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Abstract

In the humite homologous series, nM,SiO, - M,_,Ti,(F,OH),_,,0,, (where n = 1 for nor-
bergite, 2 for chondrodite, 3 for humite, and 4 for clinohumite, M = Mg > Fe > Mn >
Ca,Zn,Ni and 0 < x < 1), x appears never to exceed ~0.5 Ti atoms per formula unit, because
local electrostatic charge imbalances at the 3-coordinated (F,OH,0) anion and the 4-coordi-
nated oxygen atoms increase very rapidly as Ti** substitutes for M>*, even with the con-
comitant substitution of 3-coordinated O*~ for (F,OH)'~. Both electrostatic and geometric ar-
guments suggest that Ti orders into the M(F,0H)O “layer” of the humite structures, i.e., into
the M(3)0}Y(F,OH,0)i" octahedron, which is the smallest of all octahedra in all the humite
minerals (¢f Fujino and Takéuchi, 1978).

Refractive indices, density, unit-cell dimensions, and volume are dramatically affected by
the substitution of OH for F, and this has been studied as chemistry varies from 1.0 <
(F,OH)"/[(F,OH)™ + 0"] < 0.0 and 0.0 < Si'V/2(F,0H,0) =< 1/8 from sellaite Mg(F,OH),
(n = 0) through the humites to forsterite (n = o). The volume per anion increases much more
rapidly as OH substitutes for F in these minerals than would be expected on the basis of ob-
served differences in individual M-(F,0OH) distances. As Yamamoto (1977) noted, the effec-
tive radius of OH™ would be ~0.06A larger than that of F™" based on individual bond
lengths. However, if the grand mean M—-(F,0H,0) distance minus the effective radius of the
M cation is used, OH" would have to be ~0.15A larger, and if the effective anion radius cal-
culated from the observed volume per anion is used, values ~0.10A larger are expected. Pro-
ton-proton repulsions, which increase dramatically both within a given mineral series (say F-
to OH-chondrodite) and as n goes from 4 to 0, expand the unoccupied polyhedra for the hcp
anion array very much more than the occupied octahedra; physical parameters are accord-
ingly affected.

Introduction

The formula for the homologous series of minerals
collectively called “humites” is nM,SiO, - M,_,Ti,
(F,OH),_,,0,, where n = 1 for norbergite, 2 for
chondrodite, 3 for humite, 4 for clinohumite, M is
Mg > Fe > Mn,Ca,Zn,Ni, and 0 =< x < 1. A series of
Mu-isotypes for n = 2 (alleghanyite), 3 (mangan-
humite), and 4 (sonolite) also exists in nature, and
these exhibit a substantial range of solid solution
with Mg; most are OH-rich.

Titanium-rich clinohumites and chondrodite (x >
0.25) have recently attracted attention as possible
mineralogical sites for water in the earth’s upper
mantle (McGetchin et al., 1970; Merrill et al., 1972,
AoKi et al., 1976; Mitchell, 1978), and as a result the
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crystal structures of no less than three titanian cli-
nohumites (Ti—Cl) and one titanian chondrodite (Ti-
Ch) have been examined. Least-squares site refine-
ments have produced somewhat conflicting results,
leaving us with two questions regarding titanium: (1)
Why does x appear never to exceed 0.5 Ti atoms per
formula unit in natural specimens? (2) Is Ti really or-
dered into the M3 octahedral site, and if so, why? Fu-
jino and Takéuchi (1978) implied answers to these
questions with vague references to Pauling’s elec-
trostatic valence rule. One purpose of this paper is to
address that matter more specifically.

Another crystal-chemical problem has to do with
the nature of the OH 2 F substitution in all the hu-
mites. The recent synthesis of OH-Ch and OH-Cl by
Yamamoto and Akimoto (1974, 1977), the determi-
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nation of the structure of OH-Ch by Yamamoto
(1977), and the synthesis of many F,OH intermediate
compounds by Duffy (1977) have provided a data
base from which the systematics of the OH = F sub-
stitution has been deduced.

