FURTHER STUDIES IN THE AMPHIBOLE GROUP
A. N. W!:\,CHELL,

UnirersUyof Wisconsin.

1. I:STRODUCTION

At the time of an earlier study of the amphibole group! it was
considered by the writer (and others) that experimental work car~
ried out at the Geophysical Laboratory had demonstrated that the
same molecule, namely, MgSiO s , could be made to crystallizc
either as a pyroxene or as an amphibole. The type-formula of the
amphiboles being thus apparently established, formulas of tbe
same type were deduced from the published analyses for the other
amphiboles, disregarding their tenor of water. By a remarkable
study of tremolite by X-ray methods, Warren' has recently demonstrated that the water cannot be neglected; since water is not a conshtuent of pyroxenes, it follows that the same molecules are not
found in pyroxenes and amphiboles, and that the molecules or the
amphibole group are more complicated than those of the pyroxcnes.
Warren has established the composition of tremolitc as H 2 Ca 2 Mg5 Si 80 H ; starting with this type-formula, the laws of isomorphism,
as modified by X-ray studies, lead to Warrell's conclusion' that
other amphibole molecules include:
Actinolite

H,Ca,Fc.si,Ot.

Kupfferitt:

I-T,}'I g,Si.O"
1I,Fe,Sj,O..
H.(Ca, Na. K),.... (Mg,

Grunerite
Homblende

Fe. AI). (Si, Alho"

The peculiar feature of the formula assigned to hornblende,
namely, the variable number (2-3) of (Ca, Na, .1'.) atoms is explained by Warren as follows:
"In the tremolile structure (space. lattice ] there are seven metal
atoms (2 Ca and 5 )!g), and in addition a vacant position where a
single atom such as Na or K might find position. Replacements are
of two types: (a) such that the number of metal atoms remains 7,
Mg=Fe, Ca=:Mg, (Mg, Si)-(AI, AI); (b) where the vacant posi.
tion in the tremolite structure is filled by a or K and the number
I .'l ffl. for". Sci., CCVlI, 1924, pp. 281-310; also "Elements of Optical
logy, Part n," John Wiley and Sons, New Vork, 1927, pp. 19&-216.
'Zeit. Kr)'d., LXXII, pp. 42-57.
I Ztit. K,.,~t., LXXII, 1930, pp. 493-517.
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of metal atoms is increased from 7 to 8, Si=(Al, Na), Ca-(Na,
Na)."
It is the purpose of this article to discuss the relations between
variations in optic properties and variations in composition in various parts of lhe amphibole group on the basis of the newly established type-formula for the group. An attempt will be made, also,
to deduce defi nite formulas for the chief molecules of hornblende to
replace the indefinite formula proposed by Warren.
It is interesting to note that U. Gossnert deduced the correct
formula of tremolite as carly as 1924, ahhough he expressed it in
the unfamiliar form: 2SiO z·Ca·4Si0 3 , Mg· [2Si0 2 -"MgO,H z). It
is a pleasure to call attention to the fact that Schaller obtained the
correct formula of trcmolite as early a" 1916. Still more important
in relation to the present study is the recent article by W. Kunitz,'
who also deduced the correct formulas for tremolite, actinolite,
kupfferite and grunerite, but considered that hornblende and arf·
vedsonite formulas have only 22 atoms of oxygen. Kunitz made
numerous analyses of amphiboles on samples, some of whose optic
properties he measured, so that his study adds much to our knowledge of the subject under consideration in this article. Tn some cases
his graphs are almost unmodified by the present results; in other
cases new results are obtained.
2. THE ANTHOPHYLLITE SERIES

The anthophyllite series differs from all other amphiboles, not
only in simplicity of composition, due to the absente of Ca, Al, and
Na atoms, but also in possessing orthorhombic symmetry. Kunitz 7
regards the difTerence of symmetry as of little importance and
unites the anthophyllite series with the cummingtonite series. The
comparative X -ray study of anthophyllite, cummingtonite and
tremolite made by K. Johansson 5 shows clearly that the difference
in symmetry is a fundamental property inherent in the space-lattices and should not be disregarded. X -ray patterns of anthophyllite and of vemolite made at the University of Wisconsin by the
powder method are clearly different, while patterns of tremolitc
and hornblende arc almost identical.
• Znl. Kryst., LX, 1924, p. 368.
I U. S.G~ol. SUr1l., lJllll.OIO, 1916, p. IJJ.
'N. J(J.hrb. Mi'I., 81. Bd., LX, !\, t93O, pp. 171-250.
7 Op. ,i/., p. 187.
• Znt. K'ysl., LXXIII, 1930, pp. 31.
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Flo. 1. Variations of composition and properties in the IlDtlwphyllite tents.
REn;usc£s '0. FIG. I-ANTHOPHYLLITE SE2IES

