mg-Mn olivines is illustrated
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Table 1.5 Refined site occupancies of Mg-Mn olivines.

M(1) M(2)

Compositicn Mg Mn Mg Mn KD**
* . 0. . . .

F053Te47 0.724 276(4) 0.339 0.661 0.196

FoSlTe49 0.921(5) 0.079 0.110 0.890 0.011

F009Te91 0.172(9) 0.828 1.000 0.000

*
Ghose and Weidner (1974)

*% _ [Mg/(Mg+Mn)M(2) J[Mn/ (Mg+Mn)M(1) ]
Mg/ (Mg+Mn)M(1) J[Mn/ (Mg+Mn)M(2) ]

TEstimated standard deviations are in square brackets and refer to
the last decimal place.
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in Figure 1.1, with data for Mg-Fe olivines include& for comparison.
Order is frequently quantified by the use of a distribution coefficient
K, = [Mg/(Mghm)M(2) ][Mn/ (MgRm)M(1)]: [Mg/ (MgHm)IM(1) } [Mn/ (Mg+n)M(2) ]
written for the ion exchange reaction MgM(1l) + Mn(M(2) e MgM(2)HmM(1).
For a fully ordered distribution KD = 0, for a completely random distri-
bution KD = 1, and for an anti~ordered distribution KD = o, These define
the top and right edges, the long diagonal, and the left and bottom edges
of the parallelogram in Figure 1.1.

The Mn-Mn olivines are strongly ordered by comparison with Mg-Fe
olivines. The contrast between the heat-treated synthetic crystal (KD =
0.196) and the metamorphic crystals (KD = 0.000, 0.011) demonstrates
that the degree of Mg/Mn order is dependent on a specimen's thermal his-
tory. However, the rarity of Mg-Mn olivines seems to preclude their

wide use as petrogenetic indicators.

STEREOCHEMISTRY

The steric details of non-calcium olivine structures, which arise
from the cation-cation repulsions across shared polyhedral edges, have
been thoroughly discussed by Birle et al. (1968) and Brown (1970). One
surprising result of the latter study is the constancy of Si-0 distances
irrespective of octahedral cation chemistry. The Si-0 distances observed
in this study are typical, being statistically indistinguishable from
the corresponding values for ten olivines studied by Brown. In contrast,
mean M-0 distances are a linear function of the calculated effective
radii (Brown, 1970). This relationship is illustrated in Figure 1.2 for
(Mg-Mn)-containing octahedra. The data fall into two distinct populations

described by the following regression equations:
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OO | ¢— Ordered (Kp=0.00) "\ Fos,Kp = 0.01l

N\

o u (this study) -

AN
0\ -
o W __Synthetic FogzK,=0.199 |

%0 (Ghose & Weidner,1974)

% Mg on M(1)
S
|

W Fo-Te series . °

O ® Fo-Fa series Anti-ordered (Kp = @) —
i ] L | i ] | 1 1 1 1
100 50 0O

Mole % Forsterite

Figure 1.1 Plot of the percent magnesium in M(1l) as a function of mole
percent fersterite component illustrating the degree of
cation order-disorder in the forsterite-tephroite series
(squares) and the forsterite-fayolite series (dots).
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Effective lonic Radius (Shannon, iI976)
0.73 0.76 0.79 0.82

T 1

4

224

2.20

2.18

2.16

2.14

Mean M-0 bond length, R

2.12

2.10

Figure 1.2 Plot of mean M(1)-0 (dots) and M(2)-0 (squares) distances
as a function of refined site occupancy in percent magnesium
(lower abscissa) and effective ionic radius (upper abscissa),
Lines represent regression equations given in the text.
Data from Table 1.6.
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<M(1)-0 = 2.200 - 0.096 ZMg - R = 0,997
<M(2)-0 = 2.223 - 0.097 7ZMg R = 0.998

reflecting the inherent size difference between M(1l) and M(2) octahedra
due to the difference in number of shared edges.

Quadratic elongation, a measure of distortion often used in the
analysis of finite homogenous strain, correlates linearly with bond
angle variance for a large number of coordination polyhedra in minerals
which show variations in both bond length and bond angle (Robinson et
al., 1971).

Using the bond angle variance parameter as a convenient measure of
polyhedral distortion, Robinson et al. (1971) have shown that distor-
tions of olivine [5104] tetrahedra decrease with the weighted mean M-0
distance, whereas distortions of olivine octahedra increase with increas-
ing M-0 distance. Polyhedral distortions of the present structures
(Table 1.7) conform to these general trends, but the distortions of
Fo51 are somewhat anomolous. The M(2) octahedron is more distorted
than M(1), reversing the general rule for end members and disordered
compositions. The tetrahedron in FoSl is also significantly more dis-
torted than in either end member. These anomalies, which also hold for

monticellite (Lager and Meagher, 1978), are attributed to the large size

difference between M(1) and M(2) cations.

REINTERPRETATION OF CATION DISTRIBUTION IN Zn,Mg TEPHROITE
Brown (1970) reported the M(2) site occupancy of the Franklin, New

Jersey tephroite to be Mn0.868Fe0.0852n0.045 with a mean M(2)-0 distance

of 2.224A. Comparison of this mean bond length with the observed values
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of 2.229A for <M(2)-0> in Te,, and 2.222A for<g(2)6-o> in manganhumite

91
(Francis and Ribbe, 1978), both of which are completely occupied by Mn,
suggests that the M(2) site in the Franklin tephroite is also completely
occupied by Mn. The plausibility of a fully ordered distribution may be
tested by comparing the effective x-ray scattering factors and ionic
radii of the composite octahedrally coordinated atoms of the refined
model with those of the fully ordered model. Only if these parameters
are nearly equal can the ordered model be realistic. This comparison

is made in Table 1.8. Scattering factors were approximated by summing
the products of the atom fractions times their respective atomic numbers,
which equal the number of electrons in neutral atoms. The scattering
factors of both models are identical within the limits of resolution of
X-rays for both M(1) and M(2). Similarly the mean effective radii of
the divalent cations are nearly identical. Thus the intensity data are
equally satisfied by the model reported by Brown (1970) and the fully
ordered model. In further support of the ordered model may be cited

the strong preference of Mg for M(1) observed in this study, the pref-
erence of Fe for M(1) discussed above, and the preference of Zn for

M(1) relative to Mg (Ghose and Weidner, 1974). The ordered model there-

fore is not only possible but appears to be crystal chemically preferable.
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Table 1.7 Polyhedral distortions as measured by the bond angle
variance parameter 02 of Robinson et al. (1971) for

Mg-Mn olivines.

Polyhedron Fo, 00+ Fogy Tegy
510, * 42.4 48.3 38.0
M(1)0, ** 98.7 99.9 127.3
M(2)0, ** 90.1 114.7 124.1
-1-

Hazen (1976%
*g(tet)? = I (91-109.47°)2/5
i=1

* 1 2
*o(oct)2 = I (0,-90°)2/11

[
|
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Chapter 2.
Crystal Chemistry of the Forsterite-Tephroite Series
INTRODUCTION

Olivines are commonly referred to the ternary system forsterite
(MgZSiO4) - fayalite (FeZSiOA) - tephroite (MnZSiO4), but compilations
of analyses (e.g., Burns and Huggins, 1972; Mossman and Pawson, 1977;
Simkin and Smith, 1970) demonstrate that natural olivines are essentially
binary solid solutions rarely containing more than ten mole percent of
the third component. The preponderance of lunar, meteoritic and terres-
trial olivines are members of the forsterite-fayalite series, whereas
manganoan olivines and tephroites are rather restricted in occurrence
and consequently have not been studied as closely.

Tephroite was first described from the Sterling Mine at Ogdensburg,
Sussex County, New Jersey by von Breithaupt in 1823 and was subsequently
found in moderate abundance in the zinc-iron-manganese ores at Franklin
and Ogdensburg (Palache, 1935). Tephroite is also well-known in Sweden
at Pajsberg (Igelstrom, 1865) and Langban (Sjogren, 1883). These are
the classic or "Dana'" localities for tephroite, but numerous additional
occurrences have been described from around the world.

Due to the close geochemical affinities of manganese and iron,
members of the fayalite-~tephroite series are more common than members
of the forsterite-tephroite series. Manganoan fayalites have been des-
cribed from central Sweden (Henriques, 1956) and more recently from
South Greenland (Stephenson, 1974) and British Columbia (Mossman and
Pawson, 1977). Ferroan tephroites have been described from Bendemeer

(Mingagye et al., 1905) and Broken Hill (Mason, 1973), New South Wales,

20
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Australia; Altarnum, Cornwall (Russell, 1946) and Meldon, Devonshire
(Howie, 1965), England; Sitapatore, M.P., India (Deshpande and Vishoi,
1961); Kaso Mine, Tochigi Prefecture (Yoshimura, 1936) and several
additional localities in Japan (Nambu, 1970).

The tephroites from Langban and Pajsberg, Sweden are typically
magnesian (Igelstrom, 1865; Sjogren, 1883). Highly magnesian varieties
were named "'picrotephroite" by Paijkull (1877) and a manganoan forster-
ite from Langban was reported by Sundius (1963). Magnesian tephroite
has also been described from the Noda Tamagawa Mine, Iwate Prefecture,
Japan (Lee, 1955).

The present study of systematic variations in properties of the
forsterite-tephroite series recognizes the importance of cation ordering
as demonstrated in Chapter 1 and grew out of the discovery of a suite of
specimens spanning the entire compositional range from forsterite to
tephroite (Table 2.1) in Harvard University's Flink Collection "of new
or incompletely described minerals from Langban" (Mason, 1943; Moore

and Wickman, 1971).

CHEMISTRY
Thirteen chemical analyses of magnesian tephroites and one of a
manganoan forsterite from the literature are collected in Tables 2.2
and 2.3. Fourteen new analyses are presented in Table 2.4. These were
determined on automated ARL electron microprobes at Harvard and V.P.I. &
S.U. using oxide and silicate standards, including synthetic tephroite
(Takei, 1976) for manganese. Cation proportions in the tables are nor-

. 2+ . . Co
malized to two M~ cations per formula unit and compositions are
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Table 2.1 Sample numbers, localities, and sources.

Sample Harvard University Flink
Number Locality Catalogue Number Number
1 synthetic forsterite
(Takei & Kobayashi, 1974)
2 Langban, Sweden 116477 428/1%*
3 Langban, Sweden 116487 428/11
4 Langban, Sweden 116483 428/7
5 Langban, Sweden 116349
6 Langban, Sweden 116493 428/20
7 Langban, Sweden 116474 219/7
8 Langban, Sweden 116481 428/5
9 Langban, Sweden 116463
10 Langban, Sweden 116492 428/18
11 Langban, Sweden 116494 428/21
12 Langban, Sweden 86142
13 Langban, Sweden 106580
14 Langban, Sweden 116488 428/13
15 Madagascar 108206
16 synthetic tephroite

(Takei, 1976)

*Numerator is Flink's ''unknown'" number; denominator is specimen number.
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Table 2.2 Chemical analyses of Mg-Mn olivines from the literature.
Sample A B C D E F G
8102 36.2 32.95 31.36 33.70 - 31.70 31.48
MgO 29.4 18.11 17.71 12,17 10.75 9.48 6.58
MnO 26.2 46.99 44,07 51.19 55.65 47.70 60.66
FeO - - 4,15 - 0.09 0.80 0.17
Ca0 o 0.71 tr. 0.95 1.10 9.80 —
91.8 99.81 98.16 98.45 67.59 99,48 99,57
u?t/si 1.824  2.050  2.143  1.855 2,073 1.948
Sample H 1 J K L M
Sio2 30.15 31.39 32,6 30.82 26.94 29.31
MgO 3.00 3.15 3.0 2,79 1.82 0.89
MnO 60.85 65.34 64.4 56.83 60.03 65.95
FeO 1.25 - - - 1.11 1.35
Cao 0.30 - 0.1 5.37 2,14 0.21
95.85 99.88 100.3 98.01 92.04 97.83
y_2+/Si 1.903 1.913 1.814 1.883 2.108 1.997

%
See Table 2.3 for references and notes.
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Table 2.3 References and notes for analyses in Table 2.2.