Titanium in natural humites

Titanium content

Table 1 lists, among others, the compositions of
the most Ti-rich humite minerals analyzed to date.
Note that x does not exceed 0.5 Ti atoms per formula
unit in any of the humites. Norbergite (No; n = 1) is
rare in nature and apparently is relatively Ti-free.
Clinohumite (CL; n = 4) commonly is Ti-rich (Jones
et al., 1969, Fig. 4), but only one titanian chondrodite
(Ch; n = 2) has ever been reported (Aoki et al., 1976),
and it is epitaxially associated with a Ti~-Cl which
contains the same number of Ti atoms per formula
unit as Ti-Ch. Notably absent from this intergrowth
is the intermediate phase, humite (Hu; n = 3).

Titanium distribution

The structures of both Ti-Ch and Ti—Cl have been
determined by Fujino and Takéuchi (1978) who
found by least-squares site refinement that most, if
not all, of the Ti is ordered in the M(OH)O layers,
i.e.,, in the M3 octahedral sites. Of course there are
problems associated with determining unambi-
guously the cation distribution among the octahedral
sites when three species of atom are present, namely
Mg (f = 12), Fe + minor Mn,Ni (f ~26) and Ti (f =
22) (f is the atomic scattering factor at sind/A = 0.0).
Some basically unsatisfying assumptions must be
made to obtain convergence: in refining site occu-
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pancies in Ti~Cl Robinson et al. (1973a,b) took dif-
ferent approaches than Fujino and Takéuchi (1978);
the former report disordered Ti, the latter ordered.
Kocman and Rucklidge (1973)—perhaps most
wisely—simply assigned Ti to M3 and refined Mg/
Fe distributions within the constraints of their chem-
ical analysis.

Fujino and Takéuchi’s (1978) reference to Paul-
ing’s electrostatic valence principle holds the key to
both the restricted Ti substitution and Ti distribution
among the nonequivalent octahedral sites in humites.
Let us consider the hypothetical homologues,
nMg,Si0, - Mg,_,Ti (F,OH),_,,0,, with 0 = x < 1.
Note that one half of the octahedral sites are filled
with cations in the proportion [(x)Ti + 2n + 1 —
x)Mg].

Charge imbalance with Ti disordered. With Ti dis-
ordered there are only two types of anions as far as
local charge balance is concerned, regardless of min-
eral species. The average charge on all M cations is
the same: (z) = 4[x/(2n+ 1)] + 2[2n + 1 — x)/(2n +
1)]. The oxygens are 4-coordinated to 1Si + 3M and
are all overbonded by [l + 3(z)/6] — 2.00 esu. The
(F,OH,0) anion is bonded to 3M atoms and is al-
ways underbonded by an amount 3(z)/6 — (1 + x)
esu, where x = O/(F + OH + O,,). Figure la in-
dicates the imbalances as a function of x for each of
the four humites in which Ti is disordered.

Charge imbalance with Ti ordered. If all the tita-
nium is ordered into M3, there are collectively
among the humite homologues three types of 4-
coordinated oxygens, O,, O,, O,, the subscripts refer-
ring to the number of M3 atoms to which they are
bonded, plus one (F,OH,0) anion. From the multi-
plicities of M sites in the humites (Table 2) it can be

Table 1. Compositional data for humite minerals whose structures have been refined

WE % TiO

n Mineral (space group) (max. if w-1) z Mg Fe Mn Ni Ca Sioz‘ Ti F OH* OTi

1 Norbergite (Pbwm)sx 0.42 (36.2) 0.011 1.99 <.01 <.01 = <, 01 1 0.01 1.81 0.17 0.02 Jones et al. (1969)

2 Chondrodite (PZZ/b) 9.36 (22.1) 0.424 3.99 0.57 0.01 0.01 - 2 0.42 0 1.15 0.85 Fujino & Takéuchi (1978)
0.03 (22.1) <.01 4.95 0.03 0.01 - 0.01 2 <, 01 1.27 0.73 <.01 Gibbs et al. (1970)

) Humite (Pbwm) 3.25 (15.9) 0.201 6.49 0.22 0.09 -— <.01 3 0.20 0.79 0.81 0.40 Jones et al. (1969)***
0.10 (15.9) 0.01 6.60 0.35 0.05 = <,01 3 0.01 1.06 0.93 0.01 Ribbe & Gibbs (1971)