1. Anthophyllite (Valleite), Edwards, N. Y. W. Kunitz: N. JaMb. Mill. BI.-&l.,
LX. 1930, pp. 188, 189 and 244. Pale yeUowish thin-lamellar cry$tals.
2. Anthophyllite, Miask. W. Kunit.z: loc. tU. Brownish and greenish crystals.
3. Anthophyllite, Franklin, N. C. S. L. Penfield: Am. Jtnlr. Sci., CXL, 1890, p.
394.

4. Anthophyllite, Kjemerud. W. KUlliu: lot. cil. Brown elongated crystal,.
S. Anthophyllite (Gedrite), Trlisltbllle, Orijarvi. P. E.lto1a: Bwl. Cl1m. GUll.
Finlandt, XL, 1915, p. 176. Brown CT)'1IAlS. N. as corrected on p. 279.
6. Antboph)'llite (Gedrit.e), Trbltblsle, Orijarvi. P. £Skola: Ilu;. c1J. Brown crystal&. N, as corrected on p. 219.
1. Anthophyllite, Mesabi Range, Minn. Incomplete analysis by C. R. Wise:

Sio.-42.98. Al,Q,-2.14, FeA-I.50, FeQ:oJ7.82. MgO-S.91. CaO-l.50• .litO
- 5.23, Total-97.08. PArallel ettinction ani! N ,-1.698 as measured by A. N.
Winchell.

The relations between compmlltiOn and optic properties (and
density) in the anthophyllite series are shown in Fig. I. The two
samples described by Eskola from Finland show clearly that about
7.5 per cent AI 20! lowers the specific gravity of anthophyllite about
0.8 and the indices of refraction from 0.004 (N,) to nearly 0.01
(N ..). Unfortunately no member of this series very high in iron has
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been studied as yet, since the "ferroanthophyllite" of Shannoni
must be assigned to actinolite,I' as shown by the following facts.
It contains about t 1 per cent CaD, a fact confirmed by test made
by Sidney Schafer on a small fragment of the original material
kindly supplied through the courtesy of Dr. Wetmore of the U. S.
National Museum. It shows parallel extinction between crossed
nieols of groups of fibers in any position and also of single fibers in
the usual position, but V. E. Barnes reports that a single tiny fiber
when turned on its axis to a suitable position shows an extinction
angle of about 10°, although it shows parallel extinction in some
positions. FIe also reports an approximate value of the optic angle,
2 V, as 74° about X. Finally, the X-ray pattern given by the sample
is practically identical with that given by tremolite and distinctly
different from that given by anthophyllite as shown by the patterns
reproduced in Fig. 2.

FIG. 2. X-ray patterns of: (I) anthophyllite from Medway, Mass., (2) "ferro
anthophyllite," Idaho-type material as described by Eo V. Shannon: p,.oc. U. S.
Nal. Mus., LIlt, 1921, p. 391, (3) tremolite, No. 1310, Univ. Wis.

3. THE CUWftllNCTONITE SEIlIt:S

The cummingtonite series is chemically equivalent to the anthophyllite series, but crystallographically it is monoclinic instead of
orthorhombic. The series consists of kupfferite (H,Mg 7Si.O u ),
I

U. S. NaJ. Mus. Proc., LIX, 1921, pp. 397-401.

It wn referred to actinolite by Kunitz because of
pp. 193, 194.
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1. Cummingtonite, Orip-rvi, I'inland. P. Eskola: Bull. C,ml. Geol. Fin/cwoe, XL,
1915, pp. 112,222.

2. Cumminglonite, Kongsberg, Korway. A. Des Cloizeaux:

N()u~.

