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ClnUNBnrrB

In our thermal studies of iron silicates we have found the fayalite
of Rockport, Mass., a very useful natural material, on account of
its unusually close approach to the theoretical composition,
FerSiO+. The best fayalite from that source always has inclusions of
griinerite, which we identified in an earlier paper. The refractive
index 7:1.73, then measured, is higher than that of any griinerite
hitherto recorded and suggests that, Iike the fayalite, it is very
close to the pure ferrous end-member of its series.l We have ac-
cordingly investigated it further and fi.nd that this suggestion is
fully borne out by the facts.

Our first Rockport fayalite contained only a very small amount
of disseminated griinerite, but upon examining other specimens in
the collections of the U. S. National }fuseum we found that the
fayalite was, in some examples, surrounded by a zone consisting
almost entirely of griinerite. The specimens available do not show
the relations of these minerals to the other minerals of the peg-
matitic mass from which they were obtained, but an "anthophyl-
lite" from this locality was described by Warren in 1903 in a brief
preliminary note as follows: "Where the fayalite comes in contact
with the qtartz of the pegmatite, a reaction rim is developed con-
sisting of radial fibrous aggregates. . . . The fibres are translucent,
white to light brown in color, and at once suggest anthophyllite by
their appearance." Warren then gives optical relations which indi-
cate that it was an amphibole, apparently of orthorhombic sym-
metry.2 Qualitative chemical tests showed it to be nearly pure iron

I  Bowen, N.  L. ,  and Schairer ,  J .F,  Atn.  J.  Sci ,  vol .  24,p.  201,  7932.
2 Warren, C. H., Am J. Sci , vol. 16, pp. 339-342, 19O3.
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silicate. The description applies in all particulars to the material

we have investigated except that ours is always monoclinic, with

extremely fine polysynthetic twinning, and, therefore, to be classed

as gri.inerite. Possibly in his brief preliminary examination Warren

overlooked the fi.ne twinning and we may be dealing with the same

material. Indeed, an anthophyllite with nearly all the Mg re-

placed by Fe" has not yet been definitely identified among nat-

ural minerals.
The best griinerite from this Iocality was found in the Roebling

collection, now in the U. S. National Museum. It occurs as radiat-

ing, fibrous to asbestiform aggregates constituting a shell upwards

of 1 cm. thick about masses of fayalite. It is pale gray to greenish-

gray in color, though in places somewhat brownish from oxidation'

The density, kindly determined by Dr. H. E. Merwin, is 3.597'

Under the microscope the fibres are found to be universally

twinned after 100 and the twin bands are usually of hair-line width,

a fact that renders the measurement of optical properties very

difficult. The refractive indices, measured in immersion liquids in

sodium l ight ,  are as fo l lows:  t :1 .729,  B:1.709,  a:  1.686,  a l l  t

.002. From these values the optic axial angle is calculated as 2V

negative:86" which is in general agreement with the direct ob-

servation of the interference figure though no great reliance is to be

placed upon this on account of the fine twinning, nor, of course, is

the calculated value of high accuracy because of the large possible

error in refractive indices. The extinction angle c A?: 10'.

Cnnltcar CoMposruoN ol Rocrponr GniiupnrrB

A very satisfactory separation of the mineral from associated

fayalite can be effected by hand-picking and when this is followec

by magnetic separation of magnetite a substantially pure product
.is obtained. The analysis of this product is given in Table 1' It

proves to be, as was expected, the nearest approach to the pure

FezHr(SiOg)e that has yet been encountered. The small amount of

FezOa is probably largely secondary, for it is impossible to avoid

including some material that has been changed to a slightly brown-

ish color. The MnO content is small and comparable with that
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found in the associated fayalite. Fluorine is excessively low and
the mineral may be regarded as a definite hydroxy-amphibole.