Analysis Locality Reference, analyst, notes
Langban, Sweden (Sundius, 1963) R. Blix, analyst
B Langban, Sweden (Magnusson, 1918) R. Mauzelius,

analyst. Total includes 0.277% Fe

; 9 374
0.45% CO,, 0.33% H,0.

c Pajsberg, Sweden (Igelstrom, 1865) Total includes
0.87%Z ign. loss.
D Langban, Sweden (Paijkull, 1877) Total includes 0.447%

ign. loss.

E Langban, Sweden (Hurlbut, 1961) J. Ito, analyst.
H.U. 106580. Same as sample 13 of
present study.

Langban, Sweden (Pisani, 1887)
G Noda Tamagawa (Lee, 1955) W. H. Herdsman, analyst.
Mine, Japan Total includes 0,23% Fe203, 0.38% HZO’
0.077% F.
H Lazarivo, Mada- (Behier, 196Q0) P. Rose, analyst.
gascar Total includes 0.30% Fe203, traces of
Zn.
Langban, Sweden (Sjogren, 1883) J. Wilborgh, analyst
J Bernina, Switzer- (Trommsdorf et al., 1970) H. Schwander,
land analyst. Total includes 0.17 Al.0,,
9 273
0.1% Na20.
K Pajsberg, Sweden (Igelstrom, 1865) Total includes 2.20%
ign. loss. ]
L Benalt Mine, Wales (Smith et al., 1944)
M Monte Del Forno, (Ferrario and Montrasio, 1976) Total

0.06% Al1,0

Italy includes 0.067% TiOz, 203
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Table 2.4 Electron microprobe analyses of Mg-Mn olivines.

Sample 1 2 3 4 5 6 7 8
SiO2 34.79 41.17 40.58  40.57 38.58 38.39 37.21 37.14
Mg0 65.21 53.75 50.61 50.98 39.90 40.41 34.67 34.43
MnO - 3.90 7.96 7.98 20.44 20.86 27.91 28.59
FeO - 0.11 0.16 0.21 0.02 0.05 0.11 0.09
Ca0 - 0.04 0.05 0.05 0.04 0.11 0.14 0.10

100.00 98.97 99.36 99,79 98.98 99.82 100.04 100.35

§2+/Si 2.000 2.029 2.030 2.045 1.992 2.034 2.031 2.039
Mg 2.000 1.918 1.832 1.832 1.548 1.543 1.368 1.356
Mn - 0.079 0.164 0.163 0.451 0.453 0.626 0.640
Fe - 0.002 0.003 0.004 0.000 0.001 0.002 0.002
Ca - 0.00r 0.001 0.001L 0.001L 0.003 0.004 0.003

Sample 9 10 11 12 13 14 15 16
SiO2 34.89 34,15 33.47 32,10 31.25 30.71 30.33 29.75
MgO 24,61 21.78 17.10 13.27 9.82 7.71 3.72 -
MnO 40.62 44,91 50.28 51.92 56.07 59.09 64.43 70.25
FeO 0.08 0.07 0.12 0.61 0.17 0.14 0.97 -
Ca0 0.20 0.25 0.35 0.24 0.70 0.13 0.37 -

100.40 101.16 101.76* 98.14 98.01 97.78 99.82 100.00

.E2+/Si 2.046 2.074 2,058 2.010 2.017 2.012 2.022 2,000
Mg 1.028 0.917 0.740 0.613 0.465 0.372 0.181 -

Mn 0.964 1.074 1.237 1.363 1.507 1.620 1.780 2.000
Fe 0.002 0.002 0.003 0.016 0,005 0.004 0.260 -~
Ca 0.006 0,008 0.011 0.008 0.024 0.005 0.130 —--

*
Includes 0.44% ZnO
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expressed as the ratio of Mg:XE?f. The minor amounts of irom and cal-
cium are thus lumped with manganese, which is a crystal-chemically
reasonable procedure considering the relative sizes and masses of
these cationms.

Tephroites from Franklin and Ogdensburg, New Jersey were not
included in this study despite MgO contents as high as 18.60 weight
percent because of persistent and significant amounts of zinc reported
in published analyses (Palache, 1935). These are the subject of Chap-
ter 4 which focuses on the role of zinc in olivine.

To test the quality of the analyses, the molar ratio of octahedral
cations to silicon, ideally 2.000, was computed and is included in the
tables. The ratios in Table 2.2 range from 1.814 to 2.143 with only
one analysis (M), a contemporary microprobe analysis, closely approx-
imating the stoichiometric value. The mean ratio is 1.959. By contrast
the mean of the ratios from the new microprobe analyses in Table 2.4
is 2.031 with a standard deviation of 0.021. The inferiority of the
wet chemical analyses may fairly be attributed to the poor quality of
material available for analysis as sizeable, inclusion-free crystals
or cleavage fragments of tephroite and Mn-Mg olivines are unknown.

The analyses in Tables 2.2 and 2.4 demonstrate the natural existence
of the entire forsterite-tephroite series as expected in light of experi-
mental phase equilibria studies (Kallenburg, 1914; Glasser and Osburne,
1960).

The new analyses of Langban specimens are noteworthy for their
purity: (Mg+Mn)/§y2 > 0.99. Aluminum, titanium, chromium and nickel

were not detected at the 0.10 oxide weight percent level. Calcium and
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iron are the only significant miror elements present. The low Fe con-
centrations are a function of bulk composition of the rock. At Langban
iron and manganese have been geochemically segregated into separate ore
bodies (Moore, 1970). The observed calcium concentrations (<1.0 wt %)
are consistent with those observed by Simkin and Smith (1970) in their
study of more than 200 igneous Mg-Fe olivines. The present work sug-
gests that analyses with Ca0 > 1.0 wt 7% require confirmation before
being interpreted as genuine calcian varieties. (Note that analysis E
with 1.10 wt %Z Ca0 in Table 2.2 represents the same sample as analysis
#13 with 0.70 wt % Ca0 in Table 2.4). Further, since Langban tephroites
and forsterites coexist with abundant calcite, they may be regarded as

saturated with respect to calcium at the prevailing conditions of meta-

morphism.

SYNTHESIS AND PHASE EQUILIBRIA

Tephrbite, forsterite and their intermediate compositions are
easily synthesized. In addition to the phase equilibria studies cited
below, tephroite has been synthesizéd by dry fusion (e.g., Duke and
Stephens, 1964; Hurlbut, 1961; Tarte, 1963) and hydrothermally (Nieu-
wenberg, 1952; Ito et al., 1972). Single crystal boules up to 100 x
20 mm have recently been synthesized by the Czochralski technique
(Takei, 1976).

The binary system MgZSiO4—MnZSi04 has been investigated by Kallen-
berg (1914) and by Glasser and Osborne (1960) as part of the termary

MgO—MnO-SiO2 system. The phase diagram shows complete solid solution

with liquidus and solidus rising regularly from 1345°C, the melting
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point of tephroite (1347°C according to Singleton et al., 1962), to
1890°C. Decomposition of tephroite at high pressures has been studied
by Ito et al. (1973) and its stability as a function of temperature and
oxygen fugacity has been investigated by Huebner (1967) and Peters et
al. (1973). Nishizawa and Matsui (1972) have reported on the partition-

ing of Mg and Mn between olivine and orthopyroxene.

MORPHOLOGY, TWINNING AND SYNTAXY

Olivine group minerals belong to the rhombic-dipyramidal class
(2/m 2/m 2/m) of the orthorhombic crystal system. Crystals are tabular
on {100} and {010} to prismatic along [001], which is the direction of
the octahedral chains. The morphology of forsterite and especially its
ferroan varieties have been described from numerous localities, but
euhedral tephroite crystals are known only from New Jersey and Sweden.
All olivines figured in the older literature are reproduced in Gold-
schmidt (1920) and studies of New Jersey tephroites are summarized in
Palache (1935). In contrast to these traditional goniometric descrip-
tions, recent interest has focused on understanding and predicting oli-
vine morphology from structural considerations (e.g., Fleet, 1975, 1979;
t'Hart, 1978a, b; t'Hart and Hartman, 1979).

Twinning is uncommon in olivines. Deer et al. (1962) report twin-
ning on {100}, {011}, and {012} for the forsterite-fayalite series and
on {011} for tephroite and "knebelite" (i.e., manganian fayalite). A
rare example of the latter twin law is illustrated by Palache (1935).

Syntaxy of tephroite with alleghanyite, the Mn analogue of chon-

drodite, has been described from the Benallt Mine by Smith et al. (1944).



29

Parallelism of the closest-packed anion arrays is demonstrated by the

observed coincidence of the Z optical directions in the two minerals.

LATTICE PARAMETERS AND CRYSTAL STRUCTURE

X-ray powder data for natural tephroites have been reported by
Ross and Kerr (1932), Lee (1955) and Welin (1969). The only natural
magnesian tephroite previously studied is from the Noda Tamagawa Mine,
Japan (Lee, 1955). Powder data for synthetic tephroite are given in
Hurlbut (1961) and on PDF card #19-788. Two X-ray determinative curves
based on data from synthetic samples have been proposed for the forster-
ite~tephroite series. Glasser and Osborne (1960) reported t:hatg_'222
values vary linearly with composition while Hurlbut (1961), following

Yoder and Sahama (1957), plotted d. values as a function of composi-
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tion. Nishizawa and Matsui (1972) reported unit cell parameters for
five synthetic members of the forsterite~tephroite series.

The isotypism of tephroite with the olivine group was confirmed by
O'Daniel and Tscheischiwili (1944) using the powder method on material
from Franklin, New Jersey. Although the magnetic structure of tephroite
has been investigated by Santoro et al., (1966) no contemporary X-ray
refinement has been published. In contrast, refinements of synthetic
forsterite at several temperatures between -196°C and 1020°C have been
reported by Smyth and Hazen (1973) and Hazen (1976). Chapter 1 of this
study presents refinements of two intermediate members of the series
(Table 2.4, specimens 9 and 15) which demonstrate a very high degree of

cation order with the larger Mn cation concentrated in the larger M(2)

site.
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X-ray powder data for the present suite of Mg~Mn olivines were

obtained on a Philips Norelco powder diffractometer using monochromatic

Cuk radiation (A = 1.5418A) and quartz C-105 (Frondel and Hurlbut,

6.198(2)A] as internal standards. Unit cell dimen-

1956) and BaF’2 Li
sions (Table 2.5) were refined from corrected peak positions in the range
19-40°20 using the program LCLSQ of Burnham (1962). Plots of lattice
parameters as a function of composition appear in Figure 2.1 and regres-
sion equations calculated for the Langban specimens are listed in Tables
2.6 and 2.7.

In a study of fifty diverse olivines Brown (1970) reported linear
correlations of b, ¢, and V with mean octahedral radius while a was
found to be negatively nonlinear in series which were known or presumed
to be ordered. 1In both the present study of natural forsterite-—tephroite
samples and an earlier study of synthetic samples (Nishizawa and Matsui,
1972), a, b, ¢ and V were observed to be nonlinear functions of composi-
tion and consequently mean octahedral radius. However, the departures
from linearity are small (<0.,12A at FOSO) and insignificant over the
range of values considered by Brown. This nonlinearity is clearly a
function of cation order. The unit cell parameters of synthetic Fo53
"heat treated at 1000°C" with a KD of 0.196 fall distinctly (30-180)
closer to the straight line than those of Sample 9, Fo51 with a KD of
0.011 (Chapter 1), as do those of the synthetic Fo50 of Nishizawa and
Matsui (1972).

The 9130 determinative curve of Hurlbut (1961) was used in the

present study to identify compositionally intermediate specimens in the

Flink Collection for further study. Being a function of a and b,
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Table 2.6 Regression equations* for composition as a func-
tion of lattice parameters and calculated specific

gravity.

x kO kl k2 Var,**
2130 -31981.250 23707.770 -4378.2695 99.8
a 73836.437 ~29931,949 3033.4521 99.5
b -43117.434 8515.8555 419.53491 96.6
c 6811.0000 2598.3076 -241.25200 99.8
Volume -6055.5151 7.0790148 -0.16036190 99.8
Sp. Gr. 4669.4360 -114.95499 0.41432875 99.9

*Equations of the form: Percent Mg/ (Mg+Mn+Fe+Ca+Zn) = ko +
kyx + k,x?.