Rt':;J,. Mem.,

XVIII, 1867, from Dana: Syslem lolilleral0I.Y. 1892, p. 390.
J. Cummingtonile, TrliskbOlc, Finland. P. Eskola: op. tit., p. 182.
4. Cummingtonite, Robergsgruvan, Sweden, X. Sundius: Gwl. FlJr. Fii,II.,
Stockholm, XLVI, 192.f, p. 1S4.
5. Cum'ningtonite, O. SlIvcrgruvan, Sweden. N. Sundius: loco cit., p. 154.
6. Cummingtonile, Tunabtrg, Sweden. K. ]ollanuon: Zeit. KrY$t., LXXIII,
1930, p. Jl.
7. Grunerite, Stromshult, Sweden. J. Palmgren: Bull. Cwl. Insl. Ullil'. UpsuJa,
XIV, 1917, p. 109.
8. Grunerit." ("Cummingtonitc!") Kri"oi Rog, RU!l!lia. Polovinkina: Mem. Soc,

Russe ,\filleral., LUI, 19H, p. I i9, from N. Jallrb. iJfilltTuJ" A, 1927, I. p. 39.
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9. Grunerite ("Silvbel1lite"), Silvberg, Sweden. N. Sundius: Of. cil., p. 154.
10. Grunerite (Danr.enlonte), Uannemora, Swec:!l:n. X. Su"diu~:
,i/., p. 154.
II. Grunerite, C<;,llobri~res, France. S. K reUll!:; Sil:b. Akad. Wiss. !Vim, CXVII,
1908, p. 875.

0'.

cummingtonite {Ht(Mg, FehSillO:d and grunerite (H:I"e;Si aO I ,v;
a variety containing considerable manganese has been caned dannemorite. Samples from nature containing more than 70 per cent
of the magnc!Sium molecule are very mre a.nd no Cllreful studies
have been made on such material. Furthermore, tbe only careful
sludyll made of an artificial product supposed lo be the pure magnesia.n monoclinic amphil>ole includes no analysis of the product,
which was so fine-grained that accurate optical measurements were
impossible. Consequently, the properties of kupfferite can only be
inferred by extrapolation. As stated in the discussion of the antho·
phyllite series the writer can see no justification for disregarding
cr)'stallographic differences and combining the anthophyllite and
cummingtonite series, even though it may be true that they are
very nearly the sa.me in their refractive indices. These two series
seem to furnish a good example of isodimorphismj an exa.mple in
which the magnesian member is more stable in the orthothombic
phase, while the ferrous iron memher is more 5table in the monoclinic phase. The relations between composition and properties are
shown in Fig. J.
It is worthy of note that 10.95 per cent 1\'1 nO found in the mineral from Dannemora, Sweden (No. 10) makes no appreciable clifferences in the physical characters, as sho\\'n by the graph. On the
other hand, about 5 per cent CaO (which means about 40 per cent
of the actinolite molecule), found in cummill~tonite from Mansjo
1\1t. by B. von Eckerman (Ceol. Far. F6rh., XLIV, 1922, p. 303)
and in cummingtonite from Brunsjogruvan by N. Sundius (op. cO.,
p. 154) decreases the indices of refraction nearly .01, and apparently decreases the optic angle measured about X considerably.
4. THE TREMQLlTE·ACTlNQt.ITF, SERIES

The writer has given e1sewhere'l the evidence available in I Q24
which tends to show that Mg and Fe may be replaced by Ca in
monoclinic amphiboles in any amount from 0 to 50 molecular per
cent. However, alt.hough such a possibility seems to exist, it t!>
"t11'P1,JourSci.,CLXXlI,I'Xl6.llp.4OJ,4JI.