T.q.er,n 1

Currrrc.ll CouposrrroN or GniiNnnrrB

SiOz
AIZO:
FezO:
FeO
MnO
Mso
CaO
Nazo
KrO
HrO

I

47  .54
o . 2 0
0 . 7 r

47 .25
2 . 1 4
0 0 , 1

none
0 . 2 9
0 . 1 1
1  . 5 5
0 . 0 1 *

II

48 .08

50.  13

1 . 7 9

99.84 100 .00

I. Griinerite from Rockport, Massachusetts.
II. Theoretical HzFez(SiOr) s or (OH)rFez(Si+OrDz.
* Determined by E. S. Shepherd.

CuulrrNcroNrrE-GRtlNERrrE SnnrBs

The establishment of the properties of the end-members of
mineral groups is of especial value in systematic mineralogy. As an
end-member of the cummingtonite-griinerite series it is of interest
to compare the properties of the present griinerite with other
members of this series. Sundius has collected the data for a number
of representative amphiboles.3 Unfortunately when one attempts
to correlate the properties with the composition it is necessary to
make simplifying assumptions regarding the composition, certain
constituents being neglected, and MnO, when present in small
amount, being added to FeO. Accepting Sundius's simplified com-
positions but stating them with hydroxyl recognized as essential,
we may present his data and ours as in Table 2.

3 Sundius, N., Am. J. Sci., vol.2l, p. 330, 7937.
Winchell, Kunitz, and others have made similar correlations but Sundius has

been able to include their data.
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Tl'nr.l. 2

Orrrcer, PnoprRTrns or rnB GnirNenrro-CuultrNctoNrtp SonrBs

Composition mol. per cent

(OH):(Fe,Mn)z- (OH):M gr-
(SirOnh (SirOn)z

^ l  ^ l - a 2Yo cAt

A 1 0 0 0
1  9 0 . 5  9 5
2  7 7  5  2 2 . 5
3  60 .5  3e .5
4  42 .5  57  5
5  40 .0  60 .0

A. Griinerite, Rockport, Mass.
1. Griinerite, Collobridres (La Mallidre) France. Sundius, Am. f ' Sci'., vol'21,

pp. 330-3tt4, 1931.
2. Griinerite, Cummington, Mass. Sundius, Am. J. Sci.., vol 21, pp' 330-344'

1931.
3. Griinerite, Bijiki, Marquette, Mich. Sundius, Am. f . Sci., vol.2l, pp' 330-

344,1931.
4. Cummingtonite, Riibergsgruvan, Sweden. Sundius, Am- J. Sci", vol' 21,

pp.330-344, 1931.
5. Cummingtonite, Persberg, Sweden. Sundius, Am. J. Sci., vol.2l, pp' 330-

344,1931.

In Fig. 1 the data of Table 2 are plotted and the curves (straight

lines) therefore give the variation of refractive indices with com-

position in the cummingtonite-griinerite series in so far as these are

determined by existing data on natural minerals. The curves are

drawn so as to give particular weight to our especially pure end-

member. It will be noted that when this is done the value of a for

the Collobridres griinerite (No. 1, Table 2 and Fig. 1) lies well be-

low the curve. The Collobribres mineral is, however, notably diver-

gent in chemical composition from that strictly characteristic of the

series in question. Indeed, i t  contains so much CaO, AlzOs, FerOs,

and alkalis that only by courtesy can it be regarded as a member of

the series.a Its birefringence is too high for any member of the

series, being somewhat greater than that of the very pure Rockport

griinerite.

The other members plotted show a fairly close approach to the

theoretical composition of a member of the series and the plot as a

whole may therefore be regarded as giving a rather reliable picture

of the variation of properties with composition.

a An analysis of this griinerite is given by Kreutz, Z. Kryst., vol.49, p. 270,1970'

1 .686  1 .709
r 672 r .697
r .666 1.684
1 .655  1 .669
1.639 1.6+8
1.640 r .647

t .729  0 .O43
t .7 r7  .045
t .704 .038
1 686 .031
| 667 .028
1 .665 .025

86" 10'
82" 10'-11"
90' t4"
93" 17"

1110 20"
115" 20"
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Frc. 1. Optical properties of Mg-Fe amphiboles and pyroxenes.