%%Var. is the percent variation explained by estimated model.
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Table 2.7 Regression equations* for lattice parameters and calculated
specific gravity as a function of composition.

y 0] 1 2 Var.**
4150 2.865555 -5.0986372 x 10‘2 -5.1171683 x 10:2 99.8
a 4.9038782 ~2.5457481 x 10 1.0663628 x 10 99.3
b 10.592903 - 1.9171704 x 10°%  -4.2792090 x 10>  99.3
< 6.2587929 -2.2145719 x 1070 -5.8085707 x 10°°  99.7
Volume 325.199946 -2.8044409 x 100 -7.6029124 x 107° 99.8
Sp. Gr. 4.1227093 -5.0986372 x 10"  -5.1771683 x 100  99.9

*Equations of the form: y = kO + klx + k2x2 where x is Mg/ (Mg+Mn+Fe+Ca
+Zn)

**Var, is the percent variation explained by the estimated model.
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themselves nonlinear functions of composition dependent on the degree

of ordering, is not suitable for general use as a measure of compo-

4139

sition. However, if specifically calibrated for specimens with a com-

mon thermal history, the g130 curve (Figure 2.3) should be effective.

The d) 39

Langban specimens should be applicable to specimens from any of the

regression equation (Table 2.6) computed for the thirteen

seven Langban-type deposits in Sweden's Varmland province. It indicates
that the unanalyzed tephroite studied by Welin (1968) with 2130 = 2.86A
is near the end-member composition while that studied by Lee (1955) with

dy3¢ = 2.83A is magnesian, near the series' midpoint.

SPECIFIC GRAVITY
Specific gravities calculated from the compositions and unit cell
volumes are listed in Table 2.5 and plotted in Figure 2.4. The values
for Langban specimens yield the following regression equations, both with

r = 0.9996:

4,120 - 0.008890 [Mg/(Mg+Mn+Fe+Ca+Zn) ]

Specific Gravity

463.29 - 112.435 [Specific Gravity]

[Mg/ (Mg-+Mn+Fe+Ca+Zn) ]
The latter equation precicts composition to + 1 percent Mg/ (Mg+MntFe+Ca
+Zn) for the natural specimens. However, its utility is negated, at
least for the present, by the lack of suitable crystals for measurement.
Specific gravities of specimens 2 and 15, which afforded the largest and
most i#clusion—free grains, were measured in toluene on a Berman balance.
The observed values, 3.133 and 3.971 respectively, fall well below the

calculated values.

The linear correlation of specific gravity with composition is a
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result of the ordered arrangement of cations in the natural samples. If
the unit cell volumes were a linear function of composition as a conse-
quence of disordered cations, the curve would be expected to be nonlinear,
concave downward with the same endpoints (Bloss, 1952). In agreement
with this expectation, the calculated specific gravity of synthetic Fo53
which has been shown to be significantly more disordered than Sample 6
(Chapter 1) does indeed lie above the line defined by the natural samples

in Figure 2.4.

COLOR

The name tephroite was derived from the Greek word t1e¢poc meaning
ash-colored. Pure tephroite synthesized by Takei (1976) and by the
‘author is colorless to gray, as are the small euhedral crystals in late
veins at Franklin, New Jersey. However, most of the members of the
forsterite-tephroite series examined in this study are brown or pink.
This is apparently a diagnostic color of manganoan olivines perhaps
resulting from spin-forbidden transitions involving excited quartet
states of the divalent manganese ion (Keester and White, 1968). Takei
(1976) has attributed the brownish-red color of some of his boules to
the presence of Mn3+ resulting from partial oxidation in the CO2 atmos~-
phere. Ferroan tephroites are dark brown in color (e.g., Broken Hill,
N.S.W.) while weathered tephroite specimens are typically black due to
films of manganese oxides along cracks and grain boundaries.

Tephroite is not known to be fluorescent under either long wave or

short wave ultraviolet radiation.
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OPTICAL PROPERTIES

Optical properties for the forsterite-tephroite series are sparse
despite well-established end-member values (Table 2.8). Refractive
indices of synthetic tephroite determined by the double variation method
(Greer, 1933) are in excellent agreement with the indices of Sunnyside
Mine, Colorado tephroite (Burbank, 1933) and tﬁe B value of 1.805
measured by Hurlbut (1961) on synthetic tephroite. Optical data for
intermediate compositions reported by Hurlbut (1961), Lee (1955),
Magnusson (1918) and Sundius (1963) are also included in Table 2.8.
The data clearly vary as a function of composition but the correlations
are not sufficiently high to be useful for determinative curves. Glasser
and Osborne (1960) illustrate linear correlations of a and y with compo-
sition for their synthetic samples but did not tabulate their data.
Hurlbut (1961) listed B values for four synthetic compositions which
yield the following regression equation (r = 0.998):

8 = 1.804 - 0.001507 [Mg/(Mg+Mn+Fe+Ca+Zn) ]

CRYSTAL FIELD SPECTRA

Keester and White (1966) used diffuse reflectance techniques to
obtain crystal field spectra of Franklin, New Jersey tephroite and glau-
cochroite, CaMnSiO4, over the wave length range 3000-35000A. Absorption
bands were assigned to transitions between the 6Alg(s) ground state and
excited quartet states by analogy to their superior spectrum of rhodo-
chrosite. The crystal-field splitting parameter Dq was calculated to
be 875 cm_l and Racah parameters were also computed. Burns (1970) exam-

ined sixteen Mg-Fe-Mn olivines in thin section including Clark Peninsula
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Table 2.8 Optical data for Mg-Mn olivines from the literature.

Comp 'n* a B Y 2Va Reference
1.0 1.6359 1.6507 1.6688 94.9° Aurousseau & Merwin (1928)
0.66  1.688 -~ 1.710  90° Sundius (1963)
0.40 1.711 - 1.740 85° Magnusson (1918)
0.25 - 1.768 - -— Hurlbut (1961)
0.16 1.750 1.766 1.779 67° Lee (1955)
0.08 1.759 1.786 1.797 65°18" Sjogren (1883)
0.0 1.770 1.792 1.804 large Larsen & Berman (1934)
0.0 1.771 1.800 1.815 70éi Burbank (1933)
0.0 1.7720 1.8038 1.8143 60° Greer (1933)

*Mg/ (Mg+Mn+Fe+Ca+Zn)
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tephroite (Mason, 1959) and a dark gray Langban "picrotephroite
(sample 13 of this study). His polarized a, B, and Yy spectra (4000-
22000A) demonstrate the absence of pleochroism in these tephroites.
Takei (1976) reported sixteen absorption bands in unpolarized trans-
mission spectra (3000-6500A) obtained from polished slices of synthetic
boules. His band assignments made by analogy with the spectrum of Man
(Stout, 1959) are consistent with those of the previous investigations.
A centimeter slice of a brown boule generously supplied by Dr. Takei
shows distinct pleochroism with the absorption X > Z. Presumably,
pleochroism in this specimen is due to the Mn3+ to which Takei (1976)

also attributed its color.

CHARGE TRANSFER SPECTRA
An intense absorption band at 6.5 eV observed in a synthetic for-
sterite crystal doped with 0.1 weight percent MnO was attributed to a
charge-transfer transition rather than a crystal-field transition by
Weeks, Pigg and Finch (1974). vThe resulting estimate of Dq as “850 mu_l
is in agreement with the previous measurement of Keester and White

(1968).

INFRARED SPECTROSCOPY
Systematic studies of olivines by infrared spectroscopy, which is
sensitive to the bending, stretching, and twisting modes of molecules
and atomic clusters in crystals, have established that olivines exhibit
a characteristic configuration in their absorption spectra. Four bands
attributed to the Vis Va and v, modes of the silicate anion occur

-1
between 1000 and 800 cm =, and a second group attributed to both the
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silicate and MO, groups occurs below 650 cm-l (e.g., Jeanloz, 1980).

6
Band positions are composition dependent. Duke and Stephens (1964)

and Tarte (1963) observed linear correlations (r > 0.99) between fre-
quency and composition for five synthetic members of the forsterite-
tephroite series. Burns and Huggins (1972) reported nonlinear varia-
tions for some absorption bands on the basis of extrapolated data for

the end-members and observed data for two natural tephroites. Non-
linearity was attributed to cation ordering and a method of calculating
octahedral site populations was subsequentially devised by Huggins
(1973). Electron microprobe analyses of Franklin, New Jersey tephroites
including Sample 17 of Burns and Huggins (1972) reported in Chapter 3
demonstrate that these tephroites typically contain approximately ten
mole percent Zn28i04. This raises the possibility that the nonlinearity
observed by Burns and Huggins is due to the unrecognized third component,
zinc, rather than cation ordering.

To resolve this question spectra with 2 cm-l precision were recorded
on a Nicolet fourier transform spectrometer over the frequency range
1000-400 cm_l using powdered samples imbedded in 200 mg KBr pellets.

The data obtained for the synthetic end-members and four natural inter-
mediate compositions are listed in Table 2.9 and illustrated in Figure
2.5. The figure demonstrates that care must be taken in correlating
bands, especially bands 1 and 3, from specimen to specimen. Band posi-
tions for forsterite (and tephroite) agree closely with the results of
previous investigations (Table 2.10) except those of Tarte (1963) whose
values are consistently higher, presumably due to systematic errors.

Quadratic regression equations relating band position with composition
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Table 2.9 Infrared data for Mg~-Mn olivines.

Bands
Sample  Comp'n* 1A 1B 2 3 3B 4 5 6 7 8 9
1 1.0 985 957 883 838 612 545 526 511 477
0.772 979 949 878 831 604 540 520 502 463
0.514 971 940 874 828 597 530 514 495 450
11 0.370 964 933 869 860 822 589 527 509 489 441
15 0.090 946 914 860 817 569 512 497 467
16 0.0 943 909 860 817 564 510 486 461

*Mg/ (Mg+Mn+Fe+Ca+Zn)
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Figure 2.5 Infrared spectra of Mg-Mn olivines,
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Table 2.10 Comparison of literature values of infrared band positions
of forsterite with the present observations.

Band A (cmfl) B (cmfl) C (cm—l) D (cm-l) E (cmfl) Mode

985.4 985 985 984 1001 v

1 3
2 957.3 957 957 954 963 v,
3 886.9 883 884 885 892 V3
4 839.3 838 839 837 842 vy
5 611.0 612 609 608 615 Vg

A. Burns and Huggins (1972) extragolated values

B. This study. Precision + 2 cm .

C. Jeanloz (1980). Precision + 1 cm~1, -1
D. Duke and Stephens (1964). Precision is + 1 cm .
E. Tarte (1963)
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are listed in Tables 2.1l and 2.12. Nonlinearity may be confidently
attributed to cation ordering since the present data are from natural
samples known to be ordered, and the synthetic samples of Duke and
Stephens (1964) and Tarte (1963) show strictly linear correlations.
The present data provide the opportunity to test the empirical
relation devised by Huggins (1973) which relates cation site distribu-

tions to infrared band positions. Huggins derived the expression:

- 2(x - Z1)
(Kx - Z1)

S
which equates a sensitivity number S to the mole fraction of Mg on M(1)
(denoted by Z1), to the bulk composition (x), and to the band position
relative to that of the end-members (denoted by Kx)’ For Sample 9, Z1
is known to be 0.92 from the X-ray site refinement (Chapter 1l). From
this, S values were computed for each IR band in the spectrum of Sample
9. Assuming that S values are insensitive to composition, the S values
calculated for Sample 9 were used with each band in the spectra of

Samples 6, 11, and 15 to calculate Z1 from a rearrangement of the fore-

going equation:

(SK - 2x)
= —_—
1l = )

Table 2.13 compares the several estimates of Z1 with the ranges permitted
by the compositions of Samples 6 and 11 and with the refined value for

Sample 15. For bands with sensitivity numbers near 2.0 the results are
absurd, but for bands with sensitivity numbers near or above 3.0 some of
the estimates are reasonable. These data indicate that the method lacks

practical application.
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Table 2.11 Regression equations* for infrared band position as a func-
tion of composition.

Band k0 kl k2 Var.**
1A 944.12988 0.62414145 ~2.1677709 x 107> 99.7
2 908. 53955 0.73574626 -2.5570965 x 107 - 99.8
3A 858.58179 0.32453465 -8.2741049 x 107% 98.5
4 816.30981 0.16320294 5.1488238 x 107 97.8
5 563.37622 0.79250497 -3.1359249 x 107> 99.6
6 509.06519 0.50131553 ~1.3990561 x 107> 99.3
7 488.47803 0.64523691 ~2.7953230 x 107> 98.3
8 460.84985 0.83448994 -3.4535902 x 1073 99.2
9 422.11157 0.50611848 4.0698517 x 10°% 99.8

*Equations of the form Band (cm_l) = ko + klx + kzx where x = Mg/ (Mg+Mn
+Fe+Ca+Zn)
*%Var. is the percentage variation explained by the estimated model.
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Table 2.12 Regression equations* for composition as a function of
infrared band position.