".b/..Jour. Sd., CeVllI, 1924, p. U11.
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clear that the usual condition is that Ca is either absent (or negligible) or present in about the ratio of 2 to 5, with the important
exception that this ratio is commonly changed to about 2 to 4 in
hornblende by the replacement of one atom of Mg by onc atom of
AI (with simultaneous replacement of one atom of 5i by one atom
of AI).
Accordingly, there is a fairly definite tremolite molecule the
formula of which is H2Ca2Mg.Si.O,~. as shown by Warren. 1J Since
the magnesium may be replaced in any proportion by ferrous iron
there is a definite and continuous series from tremolite, to actinolite, H,Ca,Fe.SiaO'4' Analyses indicate that minerals of this series
usually contain a moderate tenor (20-30 mol. per cent) of other
amphibole molecules, including HtNaCaIMg.AlSi,Ou and the
molecules of the cummingtonite series, but a higher tenor is rare.
On account of these other molecules, the diagram (Fig. 4) expressing the relations between composition and properties in the tremoJite-actinolite series shows a range of possible variation in the properties for any given molecular percentage of the chief molecules.
The accessory molecules seem to be especially important in determining the extinction angle (Z /\c). Johanssonl~ reports measuring
the extinction angle in "grammatite" (=tremolite No.6) in the
at;u'~ angle fJi this is plotted with the other results on the assumption that it is a misstatement.
About 15 molecular per cent of the glaucophane molecule lowers
the indices of refraction about 0.005, as shown in sample No. 18.
The reasons for including Shannon's "ferroanthophyllite" as
actinolite (No. 19) have been given in the discussion of the anthophyllite series.

II
\0

ZtiJ. K.-yst., LXm, 1929, p. 42.
ZtiJ. K,ysf., LXXIII, 1930, p. JI.
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FIG. 4. VariatiOIll of composition and properties in the tremolite-actinolite series.
RuEUI'fCES lOR FIG. 4-Tu.lloun-ACTINOUTE SERIES

1. Tremolite, Richville, N. Y. Optic data given by W. E. Ford; A",. Jqur. Sci.,
CLXXXVII, 1914, p. 179; anal)·sis given by S. L. Penfield and F. C. Stanley: Am.
}(nu. Sci., CLXXIII, 1901, p. 31. Optk: data also given by S. Kreuu: Siub. Akoo.
WiJI. WUII.,Cxvu. 1908,p. 928.
2. Tremolite, Ossining, N. Y. Analysis given by E. T. Allen and J. K. Clement:
Am. Jnur. Sci., CLXXVI, 1908, p. 101. On fragment. of the original material kindly
supplied by Dr. H. E. Merwin of the Gwph)'5ical LabOratory, Virgil E. Barnes hu
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obtnined by the double "aria-lion method of Emmons the following indice!!: N.
0=1.6307 D, N .. -1.618.3, N,""1.602:.t; N,-N,-O.027J, (-)2V ... 8J· calc.;
F -C=O.OO9 (N..); also Zl\c-151", 2V '" 82° ab!.
3. Trcmolite, Lee, "laS!!. Analysis by J'enfw:ld and Stanley: (If. cli. Optic data
by\\'. E. Ford: op. tit.
4. Tremolite, Switzerland. S. Kreutz: Sil:. Akad. JVisJ. Wie". CXVII, 1908, p.
925.
5. "Xephrilc," Bahia, Br3.Zil. Opt.ic data by H. It. Merwin and analysis by H. S.
Washington: Pan-A mer. Ged., XXXVU, 1922, p. 198.

6. "Grammalite," Kavcltorp, Sweden. K. Johansson: Zeil. Kryil., LXXIII,
1930, p. .11.
7. Tr/:molite, Edwards, X. Y. W. K.Ulitz: N. JalrrlJ. Mill' Bl. lid., LX, 1930,
p. 171. A very similar analysis of l~molite from Edwards, N. Y_, given by E. T.
AU~n and J. K. Clement: 01'. cil.
8. Actinolitl', Pil'rrtponl. N. Y. S. K reuu: 01'. dl. (Analysis by Hadel::e). Virgil
E. Hawes has obtained on actinolite from Pierrepont, N. Y. the following data.:
N ,_ 1.6301 D, N. _1.6201, .V,_ \.6067; N g - N ,_0.0237; 2V _82 0 calc., 82° nt>,.
j