4 Clinohumite (P21/b) 5.59 (12.4) 0.468 7.33 1.04 0.05 - <.01 4 0.47 0 1.06 0.94 Robinson et al. (1973)
3.14 (12.4) 0.26 7.34 1.36 0.08 = —_ 4 0.26 0.40 1.08 0.52 Kocman & Rucklidge (1973)
5.07 (12.4) 0.429 7.44 1.09 0.02 0.02 — 4 0.43 0 1.14 0.86 Fujino & Takéuchi (1978)
0.22 (12.4) 0.02 8.42 0.50 0.06 - <.01 4 0.02 1.04 0.93 0.03 Robinson et al. (1973)

* i : =19 - =
Calculated by difference: OH = 2 (F + OTi), where 0Ti OZx'

*% Space group convention of Jones (1969).

*%% Most Ti-rich humite analysis reported; the structure of this specimen has not been refined.
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Fig. 1. Plots of x vs. charge imbalance at the anion for the
humite minerals assuming (a) Ti disordered in all the M octahedra
and (b) Ti ordered into M3. Symbols are explained in the text and
Table 2. The charge imbalance was calculated in the following
manner for the (F,OH,0) site: S — (1 + x), where S is the sum of
the Pauling bond strengths to the anion and x is the fraction of O
in that site. For the oxygens, charge imbalance is simply S — 2.

seen that if all the Ti is ordered into the M3 sites, the
maximum Ti occupancy of M3 is x/2, because x/(2n
+ 1) is the fraction of Ti in the (2n + 1) M sites and
2/(2n + 1) is the fraction of M sites which are M3
sites. The O, oxygens are charge-balanced because
they are not bonded to M3, the O, oxygens are over-
bonded by x/6, the O,’s by 2x/6, and the (F,OH,0)
anions are always underbonded by 4x/6. Figure 1b
shows the imbalances for any of the hypothetical or-
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dered humites; the proportions of O, O,, O, and
(F,OH,0) anions per formula unit are listed in Table
2 for each of the structure types.

It is clear from Figure 1 that the more Ti, the
greater the local charge imbalances, regardless of
whether Ti is ordered or disordered in any of the
homologues. Quite likely these imbalances place a
practical upper limit on Ti substitution. Comparing
the two graphs, it is also evident that charge balance
is somewhat improved when Ti is ordered into M3,
except for norbergite in which all anions are bonded
to two M3 sites. Thus one may argue that Ti prefers
M3 for reasons of charge balance, but it should also
be observed that M3 is always smaller than the other
octahedra (even in the Mn-isotypes), although it has
fewer shared edges than M1 (see Table 2). This is in
part explained by the fact that M3 is bonded to two
monovalent (F,OH) atoms when no Ti is present.
Quadrivalent Ti (r ~ 0.61A) is smaller than Mg** (r
~ 0.72A) and the other M** cations found in hu-
mites, and quite likely prefers the M3 site for that
reason as well.

Thus the crystal-chemical arguments all point to
an ordered distribution of Ti** in M3, the somewhat
questionable least-squares site refinements (Robin-
son et al, 1973a,b) notwithstanding. Probably the
most compelling argument for Ti** order is that
made by Fujino and Takéuchi (1978, p. 537-539). In
addition to least-squares site refinements of Ti—Ch
and Ti-Cl, which both converged with relatively

Table 2. Fraction of tetrahedral sites filled, number and types of octahedral sites (per formula unit), and number and types of oxygen
atoms and (F,0OH,0) sites (per unit cell) for the humite minerals and forsterite. In italics is listed the number of octahedral edges shared
with other octahedra (o) and with tetrahedra ().