Band k0 kl k2 Var, **
1A 5.5299949 x 104 -116.38806 6.1266761 x 10-2 100.0
2 1.8792637 x lO4 ~-42,257736 2.3746464 x 10_2 99.9
3A 6.7614875 x lO4 -158.87309 9.3333483 x 1072 98.8
4 -3.2080574 x 104 73.168488 -4.1487742 x 10_2 97.8
5 8.9933281 x 103 -32,516769 2.9388372 x lO-2 99.5
6 7.2606250 x 103 ~-30.111832 3.1137913 x 10_2 99.4
7 1.2780094 x 104 -529.46365 5.4833077 x 10-2 99.9
8 6.1024297 x lO3 -269.69727 2,976928 99.4
9 -1.1639136 x 103 3.5951729 -1.9806267 x 10-3 99.8
*Equatigns of the form: Percent Mg/ (Mg+Mn+Fe+Ca+Zn) = ko + klband +

k_band”.

2

**Var, is the percent variation explained by the estimated model.
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Table 2.13 Fraction Mg on M(1) (i.e. Z1) calculated
from infrared spectra according to the
method of Huggins (1973).

Band 21 Estimates

Number Value 6 11 15
2 2.96 0.97 0.64 0.13
4 2.05 -3.47 -5.04 -3.60
5 3.49 0.83 0.67 0.11
6 2.33 1.37 1.19 -0.14
7 3.68 0.94 0.82 0.50
8 3.38 0.89 0.84 0.16

1.00-0.77*%  0.74-0.37*% 0.17%*

*Range of values permitted by composition
**%Refined value (Chapter 1)




Chapter 3.

Zincian Tephroite from Franklin, New Jersey:
Crystal-Chemical and Petrogenic Implications

INTRODUCTION

For nearly two centuries the world-famous zinc deposits at Franklin
and Ogdensburg, Sussex County, New Jersey have been a rich source of
specimens for mineralogical study (Frondel, 1972). Although much of
this effort has been devoted to the characterization of exotic new
species, studies of rock-forming minerals [e.g., amphiboles (Klein
and Ito, 1968; Hawthorne and Grundy, 1977), barium feldspars (Frondel,
Ito, and Hendricks, 1966), micas (Frondel and Ito, 1966a), and pyroxenes
(Frondel and Ito, 1966b)] have broadened our crystal chemical perspec-
tives on these important mineral groups.

In Chapter 2 complete substitution of magnesium for manganese in
olivine was established for specimens from Langban, Sweden, but discus-
sion of New Jersey tephroites, which also show extensive Mg-Mn substitu-
tion, was deferred to this chapter in which the role of zinc in olivines
is examined together with its petrogenetic implications for the Franklin
and Sterling ore bodies.

Tephroites occur in the primary ore at Franklin and Ogdensburg as
large gray, pink, or reddish-brown tabular crystals which crystallized

with franklinite and zincite but not willemite in a gangue of calcite

that fluoresces red. The early analyses tabulated by Palache (1935)
report zinc contents as high as 18.9 weight percent ZnO. Brush (1864)
attributed the zinc to admixed zincite but Palache (1935) observed that,

"the molecular ratios in some analyses more nearly satisfy the ortho-

52
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silicate formula when zinc is regarded as essentially a part of the
mineral rather than as a constituent of mechanical inclusions." Hurlbut
(1961) demonstrated that tephroite from the primary ore typically con-
tains exsolution lamellae of willemite along {100} and {010} that give
rise to a pronounced parting which has been mistaken for cleavage. He
concluded that New Jersey tephroite "contains much less zinc than has
been reported in many chemical analyses'" and that, '"the variations that
exist in the tephroites result, therefore, from the substitution of Mg,

+
Fe2 , and Ca for Mn2+ rather than from the substitution of Zn."

EXPERIMENTAL PROCEDURES

The samples studied are a representative selection of more than
sixty-five tephroites in Harvard University's extensive collection of
mineral and ore specimens from Franklin and Ogdensburg. Sample descrip-
tions, catalog numbers, and additional notes are given in Table 3.1.

Chemical compositions of one forsterite, seven tephroites and sev-
eral coexisting willemites (Tables 3.2 and 3.3) were determined on an
automated ARL-EMX electron microprobe operating at 15 kV accelerating
potential and 0.02 pA sample current on brass. Intensity data were
reduced on line using the technique of Bence and Albee (1968) and the
correction factors of Albee and Ray (1970). The following simple oxides
and silicates were used as standards: Balsam Gap, N.C. forsterite (Mg
and Si), synthetic fayalite (Fe), synthetic tephroite (Mn), Crestmore,
California wollastonite (Ca) and synthetic zincite (Zn). In reconnais-
sance analyses Al, Cr, Ni and Ti were sought but not observed at the

0.10 weight percent level.
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Table 3.3 Electron microprobe analyses of willemite.,

Sample 1 2 3 4 5 6 7 8
$i0, 28,23 27,90 27,85 27.90 27.46 27,77  27.11 27.74
MnO 2,14 3.06 4,81 4,67 4,19 5.13 5.11 2.87
MgO 2,72 1.81 1.83 1.45 0.23 0.90 0.14 0.00
ZnO 67.43 66.89 64,62 65.81 67.12 66.99 66.60 69.44
FeO 0.03 0.16 0.52 0.07 N.32 0.14 0.16 0.04
Ca0 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00

100.55 99.82 99.63 99.90 99.32 100.93 99.15 100.09

2§?+/Si 1.972  1.965 1.960 1.963 1.957 1,991 1.988 1.937

Mn 0.065 0.095 0.150 0.144 0.132 0.157 0.160 0.090
Mg 0.145 0.099 0.100 0.079 0.013 0.048 0.008 0.000
Zn 1.789 1.801 1.748 1.775 1.844 1.790 1.825 1.909
Fe 0.001 0.005 0,002 0.002 0.010 0.004 0.005 0.001

Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
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X-ray powder data were recorded on a Philips Norelco diffractometer
using monochromatic CuKa radiation (A = 1.5418A) and quartz C-105
(Frondel and Hurlbut, 1956) as an internal standard. Unit cell dimen-
sions were refined from corrected peak-positions in the range 17-40°9
using the program LCLSQ of Burnham (1962).

The space group and structure type of Sample 1 were confirmed by

the X-ray precession method (Buerger, 1964).

CHEMISTRY OF ZINCIAN OLIVINES
Forsterite

Natural zincian olivines are known only from the Franklin and
Sterling ore bodies. Figure 3.1 shows that they are predominantly
tephroites and exhibit a considerable range in manganese to magnesium
ratio. Forsterites (Mg > Mn) are exceptional. Only a single specimen
represents this species in the Harvard University collection (Sample 1).
A second specimen of nearly identical composition from Franklin was
kindly loaned to the author by Mr. Fred J. Parker of Livingston, New
Jersey. This forsterite is associated with zincite in calcite and is

surrounded by a narrow rim of clinohumite.

Fayalite
New Jersey fayalites, while rare in museum collections and not
otherwise considered in the present study, deserve mention. A manganoan

fayalite, Fe Sioa, from Franklin (H.U. 113637) was des-

1.10"80.75™0.15
cribed by Frondel (1965), and its crystal structure was refined at four
temperatures up to 900°C by Smyth and Hazen (1973). Zincian fayalite

or "roepperite" occurs at the Sterling Mine. Palache (1935) reported
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MgaSi04 Mg,Si0,

Figure 3.1 Plot of composition of zincian tephroites and coexisting
willemite lamellae,
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that more than one hundred tons were once mined and shipped as irom ore.
The three wet chemical analyses by Roepper (Palache, 1935) report ZnO
values of 10.96, 10.68, and 9.48 weight percent.

The only genuine "roepperites" in the Harvard University collection
are from the black willemite ore body of the Sterling Mine and were
obtained from L. H. Bauer (1889-1954), chemist for the New Jersey Zinc
Company. An unpublished partial analysis in Bauer's catalog of Specimen
272 from this occurrence gives 10.80 weight percent Zn0, 23.93 weight
percent FeO and 27.32 weight percent MnO. The latter are in good agree-
ment with the values of 24.28 weight percent Fe0O and 28.68 weight percent
MnO obtained by J. Ito on H.U. 105453 (Hurlbut, 1961). The electron
microprobe analysis of this same specimen in Burns and Huggins (1972)
reporting 7.10 weight percent ZnO is superior to the previous partial
analyses because the resolution of the electron beam permits lamellae
of willemite, which is strongly cathodoluminescent, to be avoided.

This olivine from the black willemite ore body is then a zincian, man-
ganoan fayalite with the manganese to iron ratio very nearly one to one.

"Roepperite" was also reported from Broken Hill, New South Wales
by Smith (1926) but this material was shown by Mason (1973) to be
tephroite with sphalerite inclusions.

As "roepperites" are clearly zincian varieties of Fe-Mn olivines,
use of the term should be abandoned in favor of the accepted convention

for naming chemical varieties of minerals (Schaller, 1930).

Tephroite

Tephroites from the primary ore carry about ten mole percent ZnZSio4
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component and conversely the exsolved willemite lamellae carry about
ten mole percent "olivine" components (Tables 3.2 and 3.3). As at
Langban, Sweden (Chapter 2) iron and calcium are minor elements in
tephroite. Since natural intermediate Fe-Mn olivines are well known
from the Bluebell Mine, British Columbia (Mossman and Pawson, 1976),
Broken Hill (Mason, 1973), and central Sweden (Henriques, 1956), the
low and relatively constant Fe contents (<0.10 atoms per formula unit)
presumably reflect low Fe contents of the bulk rock compositions,
although partitioning of Fe2+ between franklinite (spinel structure)
and olivine may occur. Calcium, on the other hand, is strongly parti-
tioned into the manganoan calcite gangue, and there is no evidence for
a natural solid solution between tephroite and glaucochroite (CaMnSiOa)
at the prevailing conditions of metamorphism. Similarly, there is very
little calcium present in forsterite coexisting with monticellite
(CaMgSiOa) at Cascade Mountain in the Adirondack Mountains, another

Grenville-age metamorphic terrane (Tracy et al., 1978).

PARAGENESIS OF ZINCIAN TEPHROITES

Analyses of coexisting tephroite-willemite pairs are illustrated
in Figure 3.1. These define isothermal points on the olivine-willemite
solvus. Additional points on the olivine limb are defined by the compo-
sitions of thé tephroite crystals prior to unmixing. Specimen 5 was
estimated to have originally contained 16 mole percent Zn25i04 by point
counting of an oriented thin section (Hurlbut, 1961, his Fig. 2) in
traverses normal to the willemite lamellae. This is approximately

equivalent to a bulk olivine composition of Te70F010Wizo and is similar
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in its zinc content to the most zinc-rich amalysis reported by Palache

(1935). That analysis by L. H. Bauer, Te, Fo like the previously

43F035"1 97>
cited "roepperite" analysis, is interpreted as representing an unseparated
tephroite-willemite sample and hence a valid measure of original composi-

tion. This interpretation is supported by an experimental study of the

MgZSiO4-ZnZSiO4

the saturation limit for ansio4 in forsterite at one bar ranges from

system by Saver and Hummell (1962) which reported that

16 mole percent at 850°C to 24 percent at 1460°C. The solubility
increases with increasing pressure (Syono et al., 1971).

These data and observations permit the conclusion that Franklin and
Sterling tephroites, which crystallized at sillimanite grade during a
Grenville-age metamorphic event (Frondel and Baum, 1974), originally con-
tained approximately 20 mole percent ZnZSiO4 and that when exsolution of
oriented willemite lamellae ceased, about half the initial concentration
of Zn28104 remained in the tephroite.

Zinc commonly occurs in octahedral coordination in the rock-forming
silicates from the Franklin and Sterling Mines in substitution for man-
ganese, iron, and magnesium but is tetrahedrally coordinated in each of
the seven silicates which contain essential zinc (Table 3.4). Willemite,
the most abundant of these zinc silicates, crystallizes with the phena-
cite structure, an open trigonal framework in which each oxygen is
shared between two Zn and one Si tetrahedra (for a review see Ganguli,
1975). The exsolution of willemite from zincian tephroite may be viewed

as another manifestation of the well-known preference of zinc for tetra-

hedral coordination.