Zl\c-18°.
9. Aninolitc, Greiner, Swill. S. Kreutz: 01'. dl.
10. Actinolite, Japan. Jour. Pt!. J/inn.sl. Ore Dep., I, 1929, p. "i.~. From an
abstract.
II. Actinolite, Arendal. W. Kunit... : op. dl.
12. Actinolite, Greiner, Tyrol. "\lIalysis by Penfield and Stanley: 01'. eil. Optic
data 1»' W. E. Ford: up. cil.
13. Actinolite, RU5SCll, N. Y. Analyr.is b)' Penfield Rod Stanley: 01'. dl. Optic
data by W. E. Ford: 01'. cjj.
\.l. Actinolite, Pierrepont, N. Y. Analysis by Penfield and StanIe)': 01'. cit. Optic
data by W. Eo Ford: op. cil. Birefringence given loy Ford (N.-N,-0.02J6) does
oot cbeck "alues of N.- N p; probably should be 0.0266.
15. Aninolile ("black hornblende"), Snarum. S. Kreutz: 01'. cil.
16. Aclinolite, Xew Hampshire. W. Kuniu: 01'. cil.
17. Actinolite, Rhode island. W. Kunit... : 01'. dl.
18. Actinolite ("Winchite"), Pil: Valesa. W. Kuoitl.: 01'. cil.
19. Actinolite. Nordmark. W. KUllitz: 01'. eil.
2(). "Fl'noonthOllhyl1ite," IdRho. E. V. Shannon: Pro,. U. S. Nol. Mus., LIX,
1921,1'.397.
The only known modern data combining analyws with optic measures omitted
from the diagram are the following:
'110rnblendc" (ocTremolite), Russell, N. Y. S. Kreutz: 01'. dl. Calculations inlo
amphibole molecules not !!/ltisfactory.
Actinolite, Kupferbcrg. W. Kunitl:: 01'. ,il. Tbe published we~ht anal)'llU does
not check the published molecular analysis as to iron.
Actinolite, Kr&gero, Norway. Analysis by Penfield and Stanky: op. ,il. Optic
data by W. E. Ford: 01'. cit. Indicesare high (because of TiO,?).
Actinolite, KragerO, Norway. Analysis by H. S. Washington and optic data
by 11. E. Merwin: Aon. Mjnt:r~l., YIn, 1923, p. 66. Indices are high (b«ausc of
TiO I ?)·
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Actinolite, Berkeley, Calif. W. C. Rlasdale: nuu. Depl. GerJl. Unj~. Cali!., II,
1902, p. 327. Nodctcnnination 01 Fe~, MnO nor TiO,.
"Hornblende" (_ Actinoli~), Hehridc$. L. DllP~rc and F. Pearce: BuU. Soc. Fr.
Min., XXXl, I90S, p. 109. Calcu[aLion$ into amphibole rnoleculu not &3tislactory.
5. TUE H2CAtMc~Sl$02.-

H,N,\CAtMC.AI.SI70H

SERI~:S

Several of the samples studied optically by V. E. Barnesl~ have
been analyzed recently by R. B. Ellestad of the Rockefeller Laboratories with results as follows:

,
SiOt

AI""
Fe~1

TiOt
MnO

O. II
2.26
22.47
14.09
0.7';
0.15
1.53
0.21
O. [3
0.13

Total

a-f,

,.'"

MgO

C.O
Na,o

<,0
11,0

,.

Sum
I.
2.
J.
4.
5.
6.

56.87
l. 26

2
4<>.4<>
13.70
0.38

0.99
20.4<'1
12.57
2.84
0.57
1.35
0.26

J
46.22
4.13
0.36
0.85
20.27
12.73
2.75
0.58
1.36

0.33

,

5

46.03
12.o.l
l.IS
2.22
20.16
12.84
2.06

54.$4
1.40
5.03
8.17
16.40
8.33
2.93

0.80
0.99

0.06
1.65
0.16
0.31
0.32

6
47.16
6.19

H'
11.64

12.75
9.53
3.05
1.41
l.16

0.20

0.0'

0.05

0.05

006

0.25
0.48
0.05

99.76

99.69

99.69

99.69

99.90

0.09

0.11

0.14

0.11

0.07

99.48
0.08

99.87

99.58

99.55

99 ..'58

99.83

99.40

0.37
O.•'S

"Edenite," Edenville, N.Y.
"Pargasite," Edenville, N.Y.
"Parguite," Amity, X.Y.
"Parga.s.ite," Warwick, N. Y.
"Hornb[ende," Ottawa, Canada.
"Hornblende," Eganvi1le, OnL