Fraction of Number of octahedral sites of type:*

Number of 4-coord.

oxygens of type: Number of

n 2 Mineral (symbol): '(ocrineflices Mi oM M2, M2, M2, M3 % o, 0, (F,0H,0)III
1 4 Norbergite (No) 1/12 1 2 16 8
2 2 Chondrodite (Ch) 1/10 1 2 2 4 8 4 4
3 4 Humite (Hu) 3/28 2 1 2 2 30 12 6 8
4 2 Clinohumite (Cl) 1/9 2 1 2 2 2 20 8 4 4
o 4 Forsterite (Fo) 1/8 1 1 16 0

Shared oct'l edges:

* Subscripts n and ¢ in the M(l)O6 octahedra signify 1 and 1 site symmetry, respectively.

40,2t 4o,2t 20,1t 20,1t 20,1t 30,1t

Subscripts 6, 5

and 4 refer to the number of ligands to the M2 octahedra which are 4-coordinated oxygens, e.g., M2, =

M(2)0§V(F,OH,O){II.

The M3 octahedron has the "formula" M(3)OZI'V(F,0H,O)

III >

5 ¢
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large estimated standard errors (+0.08 Ti) to indicate
all Ti in M3, they found that in these epitaxially in-
tergrown specimens Ti—Ch had a Ti/Si ratio of 0.212,
almost exactly twice as great as that in Ti~Cl (0.107).
This is precisely the relationship expected if Ti is
preferentially ordered into M3 in both structures: the
M3/Siratio is 2 in chondrodite, 1 in clinohumite.

Epitaxial intergrowths such as the one reported by
Tilley (1951), but more particularly those containing
substantial Ti, should be carefully analyzed in the fu-
ture for additional confirmation of these conclusions
regarding the ordering of Ti.

Fluorine and hydroxyl

Van Valkenburg (1961) synthesized F-end mem-
bers of the humite series from melts and by solid-
state reactions, but OH-end members have been syn-
thesized only at high temperatures and pressures—
OH-Ch and OH-Cl were found to be stable between
700-1000°C and 29-77 kbar (Yamamoto and Aki-
moto, 1974, 1977). Duffy (1977) synthesized F-No,
F-Ch and F-ClI and many intermediate (F,OH)-hu-
mites, sellaite (MgF,), and “intermediate sellaite,”
MgFOH,' as part of his investigation of the system
MgO-MgF,-SiO,-H,0. He also calculated least-
squares expressions for molar volumes as a function
of composition for the phases of variable F~-OH con-
tent in this system, and found that with the exception
of brucite “all the volume functions are linear in
composition. For sellaite and humites the difference
in volume between the hydroxyl- and fluoro-end
members is 2.95+ 0.19 cm’ mol™' of (OH),” (p. 6; see
his Table VI, p. 51). Duffy also gives equations for
variations of interplanar d-spacings with F = OH for
sellaite (Sel), No, Ch, and Cl (his Table V, p. 50). His
data and some of those listed in Tables 1 and 3 are
used in the following more detailed discussion of the
relative effects of F = OH and other substitutions on
the unit-cell volumes of sellaite, the humites, and for-
sterite. In all these structures the octahedral sites in
the hexagonal closest-packed anion array are half-
filled with Mg, and to all intents and purposes the
[SiO,] tetrahedra (where present) are the same size
(mean Si-O ~ 1.63A) and each shares the same three
edges with M octahedra. But the compositional vari-

! Tetragonal sellaite, MgF,, has the hep rutile structure (Baur,
1976): a = 4.6213, ¢ = 3.0519A, V' = a’c. “Intermediate sellaite,”
MgFOH, is orthorhombic and is similar in two dimensions and ¢/
q to the humites and olivine. Its cell parameters (Duffy, 1977) are
a =4.686, b = 10.123, c = 3.078A; g = 2 (see definition of g be-
low).
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ation from Sel - No — Ch —- Hu — Cl — Fo is
more complex than just (F,OH) for O. The charge-
balanced substitution is (1Y + 4(F,OH)" — Si'¥ +
40", where [ is a tetrahedral void. The fraction of
tetrahedral sites occupied by Si in the hcp array de-
creases from 1/8 in Fo to 1/12 in No to zero in Sel
(see Fig. 2 and Table 2).