Assuming specimens 1-7 to have equilibrated at about the same
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Table 3.4 Zinc silicates from the Franklin and Sterling Mines.

Name Formula Reference
Esperite CaZnSiO4 Moore & Ribbe (1965)
Hardystonite Ca22n31207 Louisnathan (1969)
Hemimorphite Zn4SiZO7(OH)2'H20 MacDonald & Cruickshank (1967)
Hodgkinsonite M’nZnZSiOA(OH)2 Rentzeperis (1963)
Larsenite PbZnSiO4 Prewitt et al. (1967)
Willemite ZnZSiO4 Ganguli (1975)

. VI . 11V
Yeatmannite [MnSsz] [Mn22n8814] O28 Moore (1966)
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temperature, the solvus (Figure 3.1) appears to be wider along the
tephroite-willemite edge than along the forsterite-willemite edge.

The greater solubility of Zn in forsterite and Mg in willemite may be
attributed to the similarity in sizes of these cations. The olivine-
willemite solvus should be amenable to experimental calibration and if
calibrated would be a significant step toward understanding the thermal
history of the Franklin and Ogdensburg deposits.

Sample 8 is from late-stage veinlets paragenetically distinct from
the primary ore. Tephroite occurs as small, transparent, gray to color-
less crystals in vugs coexisting with willemite crystals which have been
well-characterized chemically, morphologically and optically (Palache,

1935).

LATTICE PARAMETERS

Unit cell dimensions of zincian tephroites are expected to be
smaller than those of zinc-free tephroites with identical Mg/ (MgHin)
ratios because the effective ionic radius of zinc (r = 0.745A) is less
than the mean of the radii of magnesium (r = 0.72A) and manganese (r =
0.830A). Table 3.5 compares the observed values for the present samples
with those calculated from regression equations in Table 2.7, verifying
the prediction for a, ¢, V. Observed b values, however, are larger than
the calculated values. Surprisingly, the effect of zinc on b almost
exactly compensates for the effect on a for 2130 valueé (Table 3.5 and
Figure 3.2). Consequently, the regression equations relating 2130 and
Mg/ (Mg+Mn) in Tables 2.6 and 2.7 are appropriate for use with tephroites

from Franklin and Ogdensburg as well as those from Langban (Figure 3.2).
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Table 3.5 Calculated and observed lattice parameters of zincian
tephroites.

Samplet Comp'n#* 4130 a b c v
1 0.76  2.797A  4.777(2)A  10.349(4)A  6.050(2)A  299.1(2)A3
2.797 4,772 10.360 6.057 299.5
2 0.42 2.834 4.804(2) 10.532(3) 6.135(2) 310.4(1)
2.835 4.815 10.525 6.155 312.0
3 0.27 2.844 4.828(2) 10.558(3) 6.172(2) 314.6(2)
2.848 4.842 10.566 6.194 316.9
4 0.19 2.853 4.847(2) 10.584(3) 6.203(2) 318.2(1)
2.854 4.859 10.580 6.245 319.4
5 0.12 2.858 4.862(3) 10.588(5) 6.211(3) 319.7(2)
2.858 4.874 10.589 6.230 321.6
6 0.10 2.861 4.870(5) 10.609(5) 6.234(3) 322.1(3)
2.860 4.980 10.591 6.237 322.4
7 . 0.05 2.868 4.882(2) 10.614(3) 6.235(2) 323.1(1)
2.863 4.892 10.593 6.238 323.8
8 0.03 2.868 4.899(2) 10.621(3) 6.251(2) 325.3(2)
2.864 4,898 10.593 6.253 324.5

+Values for lattice parameters quoted are:

row, predicted from equations in Table 2.7.

*Composition = Mg/ (MgHMntZn+Fe+Ca).

upper row, observed; lower

!

**Numbers in parentheses represent one estimated deviation and refer to
last decimal place.
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CATION ORDERING

Cation ordering is a fundamental aspect of olivine crystal chemistry
because it profoundly affects physical and thermochemical properties.

The influence of cation ordering on the unit cell parameters, specific
gravity, indices of refraction, and infrared spectra of the forsterite-
tephroite series is described in Chapter 2. Plots of a and b as func-
tions of mean cation radius (Figure 3.3) clearly show the same non-
linear relationships previously observed for the forsterite-tephroite
series and strongly imply ordering of the octahedral cations.

Two previous crystal structure refinements of zincian olivines pro-
vide insight into the preference of zinc for the M(1) and M(2) sites
relative to magnesium and manganese. A synthetic zincian forsterite,
Mgl.56Zno.448104, has been refined to a conventional R-factor of 0.039
(Ghose and Weidner, 1974; Ghose et al., 1976). The reported site occu-

pancies are M(1l): and M(2): demon-

M8y.727%%0.273(3) M8y.838%"0. 162

strating that zinc, despite its larger size, has a moderate preference
for the M(1) site over magnesium. A Franklin tephroite, Mnl.BOOMgO.345

Zn0.225F30.1288104, closely similar in composition to Sample 4 of the

present study, has been refined to a conventional R-factor of 0.039 by

Brown (1970). The reported site occupancies are M(1): Mn0‘432Mg0’345

and M(2): An alternate inter-

M. 8687%0.085%%0.045°
pretation favoring a fully ordered distribution with M(1): Mgo 345

204 18070.043

Mno.3002n0.227Fe0'128 and M(2) completely occupied by Mn is presented
in Chapter 2. Regardless of which ordering model is adopted for Brown's
refinement, zinc is observed to prefer the M(1l) site relative to man-—

ganese. The combined evidence suggests that the zinc occurring in
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members of the forsterite-tephroite series from the Franklin and Sterling

Mines is ordered onto M(1).

SUMMARY

Tephroites from the primary ore of the Franklin and Sterling Mines,
which exhibit a broad range of Mg:(Mg#Mn) ratios, contain approximately
ten percent ZnZSiO4. Within the tephroites are oriented lamellae of
willemite that evince an exsolution origin from tephroites which origi-
nally contained an estimated twenty mole percent ZHZSiOA'

Unit cell parameters of zincian tephroites show non-linear correla-
tions with calculated mean radius reflecting the ordering of cations, as
expected by comparison with magnesian tephroites from Langban (Chapters
1 and 2).

Refinement of the crystal structure of a zincian tephroite from
Franklin by Brown (1970) demonstrated that the octahedral cations are
ordered with manganese concentrated on the larger M(2) site. Reinter-
pretation of this refinement (Chapter 1) combined with the results of
a refinement of zincian forsterite by Ghose and Weidner (1974) suggest

that in olivines zinc has a marked preference for the M(1) site relative

to both magnesium and manganese.



CHAPTER 4.
The Crystal Structure of Magnesian Manganhumitel
INTRODUCTION
The humite minerals are a homologous series of magnesium ortho-

silicates based on hexagonal closest-packed arrays of anions and struc-
turally related to forsterite. Microprobe analyses of fifty-five humite
samples (Jones et al., 1969) led to the establishment of the general
formula:

a[M,5i0,] + M _ 1, (OH,F)

1 2-2x%2x

where M is Mg,Fe,Mn,Ca,Zn in decreasing order of abundance, 0 < x < 1,
and n = 1 for norbergite, 2 for chondrodite, 3 for humite, and 4 for
clinohumite (see Table 4.l1). Manganese end-members of three of the four
homologues are well-known, and unpublished microprobe analyses by C.
Richardson (private communication, 1976) indicate extensive, if not com-
plete, solid solution between Mg and Mn end-members.

Ordering of the small concentrations of Fe normally present in Mg
humites was initially detected by Ribbe and Gibbs (1969, 1971) in a humite
with composition Mg6’6Fe0.48i3012F(OH). Mg/Fe ordering has been observed
in all subsequent refinements of humite group minerals, including several
titanian humites (Robinson et al., 1973; Kocman and Rucklidge, 1973).
Ribbe and Gibbs (1971) concluded that distortion and ligancy rather than
size of the octahedral sites govern the ordering of Fe in Mg humites,

Fe preferring those octahedra with no (F,0H) ligands, i&ﬁ-"§(1)06 and

1(2)0,.

lThis chapter was published in The American Mineralogist, 63, 874-877
(1978).

69
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Table 4,1 Nomenclature of humite group minerals.E[MZSiOA] ‘g(OH,F)2
with references to modern crystal structure refinements.

Homologue Mg end-member Mn end-member
n=1 Norbergite MAN*
(Gibbs and Ribbe, 1969)
n=2 Chondrodite Alleghanyite
(Gibbs et al., 1970) (Rentzeperis, 1970)
n=3 Humite Manganhumite
(Ribbe and Gibbs, 1971) (This study)
n=4 Clinohumite Sonolite

(Robinson et al., 1973)

(Kato, in preparation)

*
Manganese Analog of Norbergite (MAN), synthesized by CAF: a = 4.869(2),
b = 10.796(2), c = 9.179(2)A.
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The recent discovery of Mn humites containing considerable Mg pro-
vides an opportunity for further investigation of cation ordering in
humites. This chapter reports the results of a site occupancy refine-

ment of magnesian manganhumite.

EXPERIMENTAL PROCEDURES

Crystals of manganhumite from the type specimen from Brattfors Mine,
Nordmark, Sweden, were generously donated by Professor P. B. Moore,
University of Chicago, and they have been deposited in the Mineralogical
Museum of Harvard University. Moore (1978) reports their composition to
be (Mng_ggM80, 30720, 01%%0. 0177 (51040 3(0H) 5

Manganhumite is orthorhombic and was refined in the nonstandard
space group Pbnm to conform with previous studies (Taylor and West, 1928;
Ribbe and Gibbs, 1971) and the recommendations of Jones (1969). Unit
cell dimensions, a = 4.185(1), b = 10.580(2), c = 21.448(5)A, were deter-
mined by least-squares refinement (program of Appleman and Evans, 1973)
of 22 powder x-ray lines (16-60°20) recorded with monochromatized CuKa
radiation (A = 1.5418A) on a Phillips Norelco powder diffractometer using
BaF2 (2 = 6.198A) as an internal standard.

A cubic fragment 0.2 mm on an edge was mounted with b nearly paral-
lel to the phi axis of a Picker FACS-1 four-circle diffractometer.
Intensity data were collected in two octants (20 < 70°) using Nb-filtered
ngql radiation (A = 0.70926A) and a 20 scan rate of 1° per minute.
Background measurements were made for 20 seconds on either side of dis-

persion-corrected scan ranges (1.2°20 base width).

Symmetrically related standard diffractions monitored after every
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50 data showed a maximum variability of +5 percent. No interpolation of
the data was made, but an "ignorance factor" of 0.025 was incorporated
in the calculation of the weighting function (Finger and Prince, 1975,
P. 5). The data were corrected for background, Lorentz, polarization
and absorption effects (pu = 63.1 cm-l) and then averaged to yield a set
of 1800 unique structure factors using the programs DATALIB and DATASORT
from the World List of Crystallographic Computer Programs (3rd ed. and

supplements).

REFINEMENT

A full-matrix least-squares refinement was carried out using the
program RFINE4 (Finger and Prince, 1975), and atomic scattering factors
for neutral atoms taken from Volume 4 of the Intermational Tables for
Crystallography (1974, p. 99, 149). The refinement was initiated using
the positional parameters of humite (Ribbe and Gibbs, 1971) and assuming
that all octahedral sites were completely occupied by Mn. Reasonable
isotropic temperature factors were assigned, and after two cycles of
refining the scale factor and several more cycles of refining both the
scale factor and the positional parameters, the conventional R factor
dropped to 0.22, At this stage, diffractions of the type h+ k = 2n + 1
showed good agreement between Fobs and Fcalc’ while diffractions of the
type h + k = 2n showed poor agreement. This systematic discrepancy was
attributed to Mn/Mg ordering, and when Mg was assigned to the four non-
equivalent octahedral sites on the basis of average M-O bond distances,
the R factor improved sufficiently to release the temperature factors.

Using the temperature factors, atomic coordinates, and scale factor
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generated in this manner, site refinement followed.