A study of these analyses revealed that one of them (the pargasite from Amity, N. Y.) represents a chemically rare type or amphibole which consists very largely of one molecule; indeed, it contains about 80 molecular per cent of H,NaCa,Mg~AISbOt~ with
about 14 per cent of H,Ca2Mg1SiaOu. H may therefore serve to
establish approximately the optical characters of a molecule which
is not ordinarily present in hornblende, but is a possibility in every
case. The discovery of other samples of ampbibole representing apU

Am. AfinaoJ., XV, 1930, p. 393.
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proximately pure molecules may be expected to gradually disclose
the full relations between the composition and the optical proper·
ties in this extremely complex system. The relations between pro·
perties and composition in the tremolite - H 2 NaCa 2 Mg.AlShOu
series are shown in Fig. 5. It is clear that the substitution of AI, Na
for Si has a very marked effect upon the optic properites. It raises
the indices of refraction, and increases the extinction angle, but the
most remarkable effect is on the optic angle which is changed from
about 75" to more than 120" about X, thus changing the optic
sign. It is clear from a study of the optic properties of amphiboles
moderately rich in the molecule HrNaCa2Mg4AhSi.02~ that this
molecule produces similar effects. It seems that the substitution of
Al, Na for Si produces much more effect on the optic properties
than does the substitution of AI, AI for Mg, Si.
6. TUE COMIoION HORNBLENDE SYSTEM:

In an earlier studyl' of the amphibole group it was shown that
the ratio between Ca and Mg+ Fe is not the same in the horn·
blende as in the tremolite-actinolite system. This difference seems
to be due to the replacement of some Mg atoms by Al atoms, the'
total valencies remaining balanced by means of the simultaneous
replacement of Si atoms by Al atoms. Expressed in groups containing oxygen, MgSiO, may be replaced by AJAIO, in hornblende just
as in pyroxene, biotite and chlorite. This relationship between
tremolite and homblen'de is not easily derived from analyses because there seems to be no simple gradation from the tremolite
molecule, H,Ca 2Mg.Si,Ou, to a corresponding hornblende molecule, H1Ca,Mg.AI2Si~24, representlng only the replacement of
MgSiO, by AIAIO,; on tbe contrary, a different type of replacement, first discovered and explained by Warren,17 seems toaccompany the replacement of MgSiO. by AIAIO, in hornblende with
surprising frequency; this is the replacement of Si by (Na)AI, the
extra Na atom taking a place in the space lattice which is other~
wise unoccupied. Thus it comes a.bout that the gradation from
tremolite to magnesian hornblende is not from H2Ca2Mg.SisOt~ to
H,Ca rMg,AhSh024, but from H t Ca 2Mg.Si sO u to H,NaCa1Mgt
AI,Si.O u . A sample of hornblende from Montville, N. J., analyzed
by L. G. Eakinsls is composed of this molecule to the extent of
U

AIIJ. low. Sci., CCvn, 1924, p. 287.