For the sake of comparing these structurally re-
lated compounds, Ribbe et al. (1968) suggested that
it would be convenient to normalize unit-cell vol-
umes to a reduced cell of volume V' = [abcsina] + g,
where ¢ is 4 for Fo, 6 for No, 5 for Ch, 14 for Hu, 9
for Cl. The parameter g was chosen to give a third di-
mension d,, + ¢ ~ 1.5A, ie, approximately equal
to the radius of an average anion in the hcp array.
Another perhaps more physically useful volume term
is ¥V = V'/4, the volume per anion, from which may

Fraction of tetrahedral sites filled
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I 1 I ! I , I I I
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1.420 | e .
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= & e
5 1.380 |- 4 / =
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(F+OM)™/(F+0OH)T + o™

Fig. 2. The average radius of anions (r,) plotted against (F +
OH)"!/[(F + OH)™™ + O'] and the fraction of tetrahedral sites
filled for the series of hcp compounds Sel — No — Ch — Hu —
Cl — Fo. A = alleghanyite, T = tephroite. Dots at the tails of
arrows represent (ro)y for natural Mg-equivalent homologues
(Table 3) corrected for effects of M site substituents; arrows point
to open circles which are values of (r, )y, predicted for OH-end
members by simple proportionation.
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be calculated a mean radius for the anion, (r,), =
0.5V, assuming V, is a cube of dimensions 2 {r,),.

Effective radii of F and OH

In Figure 2 there are three lines representing anion
radii calculated in different ways (see Table 3); all
are plotted against the ratio (F + OH)"/[(F + OH)"™
+ O"], which is of course related to the fraction of
tetrahedral sites filled with Si (¢f. upper and lower
abscissas). The first is a line labelled “Expected
(r4)”, which joins the 1.300A value for the radius of
F"' and the 1.378A value for the radius of O" (Shan-
non and Prewitt, 1969), and assumes that a propor-
tional mix of F" and O" will produce the line (r,) =
1.378 — 0.078[F/(F + 0O)]. Of course there are no
structures to which such a line may apply, but it
serves as reference.

An effective “radius” of F' in Sel was calculated
by subtracting r,, = 0.72A from the grand mean
Mg-F distance (1.988A; Baur, 1976), and an effective
“radius” of O" in Fo was determined similarly using
((Mg-0)) = 2.114A (Smyth and Hazen, 1973). Since
the F™'/(F™ + O") ratio decreases and the fraction of
filled tetrahedral sites increases linearly from left to
right in Figure 2, one might expect that the dashed
straight line, (r.)y = 1.394 — 0.123[(F/(F + O)],
joining Sel and Fo would contain points representing
all the F-Mg-humite minerals. Unfortunately no
structures of F-Mg-end members have been refined,
but if the grand mean M-O,F,OH distances, ((M-
O,F,OH)), minus the mean radii of the M cations,
(ru), are plotted (dotted tails of arrows) for each of
the refined natural specimens, they all fall above the
dashed line. This is mainly due to OH" substituting
for F™ in the hcp anion array. On that assumption
values of (r,)y (shown as centered circles) have been
predicted for OH-end members by simple propor-
tionation of the OH/(F + OH) ratios observed
(Table 3) and the difference between observed radii
and those expected for pure F-end members. This as-
sumption is more fully supported in later discussion,
but attention is called here to the fact that the line
joining the (r,), values for Fo and OH-Ch is close
to the predicted values for OH-end members (the
point for No is subject to large errors due to the long
extrapolation). Furthermore it becomes obvious that
the net effect of OH substitution for F ( = 1.300A) is
to expand the structure as characterized by ({(M-
O,F,OH)) rather more than expected based on the
value of 1.35;A suggested by Yamamoto (1977) for
the radius of OH", and much more than the 1.34A

1031

value determined by Ribbe and Gibbs (1971, p.
1166). In fact, some simple arithmetic® using (ra)m =
1.370A predicted for F-Ch and (r,)w = 1.400 ob-
served for OH-Ch shows that the effective “radius”
of OH" must be 0.150A larger than F™'.