Being the chief substituent, Mg was selected as the independent
variable and, subject to the restriction that the total magnesium con-
tent must equal 2.1 atoms, was first distributed randomly over all four
octahedral sites. The trace levels of Fe and Ca were ignored throughout
the site refinement, The concentrations of Mg in E(Z)5 and E(2)6 dropped
to slightly negative values, so these sites were subsequently considered
to be fully occupied by Mn. The site occupancies then converged to the
values 0.304(6) Mg in M(1) and 0.746(6) Mg in M(3), irrespective of the
site chosen as the dependent variable. '

Data for which Fo < 20(Fobs) were considered unobserved. The 238

bs
data rejected from the refinement by this criterion are indicated in the
structure factor table (Table 2 in Francis and Ribbe, 1978, p. 875) by
asterisks. In the final cycles of refinement, corrections for anomalous
dispersion and extinction were included without significantly altering
the results. The final unweighted R factor is 0.051 (gw = 0.081) for
the observed data; R = 0.058 and R, = 0.082 for all 1800 data. Atomic
coordinates and isotropic temperature factors and their r.m.s. equiva-
lents are listed in Table 4.2. Interatomic distances and angles are

reported in Table 4.3. The atomic designations follow those used by

Ribbe and Gibbs (1971).

RESULTS AND CONCLUSIONS
Manganhumite is confirmed to be isotypic with humite, and because
of its close similarity to humite, the reader is referred to Ribbe and

Gibbs (1971) for structure diagrams and detailed discussion of the
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Table 4.2 Positional parameters, isotropic temperature factors and
r.m.s. equivalents, p, for manganhumite.

Atom x/a y/b z/c B(A2) <p>(A)
E{l) 0.0015(1)* 0.3797(1) 0.1758(1) 0.90(2) 0.107(1)
‘E(Z)G .5141(2) .1583(1) .25 .63(2) .089(1)
M(Z)S .0085(1) .0974(1) .1091(1) .93(2) .109(1)
M(3) .4907(2) .8657 (1) .0270(1) .84(3) .103(2)
si(l) .0750(4) .9699(1) .25 .63(2) .089(1)
Si(2) .5753(3) . 2844 (1) .1043(1) .57(2) .085(1)
0(2.3) .7150(6) .2178(2) .1659(1) .84(4) .103(2)
0(1.3) .2168(6) .0381(2) .1896(1) .86(4) .104(2)
0(2.4) .7197(6) .2130(2) 0447 (1) .75(4) .098(3)
0(2.1) .2432(7) .2850(3) .1029(1) .89(4) .106(2)
0(1.2) .2785(8) .3293(3) .25 .80(5) .101(3)
0(1.1) .7421(9) .9680(4) .25 .97(6) .111(3)
0(2.2) .7778(6) .9252(2) .1031(1) 72(4) .096(3)
OH .2631(6) .0306(2) .0333(1) .87(4) .105(2)

*
Numbers in parentheses are estimated standard deviations and refer to
the last decimal place.
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Table 4.3 Si-0, M-0 and 0-O distances (in Angstroms) and 0-Si-0 and
0-M~0 angles (in degrees) in manganhumite.

[8104] tetrahedra

S1(1)-0(1,1)A 1.604% Si(2)-0(2,1)%  1.600%
0(1,2) 1.645 0(2,2) 1.648
0(1,3)[2] 1.633 0(2,3) 1.640
Mean 1.628 0(2,4) 1.640
Mean 1.632
Angles at Angles at
0...0 distances* Si(l)** 0...0 distances* Si(2)**
(1,3)-(1,2)L2] 2.559% 102.7 (2,3)-(2,2) 2.574t " 103.0
(1,3)-(1,3) 2.591 105.0 (2,4)-(2,2) 2.570t 102.8
(1,2)-(1,1) 2.735 114.7 (2,3)-(2,4) 2.599t 104.8
(1,3)-(1,1)[2] 2.731 115.1 (2,1)-(2,2) 2.742 115.2
Mean 2.651 109.2 (2,4)-(2,1) 2.721 114.2
(2,3)-(2,1) 2.737 115.3
Mean 2.657 109.2

Dg(0,0H)é] octahedra

M(1)-0(2,2) 2.114 g(z)s-o(l,s)A 2.093
0(1,2) 2,144 0(2,2)A  2.136
0(1,1) 2.186 0(2,3) 2.258
0(2,1) 2.191 0(2,1) 2.286
0(1,3) 2,175 0(2,4) 2.309
0(2,3) 2.209 OH 2.155

Mean 2.170 Mean 2.206

*Estimated standard errors are 0.003 A for Si-O and M-0, less than
%x%0-006 A for 0...0 distances. [2] indicates multiplicity.

The estimated standard error in all bond angles is 0.1°.

Edge shared between tetrahedron and octahedron.

Edge shared between two octahedra.

=apical bond after the convention of Ribbe and Gibbs (1971).
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Table 4.3, con't.

Angles at Angles at
0...0 distances* M(1)** 0...0 distances* M(2) 5%*
(2,3)-(2,2) 2.5742 73.0 (2,3)-(2,4) 2.599% 69.4
(1,3)-(1,2) 2,559 72.7 (2,4)-(2,1) 2.915° 78.7
(1,3)-(1,1) 2.937° 84.7 (2,3)-(2,1) 2.967° 81.5
(1,2)-(1,1) 2.905° 84.3 (1,3)-(2,2) 3.055 92.5
(2,1)-(2,2) 2.915° 85.2 (2,3)-(1,3) 3.102 91.4
(2,3)-(2,1) 2.967° 84.8 (1,3)-(2,1) 3.206 94.0
(2,1)-(1,2) 3.193 94.9 (2,4)-(2,2) 3.301 95.8
(1,1)-(2,2) 3.186 95.6 (2,3)-(2,2) 3.386 100.7
(2,3)-(1,1) 3.200 93.8 OH-(2,2) 2,968 88.4
(1,3)-(2,1) 3.263 96.7 OH~(2,1) 3.077 87.7
(2,3)-(1,2) 3.465 105.5 OH-(2,4) 3.192 93.8
(1,3)~(2,2) 3.487 108.8 OH~-(1,3) 3.359 104.5
Mean 3.054 Mean 3.094 89.9
M(2) -0(1,2)%  2.134 M(3)-0(2,4)%  2.021
0(2,3)7[2] 2.141 0(2,1) 2,155
0(1,1) 2,292 0(2,4)" 2.167
0(1,3)[2] 2.311 0(2,2) 2,229
Mean 2.222 OH 2,063
OH' 2.069
Mean 2.117
Angles at Angles at
0...0 distances* . M(2)6** 0...0 distances* ¢ _M(3)*%
(1,3)-(1,3)" 2.591 68.2 (2,4)-(2,2) 2.570 71.5
(1,3)-(1,1) 2 2.937° 79.3 (2,4)-(2,1) 2.915° 84.8
(2,3)-(1,2) 2 3.010 89.5 (2,1)-(2,2) 2.915° 83.3
(1,3)-(2,3) 2 3.101 88.2 OH-OH' 2.980° 84,1
(2,3)-(1,1) 2 3.208 92.4 OH-(2,4) 2,935 91.7
(1,3)-(1,2) 2 3.352 97.8 OH-(2,1) 2.994 90.4
(2,3)-(2,3)" 3.608 114.8 OH'-(2,2) 2,991 87.3
Mean 3.118 89.8 OH'-(2,4)" 3.070 97.8
OH'-(2,2) 3.102 92.5
OH'-(2,4) 3.191 97.5
(2,1)-(2,4)" 3.166 98.6
(2,4)-(2,4)" 3.175 98.6

Mean 3.000 89.8

Estimated standard errors are 0.003 A for Si-0 and M-0, less than
%x%0-006 A for 0...0 distances. [2] indicates mult1plic1ty.

The estimated standard error in all bond angles is 0.1°.
AEdge shared between two octahedra.

=apical bond after the convention of Ribbe and Gibbs (1971).
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stereochemistry. We note, however, that the apical Si-O0 bond distances
of 1.600 and 1.604A in manganhumite (Table 4.3) are the shortest yet
observed in humite-group minerals.

The cations in manganhumite are ordered (Table 4.4), the magnesium
being concentrated in the‘b_g(l)o6 and g(3)04(0H)2 octahedra, each of
which are "interior" sites in the serrated chain of edge-sharing octa-
hedra (Ribbe and Gibbs, 1971, Fig. 1). These sites, being constrained
by the sharing of polyhedral edges bounding opposite faces of the octa-
hedra, are smaller than the M(2) sites at the "elbows" of the chains
(see Table 4.4 for details). The correlation coefficient of gg/(Mg +
Mn) occupancy and mean octahedral sizes correspond very closely to the
weighted radii of the larger Mn2+ and smaller Mg2+ cations, r = 0.989
(see Fig. 4.1). The correlation of octahedral site occupancy with size
rather than ligancy or octahedral distortion, as expressed quantitatively
by octahedral angle variance (Robinson et al., 1971), can be rationalized
by the fact that Mn2+ with its high spingl_5 electronic configuration has
no crystal field stabilization energy (Burns, 1970), whereas Fe2+ (QG)
does. Although Fe is larger than Mg, it prefers the §(2)06 and g(1)06
octahedra in the Mg humite (Ribbe and Gibbs, 1971), whereas in mangan-
humite Mn prefers‘g(Z)OG, §(2)05(0H), and, to a lesser extent, the smaller
g(l)o6 octahedron. The results for manganhumite are consistent with
)Si0, studied

observed cation distribution in (Mn 4

by Brown (1970) and (Mgl 06Mn0 94)8104 studied by Ghose and Weidner

1.30780.35%%. 237012

(1974).
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Table 4.4 Octahedral ligancy and shared edges, octahedral angle
variance, 02, mean bond lengths, and Mg/(Mg + Mn) ratios
for manganhumite.

Site Ligancy NS&tZﬁegigesT22:2§id¥ith (Oé)* g&?gng) 6&5%%355
M(1) 06 4 2 128 2.170A 0.304(6)
E(Z)6 06 2 1 97 2.222 0.0
'M(2)5 05(OH) 2 1 94 2.206 0.0
M(@3) 04(0H)2 3 1 66 2.117 0.746(6)

* 1
Ué = ,fl(ei-9o°)2/11. See Robinson et al. (1971).
1=
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Figure 4.1 Plot of mean M~(0,0H) bond distances as a function of
octahedral site occupancy and effective ionic radius.



Chapter 5.
Crystal Structure Refinement of Magnesian Alleghanyite
INTRODUCTION
The humite group comprises four homologues characterized by the
general formula:
n[E2Si04] : E-l—xTix(OH’F)Z-?.xon

where M is Mg, Fe, Mn, Ca, Zn in decreasing order of abundance, 0<x<1,

and n = 1 for norbergite, n = 2 for chondrodite, n = 3 for humite, and
n = 4 for clinohumite (Jones et al,, 1969). Modern crystal structure
refinements of these minerals have been reported from this laboratory
(Gibbs and Ribbe, 1968; Gibbs et al., 1970; Ribbe and Gibbs, 1971;
Robinson et al., 1973a and b). The structure of a synthetic hydroxyl
chondrodite was refined by Yamamoto (1978) and several additional
refinements have focused on the unique role of titanium in the humite
group (Fujino and Takeuchi, 1978; Kocman and Rocklidge, 1973; Robinson
et al,, 1973a and b).