0,. cil.
'" U. S. Geol. S'In, Bull. 04, 1890 p.40.
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83 per cent and has also 10 per cenl of H 2 Ca,"Mgi AhShOu. Many
analyses of common hornblende show the pre5cnce of 60 to 70 per
ccnl of H 2NaCa2(Mg, Fe)lAl~SiG02h so tbat this (double) molecule
may be considered the dominant component of the chief amphibole.
(It should be understood that F is considered equivalent to OR, K
to Na, :Mn to Fe" and Fe'" to AI.)
Using the tremolite-actinolite series as onc coordinate and the
gradation from H,Ca,(Mg,Fc\Si.O,. to H,NaCa,(Mg,Fe)tAhSi.
0'4 as the other coordinate, a diagram can be constructed which
shows the chief variations in composition in common hornblende,
as illustrated in Fig. 6. It should be clearly understood that this
diagram does nol show all the variations in composition in common hornblendc; in spite of this fact it is possiblc to show approximately the relation bctween variations in composition and variations in refringence, as is done by the diagonal1ines of the diagram.
Unfortunately the writer has not been able to show gra.phically the
relations between other optic properties and the composition. II is
possible at present only to make certain general statements re~ard
ing these relationsllips.
l. The optic angle (2 V) decreases rapidly with increase of the
riebeckite molecule, H~Na~Fe~"Fe!"'Si80u; it seems to increase
rapidly with increase in the pargasite molecule which is probably
NaCa!(l\fg,Fe)4AhSi,O~tf~; according to the dala secured by
Barnes,!' the optic angle (2 V) changes Lo abotlt65° no matter what
its former value may have been when oxidation changes common
hornblende to "basaltic hornblende," whose chief molecule seems
to be NaCal(Mg,fehfe'" Al~SiIOH.
2. The extinction angle (Z I\c) increases rapidly with increase in
the riebeckite molecule, HINa"Fc~Fe~Si60u; it decreases rapidly
to about 0° with increase of the "basaltic hornblende" molecule.
3. The dispersion (I'-C) increases with increase of the "basaltic
hornblende" molecule nnd probably also with increase of the rie·
beckite molecule.
4. The refringence increases markedly with increase in the "basaltic hornblende" molecuJe; it increases much more slowly in most
types of common hornblende with increase of the ricbeckitc molecule; it decreases with increase in the pargasite molecule.
I' Am. M ;1I(rm., XV, 19.10, I'. 393.
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5. The birefringence increases considerably with increase in the
"basaltic hornblende" molecule; it decreases with increase in the
riebeckite molecule.
The diagram (Fig. 6) shows that common hornblende averages
about 70 molecular per cent of the aluminous (double) molecule,
I-ItNaCa,(:Mg,Fe)fAl,SiGO,~, and about 40 molecular per cent of
the ferrous iron molecules. It also shows that there is a continuous
gradation from the tremolite-actinolite series to the most highly
aluminous hornblendes and also a continuous gradation from ironfree magnesian hornblende to magnesium-free ferrous iron hornblende.
1n ploning analyses 011 the diagram (Fig. 6) only two ratios arc
used. The vertical coordinate gives the ratio between aluminous
molecules {dominantly H!NaCa,(i\"g,Fl:)~Al,Si60u, but also including H,Ca,(i\'lg,Fe),AI,ShOu] and llon-aluminous molecules.
The horizontal coordinate expresses the ratio between magnesian
molecules and iron molecules, all the iron being included, as well
as manganese. The ferric iron, for the purpose of obtaining this
ratio, is converted to its eq\livalent as ferrous iron; this is done because: (1) some analyses arc not very accurate in the separation
of ferrous and ferric iron, (2) it is now known that the state of oxidation of the iron can be changed in hornblende without destroying
lhe crystal, and (3) it is impractical to try to represent both ferrous
and ferric iron molecules separalely in a diagram for hornblende.
No attempt has been made lO plot all known analyses on the
diagram; those have been selected which show that all parts of the
diagram correspond with known samples or hornblende (including
gradations to lhe lremolite-aclinolite series). Some samples of
hornblende include importanl amounts of molecules not used in the
diagram; they are not stlOwn and usually do not fit the diagram
well.
The writer regrets that he is not yet able to present diagrams
using the correcl formulas for alkaline amphiboles nor for basaltic
hornblende. He would urge that results given above should be
considered as approximations only.
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fiG. 6. VariatioD:lo{ composition aDd refringence in the common hornblende ,yatem.
RJi:nul'Cl:s rolt Flo. 6. HOiU'o"BIZWDJ: Snn:M
A. Hornblende, Montville, N. J. Analysis by L. G. Eakins: U. S. Gtol. Sun"
Bull. 64, 1890, p. 40. Nooptic datil.
8. Hornblende, Ceylon. Analysis by A. K. Coorna,.swamy: Q. lf1Nf. Geol. Soc.,
LVIII, 1902, p. 399. N:o optic data.
1. Hornblende, Monte Somma, Italy. Analyw by F. C. Stanley: .411•.
$d., CLXXIIl, 1907, p. 41. Optic data by W. E. Ford: A., lOUT. S,i" CLXXXVll,
1914,p.I79.N._I.68.
2. Amphibole, &bbitt, ),tinn. S. Ric:han:: A•. Mi_aJ., XV,19JO, p. 65.
About 50% H...~aC.,Fe ...fJ..Si.Q,. and 46% HtCatFe..o\IoSi,o..; the latter Iowen