Consider now the third line, (r,), = 1.316 —
0.048[F/(F + O)], near the bottom of Figure 2. Here
the effective anion radius {r,), is calculated from V,,
the volume per anion: {r,), = 0.5Vy>. This “radius”
reflects not only changes in mean M—O,F,OH bond
lengths but also the effects of Si'" substituting for (1,
which are normally thought to be bypassed in the de-
termination of an anion radius based strictly on M-
O,F,0OH bond-length considerations. Thus the effec-
tive “radius” of OH™ is 0.064, 0.075 and 0.097A
larger than F", as calculated from (r,), values for
the pairs F-ClJOH-Cl, F-Ch|OH-Ch and F-
SellFOH-Sel, taking into account the proportion of
anions in each structure which are O'. The dash-dot
line, representing the substitution (I + 40H"' —
Si'Y + 40" joins a value of (r,), predicted for a hy-
pothetical OH-Sel with that observed for Fo, passing
near the observed values for OH-Ch and OH-CI and
having nearly the same slope (0.048 vs. 0.044) as the
line A-T joining (r,), for OH-Mn-Ch (alle-
ghanyite) and (r,), for Mn—Fo (tephroite). Although
the data base is small, this is certainly no coinci-
dence. Furthermore the slopes of these lines are
equal but opposite in sign to that representing the
substitution (1" + 4F™ — Si'V + 40",

Just what value should be assigned to the radius of
OH" is something of a puzzle. If the effect of the [
<> Si substitution could be ignored, we would say the
radius of OH™ would have to be as much larger than
0" as F"' is smaller (i.e., roq — rr = 2 X 0.078A), but
this 1s probably not the case, even though the (r,),,
calculations indicated a difference of 2 X 0.075A.
Yamamoto (1977, p. 1483) noted that even the mean
Mg-O distances in OH-Ch were slightly larger than
corresponding ones in the F,OH-Ch refined by
Gibbs et al. (1970), and he said “The replacement of
F by OH causes an expansion of the whole anion ar-
ray.” A study of the unoccupied polyhedra in the hu-
mites would be most enlightening. Surely proton-
proton interactions (see Fujino and Takéuchi, 1978,
Fig. 3) serve to expand the structures of OH-rich hu-
mites considerably more than is indicated by com-
paring M-O,F,OH bond lengths. Perhaps that ex-

2 Since 80% of the M~O,F,OH bonds in Ch are to OV, 0.8ro, +
0.2rg = 1.370A and 0.8rg + 0.2roy = 1.400A. Subtracting the two
equations gives roy — 7 = 0.030/0.2 = 0.15A.
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Table 3. Numbers and ratios of three-coordinated anions in synthetic and natural humites, forsterite, sellaite, and brucite together with
normalized volumes, V7, corrections to volume due to transition metal content, AV’ = [(ry) — ry] V’/rumg, and calculated densities.

Name, g, Symbols, No. of 3-coord. anions F+0.5 Opi (F+om) 11T V' (A3) V' (A3) Calc'd
reference# Fig. 3 F OH OTi FHOH+054 (F+oR) ITT+0IV density
Norbergite 1.0 [ ] 2.00 1.00 0.33 70.25 3.199
q =6 0.9 @ 1.80 0.20 0.90 70.56
0.7 @ 1.40 0.60 0.70 71.19
s o) 2.00 1.00 70.37
1 o 1.81 0.17 0.02 0.91 70.54 0.00
Chondrodite 1.0 © 2.00 1.00 0.20 71.23 3.205
qg=>5 1.0 © 2.00 1.00 71.27
0.8 © 1.60 0.40 0.80 71.68
0.8 © 1.60 0.40 0.80 71.67
0.7 © 1.40 0.60 0.70 71.82
0.6 © 1.20 0.80 0.60 72.14
2 (0] 1.27 0.73 0.00 0.63 71.86 -0.03
9 b 1.86 0.11 0.03 0.94 71.50 -0.10
24 ) 1.06 0.90 0.04 0.54 72.24 -0.22
(0H-Ch) Y o 2.00 0.00 0.20 73.74 3.060
(Ti-Ch) F&T @ 0.00 1.11 0.89 0.22 72.76  +0.17
Humite v o 2.00 1.00 0.14 71.78
g =14 3 o 0.8 0.80 0.36 0.51 72.40 0.00
7 o 1.06 0.93 0.01 0.53 72.44  -0.22
Clinohumite 1.0 A 2.00 1.00 0.11 71.83 3.211
=09 0.5 A 1.00 1.00 0.50 72.36
0.4 A 0.80 1.20 0.40 72.44
7 A 1.04 0.92 0.04 0.53 72.52  -0.29
(0H-C1) YeA A 2.00 0.00 0.11 73.02 3.139
(Ti-C1) KR A 0.42 1.05 0.53 0.34 73.08  -0.45
10 A 0.00 1.05 0.95 0.24 72.98  -0.12
F&T A 0.00 1.10 0.90 0.22 72.89 -0.16
Forsterite, MgZSiO4 (Yoder and Sahama, 1957) g =4 0.00 72.50 3. 222
Sellaite, MgFs (Duffey, 1977) g =1 1.00 65.18 3.174
MgOHF (Duffey, 1977) ¢ = 2 1.00 73.10 2.743
Mg(OH) g hypothetical qg =1 1.00 81.03 2.312
Brucite, Mg(OH), 1.00 47.22 2.051