Manganese analogues of the humites are also known. The analogue
of norbergite was synthesized at an early stage in this study by direct
fusion of a stoichiometric mixture of Man + MnO + SiO2 and was identi-
fied by its X-ray powder pattern which was indexed and refined to yield
a cell with axial ratios close to those of norbergite (Table 5.1).
Alleghanyite (n = 2) was described from Bald Knob, Alleghany County,
North Carolina (Ross and Kerr, 1932). Its isotypism with chondrodite
was proposed hy Rogers (1935) and subsequently established by Rentze-
peris (1970) who refined its crystal structure. Manganhumite (n = 3)

was described from Langban, Sweden (Moore, 1978). A structure refinement

80
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Table 5.1 X-ray powder data for synthetic Mh3SiO (F,OH)2 recorded
on a Philips Norelco diffractometer using CuK “(A = 1.54184).
Refined unit cell dimensions a = 4.869(2), b = 10.796(4),
c = 9.179(2)A yield the axial ratios 0.4510: 1 : 0.8502 which
are closely similar to the ratios 0.4586 : 1 : 0.8516 for

norgerbite (Gibbs and Ribbe, 1969).

h k 1 d calec. d obs. I rel.
h 2 0 5.40 5. 44 7
0 0 2 4.59 4.60 3
1 1 0 4.39 h.45 5
1 0 1 4.30 4.31 2
1 1 1 3.996 4.003 19
1 2 1 3.364 3.360 6
1 1 2 3.191 3.190 100
1 3 0 2.894 2.894 33
1 3 1 2.760 2.760 63
0 4 0 2.699 2.700 12
0 2 3 2.662 2.662 23
1 0 3 2.591

0 4 1 2.589 2.590 23
1 1 3 2.519 2.520 26
1 3 2 2.448 2.447 28
2 1 0 2.375 2.375 6
1 4 0 2.361 2.363 16
1 2 3 2.336 2.336 22
2 1 1 2.299 2.299 3
1 1 4 2.093 2.040 12
2 2 2 1.998 1.998 4
1 5 1 1.930 1.931 4
2 4 0 1.808 1.807 28
2 2 3 1.797 1.796 32
2 4 1 1.774 1.773 9
0 2 5 1.738 1.738 3
1 1 5 1.696 1.696 6
2 0 4 1.672 1.670 9
1 5 3 1.659 1.658 14
3 1 1 1.581 1.577 4
0 0 6 1.530 1.528 9
3 1 2 1.515 1.516 7
1 7 0 1.470 1.469 11
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of this spec%men, a magnesian variety (_Mno'68Mg0.30Fe0.010a0.01)7
(5104)3(OH)2, initiated this investigation of Mg/Mn ordering and is
reported in Chapter 4. Sonolite (n = 4) was described from the Sono
Mine and ten other mines in Japan (Yoshinaga, 1963). A sonolite of

composition Mn Ca0.433Fe0.058(5104)4(01{)2 has been refined

7.605'80. 904
by T. Kato of Yamaguchi University but has not been published (personal
communication);

Alleghanyite and sonolite were recognized at the Franklin and
Sterling mines, Sussex County, New Jersey by Cook (1969). These occur
in at least two parageneses—- as isolated anhedral crystals in the
Franklin marble and as auhedral crystals in late veinlets. An example
of the latter from the Sterling Mine (H.U; 109468) exhibits crystals
of magnesian alleghanyite (subsequently abbreviated Mg-Al) in associa-
tion with brilliant black crystals of franklinite on a slickensided
surface in willemite-franklinite-calcite ore; The crystal structure
of an untwinned Mg-Al crystal from this specimen approximately 0.3 x
0.2 x 0.1 mm in size was refined to extend the present investigation
of Mg/Mn ordering in the olivines and humites to the chondrodite-

alléghanyite series, the only Mg-Mn humite series for which refinements

of both end members have already been published.

EXPERIMENTAL PROCEDURES
Chemical composition was determined on an automated ARL-EMX elec-
tron microprobe operating at 15kV accelerating potential and 0.02 ﬁA
sample current on brass. Intensity data were reduced on line using the

technique of Bence and Albee (1968) and the correction factors of Albee
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and Ray (1970). Simple oxides and silicates, including synthetic
tephroite (Takei, 1976), were used as standards. The formula of Mg-Al,
Mh2.84OMgl.9482n0.184Fe0.023Ca0.005(SiO4)2(F,OH)2, represents the average
of fifteen analyses on two crystals. The rather large amount of zinc,
the minor amounts of iron and calcium and the dominance of fluorine

over hydroxyl are typical of Mn-rich humites and olivines from the
Franklin and Sterling Mines (cf Table 3.2).

The Mg~Al crystal was mounted on a Picker FACS-1 four-circle
diffractometer with its diad nearly parallel to the phi axis and was
oriented in terms of the nonstandard space group{BZl/E_to conform with
previous studies (Taylor and West, 1928; Gibbs et al.; 1970; Yamamoto,
1977) and the recommendations of Jones (1969). The unit cell dimen-
sions: a = 4.815(2); §_= 10.574(3), c = 8.083(3)A, and o = 108.74(2)°
were refined from twelve; individually~centered, high—-angle reflections
(20>40°). Intensity data were collected in one quadrant (20<72°) at
18°C using Nb-filtered Moggl radiation (A = 0.70926A) and a 20 scan rate
of 1° per minute. Twenty second background measurements were made on
either side of dispersion-corrected scan ranges (1.2°20 base width).

Two reflections monitored after every fifty data were used to
calibrate the data set by linear interpolation. The data were corrected
for background, Lorentz and pclarization effects. The shape of the
crystal was approximated by a polyhedral envelope in the absorption
correction (ﬁ = 55,6 cm_l). Structure factors for which.Fo <20 were

bs

considered unobserved, leaving a data set of 1873 observations.



Table 5.2 Atomic coordinates of magnesian alleghanyite.
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Atom x y z

M(1) 5 0 5

M(2)5 0.0107(2) 0.1718(1) 0.3073(1)
M(3) 0.4897(3) 0.8841(1) 0.0760(1)
Si 0.0757(2) 0.1445(1) 0.7090(2)
0(1) 0.7822(7) 0.9946(3) 0.2906(4)
0(2) 0.7186(7) 0.2446(3) 0.1245(4)
0(3) 0.2135(7) 0.1698(3) 0.5374(4)
0(4) 0.2632(6) 0.8550(3) 0.2890(4)
(OH,F) 0.2614(7) 0.0527(3) 0.0919(4)
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Table 5.4 Interatomic distances and angles of magnesian alleghanyite.

[8104] tetrahedron

Si ... distances (A) 0 ... 0 distances (A) Angles at Si (°)
Si-0(4) 1.623(3) 0(1)-0(3) 2.551(4)¢ 103.06(2)
0(4) 1.627(3) 0(1)-0(2) 2.552(4)5 103.47(2)
0(3) 1.635(3) 0(2)-0(3) 2.588(4) 105.03(2)
0(l) 1.632(3) 0(1)-0(4) 2.744(4( 114.92(2)
0(2)-0(4) 2.741(4) 114.54(2)
Mean 1.629 0(3)-0(4) 2.747(4) 114.44(2)
2.747(4) 114.44(2)

Mean 2,654 109.24

'M(I)OG octahedron

M ... O distances (A) 0 ... O distances (A) Angles at M(1) (°)
M(1)-0(1)[2] 2.157(3)  0(1)-0(3) [2] 2.551(3)®  71.54(1)

-0(3)[2] 2.207(3) 0(1)-0(4) [2] 2.900(3)° 83.24(1)
-0(4)[2] 2.209(3) 0(3)-0(4) [2] 2.937(3)° 83.37(1)

0(3)-0(4)"[2] 3.298(3) 96.63(1)
Mean 2.191 0(1)-0(4)"[2] 3.264(3) 96.76(1)
0(L)-0(3)'[2] 3.541(3) 108.46(1)

Range 0.052 Mean 3.082 90.00

tEdge shared between tetrahedron and octahedron.
°Edge shared between two octahedra.
*Multiplicity indicated in square brackets.
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Table 5.4, continued

M(Z)OS(OH,F) octahedron

M ... O distances (A) 0 ... O distances (A) Angles at M(2) (°)
M(2)5-0(3) 2.107(3) 0(2)-0(3)'  2.588(4)%  68.53(1)
0(1) 2.139(3)  0(2)-0(4) 2.891(4)°  77.65(1)
0(4) 2.268(3) 0(3)'-0(4)  2.937(4)°  81.01(1)
0(3)'  2.253(3) o(1)-(3) 3.058(4) 92.12(1)
0(2) 2.342(3)  0(3)-0(3)'  3.114(4) 91.09(1)
(OH,F)  2.160(3) 0(3)-0(4) 3.226(5) 94.96 (1)
0(1)-0(2) 3.341(4) 96.32(1)
Mean 2.212 0(1)-0(3)'  3.541(4)  100.82(1)
(OH,F)-0(1)  2.986(4) 87.97(1)
Range 0.235 (OH,F)-0(4)  3.082(5) 88.16 (1)
(OH,F)-0(2)  3.267(5) 92.97(1)
(0H,F)-0(3)  3.419(4)  106.50(1)

Mean 3.121 89.84

M(3)04(OH,F)2 octahedron

M ... O distances (A) O ... 0 distances (A) Angles at M(3) ()
M(3)-0(2) 2.017(3) 0(1)-0(2)"’ 2.552(4)¢ 70.66(1)
0(4) 2.141(3) 0(2)'-0(4) 2.891(4)° 84.41(1)
0(2) 2.162(3) 0(1)-0(4) 2.900(5)° 82.66(1)
o(1) 2.248(3) (OH,F)~-(OH,F) 2.769(6)° 83.98(1)
(OH,F) 2.063(3) (OH,F)'-0(2) 3.268(5) 92.16(1)
(OH,F) 2.075(3) (OH,F)-0(4)  3.007(4) 91.32(1)
(OH,F)-0(1)  2.916(4) 86.91(1)
Mean  2.118 (OH,F)-0(2)  3.069(5) 97.56(1)
(OH,F)-0(1)  3.143(5) 97.19(1)
Range 0.231 (OH,F)"'=0(2)"' 3.179(4) 99.12(1)
0(2)"-0(4) 3.166(4) 98.35(1)
0(2)'-0(2) 3.163(4)
Mean 3.007 89.82

tEdge shared between tetrahedron and octahedron.
°Edge shared between two octahedra.
*Multiplicity indicated in square brackets.
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REFINEMENT

Full-matrix, least-squares refinement was carried out using the
program RFINE (Finger and Prince, 1975). Scattering curves for neutral
atoms were taken from Doyle and Turner (1968). Refinement was initiated
using the positional parameters of Gibbs et al. (1970) with the octa-
hedral sites fully occupied by Mn and with isotropic temperature factors
of 0.5, 0.3, and O.SA2 for Mn, Si; and O respectively; After the posi-
tional parameters converged Mg was assigned to the octahedral sites
according to mean M-0 distances (Figure 4.1). Refinement of site occu-
pancies, and isotropic temperature factors converged with a conventional
R-factor of 0.057 without constraining the total chemistry. Zinc was
then assigned to M(3), the smallest site and the one coordinated by two
monovalent anions, and the total chemistry was constrained to agree with
the chemical analysis. The refinement including anisotropic temperature
factors rapidly converged to produce a model with R = 0.048 (RW = 0.053).
Positional parameters, temperature factors, and interatomic distances

and angles are listed in Tables 5.2, 5.3, and 5.4 respectively.

STEREOCHEMISTRY
The steric details of the chondrodite structure (hereafter Ch),
like those of the olivine and other humite structures, result from
distortions of the close-packed anion array by cation-cation repulsions
across shared polyhedral edges. These have been thoroughly discussed
for Ch by Gibbs et al. (1970) and Yamamoto (1977) and for alleghanyite
(hereafter Al) by Rentzeperis (1970). The stereochemistry of Mg-Al

differs only in that the M(3) octahedron is significantly smaller than
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the other octahedra. The range of mean octahedral cation-anion dis-
tances is 0.094A for Mg-Al compared to 0.038A for Ch and 0.022A for Al.
Polyhedral distortions, as measured quantitatively by the bond angle
variance parameter (02) of Robinson et al. (1971), are compared in
Table 5.5. Robinson et al. (1971) observed that for the olivines;
distortion of the tetrahedron decreases with increasing mean M-O while
distortion of the octahedra increases with increasing mean M-0. With
the exception of the M(1) site, which is somewhat more distorted than

the M(1) site in Al (cf Fo., in Table 1.7), the present data conform

51

to these trends.

CATION ORDERING
The octahedral cations in Mg-Al are ordered (see Table 5.6 for
details). Although the cation distribution cannot be uniquely deter-
mined because of the presence of zinc (r = 0.740A), the refined occu-
pancies are consistent with the previous results for olivines (Chapter
1) and manganhumite (Chapter 4). The smallest octahedron, M(3) with
<M~ (0,F,0H)> = 2.118A, is principally occupied by the smallest cation,
Mg (r = 0.720A), while M(1l) with <M-0> = 2.191A and‘§(25) with <M-(0,F,
OH)> = 2.212A are principally occupied by Mn (r = 0.830A). Site occu-
pancies and consequently the effective ionic radii calculated from the

occupancies are both highly correlated with octahedral size:

<M-(0,F,0H)> = 2.216 - 0.1217 Mg/(Mg+Mn+Zn) r = -0.986

0.985

]

<M-(0,F,0H)> = 1.384 + 1.001 <r > T
Octahedral size in the humite series decreases in the order E(ZG)

>M(2.)>M(1)>M(3) due to increasing numbers of shared edges and the
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Table 5.5 Polyhedral distortions in the chondrodite-alleghanyite series.