The curves of refractive indices have been drawn as broken
lines at low-iron compositions. It may be that no such monoclinic
hydroxy-amphiboles exist; certainly none has yet been found. As
Sundius has emphasized, all such amphiboles now known are
orthorhombic.s This relation in the hydroxy-amphiboles is in
strong contrast with that in fluor-amphiboles now to be described.

SvNurorrc Fruon-AupurBoLES

fn our studies of the inversion of pyroxenes of the NIgSiOa-
FeSiOe series from the orthorhombic to the monoclinic forru we
found certain members (bronzites) very reluctant to invert. In
order to induce the change r,r'e resorted to the use of NaF as a

5 Sundius, N., M,in. u pet. Mitteit., vol. 43, pp. 422-440, 1933.
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"catalyst," a minute quantity of the fluoride being added to the
pyroxene before heating it in the sealed, evacuated silica-glass
tube.6 Success was attained by this method but in addition to the
new form of pyroxene we always obtained a thin drusy coating of
minute euhedral crystals having the properties of amphibole. After
obtaining these crystals from bronzite thus accidentally, we then
proceeded to prepare others in the same manner from pyroxenes of
other compositions (in fact from pure synthetic pyroxenes). A
series of amphiboles was thus prepared in the absence of oxygen
and water but in the presence of fluorine and they can therefore be
nothing other than members of fluorine-bearing series of Fe", Mg
amphiboles.T The magnesian end-member was made from pure

clino-enstatite, the ferrous end-member from a glass of composition
FeSiO3, and members having intermediate optical properties were
prepared from intermediate pyroxenes. We have no means of deter-
mining the exact composition of the amphiboles because the quan-

tities yielded are too small for analysis. Acting on the assumption
that the variation of optical properties of this series is a linear
function of the mol. composition, as it appears to be in the hydroxy-
series, we have plotted the measured values of the refractive index,

7, of the intermediate members upon the straight line joining the
values of the index, 7, of the end'members. When the values of the
indices p and a are lhen plotted at the composition thus determined
by the 7 value they are found to lie, within the error of measure-
ment, on the straight lines joining the B and a values of the end
members, as is shown in the resulting plot, Fig. 1, by the curves
labelled "fluor-amphiboles."

The extinction angles of these synthetic amphiboles were also
determined. They always show repeated twinning after 100, in the
same manner as the natural griinerite, and the extinction was
measured against the twinning. The members of intermediate com-
position always have higher extinction than do the end-members so
that the extinction angle must pass through a maximum at some
intermediate composition. If, again, it is assumed that the composi-
tion of the intermediate members is determined by the straight-line

6 Bowen and Schairer ,  Am. J.  Sci . ,  vol .29,  p.  170,1935.
7 It is possible that a little of the sodium of the NaF enters into the amphiboles

but there is evidence that most of it combines with the silica glass tube. Attempts

to make hydroxy-amphiboles in the same manner but with NaOH substituted for

NaF gave only negative results.
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relation of refractive indices discussed above, we may plot the ex-
tinction angle against composition with the result given in Fig. 1,
in the upper section of the figure and in the curve labelled "fluor-
amphiboles." The extinction angles of the hydroxy-amphiboles are
shown in a curve that is practically parallel to this. Monoclinic
hydroxy-amphiboles of this series with low iron content are, as
already stated, unknown. The curve has been extended as a broken
curve parallel to that for the fluor-amphiboles merely for its sug-
gestive value.