* Specimen numbers with decimals were synthesized by Duffey (1977):

0.9 = nMgyS1i04-Mg(F, gOH, 1))

Those with integral numbers are from Jones et al. (1969), V = Van Valkenburg (1961), Y = Yamamoto
(1977), F&T = Fujino and Takéuchi (1978), Y&A = Yamamoto and Akimoto (1977), and K&R = Kocman and

Rucklidge (1973).

plains why OH-No, which would have an
abundance of both shared and unshared OH---OH
octahedral edges, has not yet been synthesized and
may be unstable except at very high pressures (>150
kbar?). Fujino and Takéuchi (1978, p. 541-542)
make a strong argument for H---H repulsion as the
cause of structural instability and suggest that “under
a F-free condition, OH-Ch and OH-CI appear to be
stabilized through incorporation of Ti in place of
Mg.” Obviously it is the concomitant substitution of
Oy, for OH that “stabilizes” the structure, because Ti
itself “destabilizes” the structure by increasing local
electrostatic charge imbalance (Fig. 1).

Unit-cell volumes and ionic radit

Using the normalized volumes V7, corrected by an
amount AV’ to account for differences in the mean

octahedral cation radius from one structure to the
next, all the humite minerals may be systematized ac-
cording to the average occupancy of the 3-coordi-
nated (F,OH,Oy;) site. Pertinent data are compiled in
Table 3 and plotted in Figure 3, where curves have
been drawn through the points representing synthetic
specimens. Because the substitution of Ti into M3 is
accompanied by a charge-balancing substitution of

7 for (F,OH)", O, had to be apportioned properly
based on its effective ionic radius in order to model
the volume relationships established in Figure 3.
Since there is a great deal of uncertainty about anion
radii in any case, it was guessed that O™ (r =
1.357+0.010A; Shannon and Prewitt, 1969) is some-
where nearly half as much larger than F" (r =
1.300+0.012A), as OH"™ is (1.36 < r < 1.45A, de-
pending on how it is calculated—see previous para-
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Fig. 3. A plot of normalized cell volumes, " = Vol + g vs. (F +
0.5 Oy)/(F + OH + Ov). Tails of vertical lines represent data
points uncorrected for the deviation of (ry) from 0.72A, the
radius of Mg?*. Symbols and labels are listed in Table 3.

graphs). So the abscissa is labelled (F + 0.50;,)/(F +
OH + Oy,), and this scheme is apparently successful.
Only five of the 27 humite specimens listed in Table
3 have sufficient Ti to be significantly affected.