Gibbs et al. Rentzeperis
Polyhedron (1970) This study (1970)
510, ° 44.6 35.4 29.4
M(l)06* 101.2 156.5 150.9
M(Z)OS(F,OH)* 82.5 106.4 112.8
M(3)0, (F,0H) ,* 59.2 71.4 91.1
t 6 2
- - o]
O (tet)? = 121 (0,-109.47°)2/5
. 12 ,
_ _ o
Ooey2 = 5. (8;-90.0°)2/11

i=1




91

260°0 00T°0 8080 Co*a) "o ()R

8TT°¢C £ T

212°T z T 206°0  (7)860°0 mo‘n°0  “(DNW

T61°2 v z $98°0 (L)SET"0 % (DK
(HO‘d°0) K vIpayeioQ vIpOYRI19], uz uR )R Aoueld1g 2318

ueay Y3TM p31Ieys Sadpo JO °‘ON Louednoog

*93TLueyldayre

ueTsau8ew jo SI9OUBISTP Q- UeosW pue

¢Aoue8T “soarouwdnodo 931FSs TeApPaYEIDQ 9°GC I[qeE]



92

substitution of three-coordinated monovalent anions for four-coordi-
nated oxygens. The difference in size as measured by the mean cation-
anion distance between‘§(26) and M(3) in humite (Ribbe and Gibbs, 1971)
and in clinohumite (Robinson et al., 1973).is 0.053A. Although small,
this difference is equivalent to the difference in ionic radii between

Fez+ (r = 0.78A) and Mg2+

(r = 0.72A). Thus octahedral size must be
considered a significant factor affecting cation ordering in humite
group minerals.

Figures 5.1-5.3 illustrate the relationship between octahedral
size and calculated radius for the M(1), M(2), and M(3) octahedra in

four olivines and eleven humites. The data (Tables 5.7-5.9) are des-

cribed by the following regression equations.

<M(1)-0> = 1.445 + 0.9172 <rM(1)> (r = 0.995)
<M(2.)-0> = 1.521 + 0.8459 <gg(26)> (r = 0.997)
<M(25)-(O,0H,F)> = 1.497 + 0.8713 Ty ) (r = 0.983)
- =5
<M(3)-(0,0H,F)> = 1,414 + 0.9442 <r > (r = 0.939)
= M(3)

For the M(1) and §(26) octahedra which are exclusively coordinated by
oxygen atoms, the correlations are strongly linear. However, the

replacement of 0Iv (r = 1.38A) by FIII

(r = 1.300 + 0.012A) and/or

i (1.36 < r < 1.45A) (Ribbe, 1979) modifies the size differences
between octahedra. For example, the difference between §§(25)-(0,0H)>

in synthetic hydroxyl chondrodite (Yamamoto, 1977) and <§(25)-(0,F,0H)>
in a natural fluorchondrodite (Gibbs et al., 1970) is 0.017A. Most of
the scatter in Figures 5.2 and 5.3 is due to the substitution of fluorine

for hydroxyl which reduces mean cation-anion distances. Accordingly, a

term £, which is defined as one-half the number of fluorine atoms per
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Table 5,7 Mean M-0 distances and radii for gﬁl) octahedra,

<M-0>

<r >

(EF 0 >

obs. M - calec. Reference
2.101 0.720 2.105 Hazen (1976)
2.107 0.726 2,110 Robinson et al. (1973)
2,108 0.723 2.107 Gibbs et al. (1970)
2.108 0.725 2.109 Ribbe and Gibbs (1971)
2,109 0.725 2,109 Robinson et al. (1973)
2,111 0.720 2,105 Yamamoto (1977)
2.116 0.728 2,112 Chapter 1
2.170 0.796 2.174 Chapter 4
2,185 0.811 2.188 Chapter 1
2.190 0.820 2,196 Kato (pers. comm.)
2,191 0.815 2,192 This study
2.202 0.823 2.199 Kato (pers. comm.)
2,215 0.830 2.206 Rentzeperis (197Q)
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Table 5.8 Mean M-(0,0H,F) distances and radii for M(2) octahedra.

<M-(0,0H,F)>

<r. >

<M-(0,0H,F)>__

obs. M lc. Reference
(2))
2.126 0.720 2.130 Hazen (1976)
2.136 0.727 2.136 Robinson et al. (1973)
2,137 0.722 2.132 Ribbe and Gibbs (1971)
2,209 0.818 2.210 Chapter 1
2,222 0.830 2,220 Chapter 4
2,224 0.830 2.220 Brown (1970)
2,227 0.830 2,220 Chapter 1
M(2)
2.116 0.720 2.119 Gibbs et al. (1970)
2.119 0.722 2.123 Robinson et al. (1973)
2.122 0.727 2.127 Ribbe and Gibbs (1971)
2,133 0.720 2.130 Yamamoto (1977)
2,206 0.830 2.220 Chapter 4
2,212 0.819 2.211 This study
2,221 0.830 2.220 Rentzeperis (1970)
M(2,)
2.104 0.720 2.100 Gibbs and Ribbe (1969)
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Table 5.9 Mean M-(0,0H,F) distances and radii for M(3).

<r. >

<t=(0,0H,F)> __.

<M:-—(O’OI'I’FPC»bs. M Reference

2.068 0.720 2.067 Gibbs and Ribbe (1969)

2.078 0.720 2.079 Gibbs et al. (1970)

2.081 0.720 2.084 Robinson et al. (1973)

2.086 0.721 2.084 Ribbe and Gibbs (1971)

2.087 0.704 2.089 Fujino and Takeuchi
(1978)

2.087 0.708 2,095 Fujino and Takeuchi
(1978)

2.111 0.720 2.106 Yamamoto (1977)

2.117 0.727 2,111 Chapter 4

2,118 0.733 2.116 This study

2.173 0.805 2.177 Kato (pers. comm.)

2.199 0.830 2.198 Rentzeperis (197Q)
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formula units times the number of monovalent ligands associated with
the octahedron, was included in the regression analyses.

- 0.01649 £ (r

0.994)

<M(2)-(0,0H,F)> = 1.541 + 0.8185 <r, ,.>

1.502 + 0.8386 <rM(3)>

- 0.02122 £ (r = 0.996)

<M(3)-(0,0H,F)>

This permitted data for‘ﬂ(Za),‘g(Zs), and.g(Ze) to be incorporated
into the same equation and resulted in significant improvement in the

correlation coefficients.

SUMMARY OF CATION ORDERING IN THE HUMITES

Humites contain Ca, Fe, Mn, Ti and Zn in substitution for Mg,
although only Mn and Ca form end members. These substituents are
ordered into the octahedral sites which vary in distortion, ligancy,
size and symmetry. The present refinements of intermediate Mg-Mn hum-
humites clearly demonstrate that manganese is concentrated in the
larger sites, which decrease in size in the order‘g(26)2§(25)2§(1)>M(3).
The refined sonolite is the most calcium=-rich natural humite yet
reported. The qg(26)—0> and <§ﬁ25)-(O,OH)> distances reported by Kato
(personal communication) are larger than <M-0> distances of olivine and
humite octahedra exclusively occupied by Mn which implies that Ca is
concentrated in the largest octahedra relative to Mn. T14+ is believed
to be preferentially concentrated in M(3) (Ribbe, 1979). While this
is consistent with size criteria, the charge balancing substitution

1% + 20%" = w** + 2(0m,F)”

is probably the decisive factor. Fe was observed by Ribbe and Gibbs
(1973) to be concentrated in 3(26) and M(1) thus avoiding octahedra

coordinated by (F,0H). 1In the present refinement Zn was assigned to
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M(3) on the basis of size and monovalent ligands. Thus, octahedral
cations in the humites are ordered according to size criteria, although
ligancy may be the controlling factor where charge balance (e.g. Ti4+)

and crystal-field effects (e.g. Fe2+) are involved.
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MAGNESIUM-MANGANESE SOLID SOLUTION
IN THE OLIVINE AND HUMITE GROUPS

by

Carl A. Francis
(ABSTRACT)

Single crystal X-ray intensity data were collected for four
compositionally-intermediate olivine and humites and their crystal
structures were refined by full-matrix, least-squares techniques to
investigate cation ordering.

Forsterite from Langban, Sweden [(Mgo'519Mn0.482Ca0.003}?e0.001)2
$i0,, Pbnm, a = 4.794(2), b = 10.491(4), ¢ = 6.123(2)A] was refined to
R = 0.029 (Rw = 0,028) using 731 unique structure factors with Fo >

bs

20F The mean Si-O distance is 1,637A., Site refinements yielded

obs’
Mg/ (Mg+Mn) ratios of 0.92 in the _1‘_1(1)06 octahedron (mean M-O distance =
2.116A) and 0.11 in the M_(Z)O6 octahedron (<M-0> = 2.209A) and a dis-
tribution coefficient (KD) of 0.011.

Tephroite from Madagascar [(Mn0.89OMgO.090F30.013ca0.007)25104’
Pbnm, a = 4.879(2), b = 10.589(4), c = 6.234(3)A] was refined to R =
0.038 (RW = 0.049) using 773 structure factors. The mean Si-0 distance
is 1.640A. Site refinement yielded Mg/(Mg+Mn) ratios of 0.17 in the
M(1)0, octahedron (<M-0> = 2.185A) and 0.00 in the M(2)0, octahedron
(<M=0> = 2.227A) and a Ky of 0.00.

Alleghanyite from the Sterling Mine, Ogdensburg, New Jersey

[ (Mn (F,0H),, P2,/b, a = 4.815(2),

0.568"80.390%"0.0377%0.004%20. 0017 5
b = 10.574(3), c = 8.083(3)A, a = 108.74(2)°] was réfined to R = 0.048



(RJ: 0.053) using 1873 structures. The mean Si-0 distance is 1.629A.
Site refinement with Zn assigned to M(3) yielded Mg/(Mg+Mn) ratios of
0.14 in th.eg(l)o6 octahedron (<M-0> = 2,191A) and 0.10 in theig(Z)Os(F,
OH) octahedron (<M-0> = 2.212A). Theg(B)OA(F,OH)2 site (<M-0> = 2.1184)
is occupied by 0.81 Mg, 0.10 Mn and 0.09 Zn atoms.

Manganhumite from Langban, Sweden [(Mno.68M80.3oFeo.01cao.01)7
(510,),(0H),, Pbnm, a = 4.815(1), b = 10.580(2), ¢ = 21.448(5)A] was
refined to R = 0.051 (RW = 0,081) using 1562 structure factors. Mean
Si-0 distances for the isolated tetrahedra are <Si(1)-0> = 1.628A and
<§1(2)~-0> = 1.632A. Site refinement yielded Mg/(Mg+Mn) ratios of 0.30
in theg(l)o6 octahedron (<M-0> = 2.170A), 0.0 in they(Z)O6 and
M(2)050H octahedra (<M-0> = 2.222 and 2.206A), and 0.75 in the M(3)0,
(OH)2 octahedron (<M-0> = 2,117A).

Mean octahedral bond distances are positive linear functions of
effective ionic radii calculated from the refined site occupancies and
f, one~half the number of fluorine atoms per formula unit times the
number of monovalent ligands associated with the octahedron.

1.445 + 0,9172

fﬁ(l)-0> <#ﬂ(l)>

1.541 + 0,8185 - 0.01649 £

<M(2)-(0,0H,F)> <r§(2)>
<M(3)-(0,0H,F)> = 1.502 + 0.8386 <rM(3)> - 0.02122 £
Magnesium, manganese and other cations are ordered on the octahedral
sites according to size criteria, although ligancy may be the controlling
factor where charge balance and crystal-field effects are involved.
Characterization of a suite of naturally-equilibrated Mg-Mn oli-

vines, from Langban, Sweden by electron probe microanalysis, X-ray pow-—

der diffraction and infrared spectroscopy and comparison with data in



the literature for synthetic specimens demonstrate that unit cell
parameters and infrared band positions are nonlinear functions of
composition for ordered samples and that nonlinearity increases with
the degree of order but that calculated specific gravity is a linear

function of composition.