The refractive indices of the fluor-amphiboles are, it will be noted,
lower than those of the hydroxy-series. It has, however, been neces-
sary to break scale in plotting them both on one diagram, otherwise
the 7-values of the fluor-series would, in part, overlap thea-values of
the hydroxy-series. The curve of a for the fluor-series is sensibly paral-
lel to the curve of a for the hydroxy-series and the actual lowering
of index resulting from the substitution of fluorine for hydroxyl is
about the same as that produced in topaz by an equal amount of
substitution of fluorine for hydroxyl. For the index 7 the lowering
is not uniform throughout the series on account of the fact that in
the hydroxy-amphiboles a strong increase of birefringence is
brought about by increase of iron content whereas in the fluor-
amphiboles a much more moderate effect of that kind occurs.

To the diagram, Fig. 1, have been added for comparison the
curves of refractive indices of the pyroxenes of the MgSiO3-FeSiOs
series in both orthorhombic and monoclinic forms and also the
curve of extinction angles of the monoclinic series which, like the

Talr,n 3
Oprrcel Pnoppntns ol SvNrnotrc Fr,uon-AMpnrsolrs

Composilion mol. per cent

FzMgz(SirOl)z FzFez(SieOrr):

Initial

. DVrOXene
( /\^t 

'mol. 

/6

MgSiOa

100
87*
73*
62*
4g*
0

0
I J

27
38
52

100

1 . 5 q 8
I 610
t . 6 2 3
1 633
l .  o 4 J

1.690

1 .583 1 .590
1.593 1 600
|  604 1 .613
1 615 1 .623
|  625 t .63+
1 . 6 6 5  r . 6 7 6

100
84
68

26
FeSiOr glass

8"
I J

20"
4 J

21"
t2"

* Probable composition assuming linear variation (see text).
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fluor-amphibole curve, passes through a maximum at an inter-

mediate composition.8
In Table 3 the optical properties of the fluor-amphiboles are

given together with their probable compositions and the composi-

tion of the pyroxene from which each was produced.

GBNnnal CoNstoonerroNs

Fluorine-bearing amphiboles have been prepared by various

investigators but apparently always from mixtures of extremely

complex character and they throw little light on the nature of

amphiboles except to emphasize their complexity. In the recent

work of Scheumann and Liidke such very complex amphiboles

were prepared, the novel feature being that the synthesis was

carried out at atmospheric pressure.e Closed tubes were used in the

preparation of our amphiboles but our sole object was the exclusion

of air and consequent maintenance of the iron in the ferrous state.

We did not measure the pressure, and while it is possible that pres-

sures moderately exceeding the atmospheric were built up in the

tube we have no reason to believe that high pressure prevailed.

Examination of Table 3 shows that the amphibole produced by

this method was always much more magnesian than the pyroxene

from which it was produced. Even if the composition assigned to

the amphibole is in each case only approximately correct this rela-

tion will still hold. We are not sure that the amphibole formed is

that which is in equilibrium with the pyroxene, but it almost cer-

tainly differs from the pyroxene in the direction approaching equi-

librium. It is of interest therefore to recall that, in the pure Mg, Fe

pyroxenes and olivines, the pyroxene is always more magnesian

than the olivine with which it is in equilibrium, a relation whose

significance we have commented upon.l0 In the series olivine, py-

roxene, amphibole, which is a typical discontinuous reaction series,

we appear to have, then, the general relation that each phase is

more magnesian than that member of the preceding phase with

which it is in equilibrium. In igneous rocks there is ordinarily a

change of composition of the liquid whereby it becomes less mag-

nesian and these three phases separating successively from the

8 See Bowen and Schairer, Am. I. Sci , vol.29, p. 198, 1935.
e Scheumann, K. H. and Liidke, W', Beri'chte iler sachsischen Akad" Wiss'

Leipzig, vol. 85, pp. 273-278, 1933.
10 Bowen and Schairer, Am. J. Sci ,vol.29, p. 213, 1935.



IOURNAL MINERALOGICAL SOCIETY OF AMERICA 551

liquid reflect that fact in their composition. But in a rock formed
by recrystallization during a metamorphic episode and containing
all three of these phases we should expect that the amphibole would
be more magnesian than the pyroxene and the pyroxene, in turn,
more magnesian than the olivine.
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