Several observations on Figure 3 are pertinent. (1)
The humites and clinohumites are apparently in-
distinguishable in this sort of plot, although there are
no synthetic humites other than the F-end member to
test this observation. (2) The approximate slopes of
the lines vary from —3.5 for No to —2.25 for Ch to
—1.2 for Hu-Cl, suggesting that the relative effect of
OH" on the normalized volume increases with the
proportion of OH in the total (F,OH,0)"0" anion
array. This lends further support to the idea that in-
creasing numbers of proton—proton interactions in
the “unoccupied” polyhedra decrease the stability of
the humite homologues, accounting for the extremely
high pressures required to synthesize OH-Ch and
OH-Cl and for the fact that OH-No has not yet been
made.
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Effects of F = OH on physical properties

Optical properties

Misplaced emphasis upon the isolated [SiO,] tet-
rahedron as the key structural unit in orthosilicates
has diverted attention from the fact that most ortho-
silicates have prismatic habits and cleavage and are
for the most part optically positive (Ribbe, 1976).
The Mg-humites are optically positive because in all
of them serrated edge-sharing octahedral chains are
in fact the dominant structural units.

Sahama (1953) calculated mean refractive indices,
(R.L.) = (aBy)"” or («’€)">, for the F- and OH-mem-
bers of the humites based on molar refractivity, plot-
ting them against 1/(n + 1), with the end members
being Fo (n = o) and the F- and OH-sellaites (n =
0), MgF, and Mg(OH), (hypothetical). His curves (c¢f.
Deer et al., 1962, p. 55, Fig. 18) become essentially
straight lines when the data are plotted against
(F,OH)/|(F,OH) + O], as in Figure 4. Refractive in-
dices of the F-series (Van Valkenburg, 1955) and
OH-CH and OH-Cl1 (Yamamoto and Akimoto,
1974, 1977) are represented by +’s in Figure 4, and
they fall very close to Sahama’s calculated values.
The effect of substituting Fe + Mn for Mg is to in-
crease (R.I.) by ~0.02 per mol % Fe + Mn; Ti is ex-
pected to have a somewhat greater effect. But of
course OH — F and O — F also affect (R.1.) and
2V, leading to the conclusion that, except for norber-
gite, which is generally very F-rich and Fe- and Ti-
poor, naturally occurring members of the homolo-
gous series cannot be distinguished on the basis of
refractive indices or 2V (Sahama, 1953; Deer et al.,
1962).°

Density

Densities of the F- and OH-series Sel - No — Ch
— Hu — Cl — Fo (and brucite for comparison) were
calculated from Mg-end member chemistries and
unit-cell volumes (see Table 3: Vol. = ¥ X ¢). In
Figure 4 the F-humites are barely distinguishable,
but OH has a profound effect on molar volume, as
noted earlier (¢f Fig. 2). Counteracting effects of
heavier transition metals substituting for Mg and

3Sahama (1953) showed that only the extinction angle c:a on
(100) [axial convention as in Jones (1969)] could be used to differ-
entiate between chondrodite (22°-31°) and clinohumite (9°-15°),
and thus of course distinguish the monoclinic phases from their
orthorhombic homologues. These extinction angles reflect the
angle between ¢* and the serrated octahedral chains parallel to
¢:~19° in chondrodite, ~11° in clinohumite.
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OH-Ch and OH-CI from Yamamoto and Akimoto (1974, 1977).

larger OH (and Oy,) substituting for F lead to the
conclusion that density, much like refractive indices,
is useless as a determinative method. X-ray diffracto-
metry and electron probe microanalysis are obvi-
ously the most reliable techniques for identifying and
characterizing humite minerals.

Conclusions

All crystal-chemical arguments and most chemical
and X-ray data point to an ordered distribution of Ti
into the M3 site in the M(F,OH)O “layers” of all the
humite structures. The limited substitution (x < 0.5)
of Ti + O — M** + (F,OH) is explicable on the basis
of the fact that local electrostatic charge imbalance
increases significantly with increasing Ti + O.

From M-OH, F bond lengths, OH™ is found to be
~0.06A larger in its effective radius than F™ (Yam-
amoto, 1977). But as n goes from 4 to zero in the OH
humite—sellaite series or from (say) F-Ch to OH-Ch,
it can only be the increase in proton-proton repul-
sion in the unoccupied polyhedra in the hcp anion
array that explains the large increase in volume per

RIBBE: HUMITE MINERALS

anion and decrease in density that is observed. This
repulsion explains the high pressure stability field for
the OH-humites and the fact that OH-norbergite has
not yet been synthesized.
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