I"",.
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the iudex (N..) about .02 as c;ompared with the diagtlLln. Richarz gives: N,. _1.690.
3. "Karinthine," Alps. S. Kreutz: Sil:. A kad. Win. Wit"., CXVII, 1908, p. 875.
Analysis by Rammelsberg; oplic data by Kreutz. N .. _1.643.
4. Hornblende, Bamna,schka Kudnik. W. Kunit.z: N. JaJrr". Jf'"'' Bl. Bd. LX,
A, 1930, p. 171. N .-1.671, N..... ?, N ~= 1.652.
5. Hornblende, Lanark Co., Out. V. E. narnes:AIH. MineraJ., XV, 1930, p. 39.1.
Anal~is by R. H. Ellestad; optic data by Barnes, N... -I.65WJ.
6, Hornblende, Senftenberg, Austria. A. Marchet: Tsc•. Mi". Pel. Mil.,
xxxvrn, 1925, p. 494, Analyais by J. Morozcwicz; optic data by Marchct. N ..
= 1,663.
7. Hornblende, Becrberg. W. Kunitz: 0;. cil. N. _1.678, N .... ?, fI' ~ -1.658.
8. Hornblende, PLauen, W. Kunitz: 0;. ,iJ. N.= 1.678, N.. -?, N._1.658.
9. Hornblende, Edenville, N. Y. Analysis by F. C, Stanley: 0;. ,il. Optic data
by W, E. Ford: 11;. til. N.. _1.6701.
10. Hornblende, Arendal. W. Kunit.z: lip.. ci/. N. - 1.677, N .. _?, N ._1.658.
11. Hornblende, PuLaug, N. Ctlebes. W. Kunil7.: 01'. eiJ, N.~\'(18t, N.. -?
N.-l.66!.
12. Hornblende, Renfrew Co., Ont. V. E. Barnes: 11;. ,it. Analysis by L. C. Hurd.
Optic data by Barnes. N.. = \'6980.
13. Amphibole, Ml.l\fonadnoc;k, Vt. J. E. WollI: Jt1UT. GUll., XXXVII, 1929,
p.I.N.. -1.7l.
14. "Hudsonite," Cornwall, N. Y. Analy!is by J. L. Nelson: A .... Jqur. S,i.,
CLXV, 1903, p. 227. Optic data by W. E. Ford: 11;, til. N .. -1.71.
15. Hornblende, Signal Peak, Calil. A Pabst: V"i". Colij. l'ubl, CePl., XVII
1928, p. 363. N, on cleavage "1.674, N , on clcav. -1.661.
16, Hornblende, Radautal, W. Kunib::l1p. ,jl, N.-1.654, N .... ?, N.-1.633.
17. llomblende, San Feliz. W. Kunit.z: liP, cit. N. _1.661, N .. _?, N .-1.641.
18. Actinolite, Kew Hampshire. W. Kunib:: 0;. cil. N.- 1.659, N .. _?, N.

-1,638.
19. Actinolilc, Piz Valeza., W. Kunitz: III'. cil. N.-I.663, N ... -?,

N~_1.640.

Tremolile, Ossinins, N. Y. Analysis by E. T. Allen and J. K. Clemenl:
A .... Jl11ir. Sci., CLXXVI, 1908, p, 101. Optic data by V. E. Barnes: III', cit, N ..
2Q.

1.6183.
21. Actinolite, Greiner, Switzerland. S, Kreutz: 11;, eil. N .. _1.6297.
22. Actinolite, Pierrepont, N. Y. Analysis by F. C. Stanley: liP, eil. Optic data
by W. E. Ford: III'. eil. N .. ~ 1.6382.
23. .-\ctil\()litc, Rhode bland. W, Kunitz: 11;. e;l. N .-1.663, 11'.. -?, N ._1.642.
24. Actinolite, Nordmark. W. Kunib:: op.
N.= t.6i7, N.. =?, N._t.658.
25. Amphil>ole, Idaho. J.o:. V. Shannon: PrtK. U, S. NaJ. Mus., Lilt, 1921, p.
=

,u.

397. N.-1.685,N.. _?, 11'.. _1.668,
POSTSCRIPT. The preceding discussion of the amphiboles was presented to the Mineralogical Society of America at Toronto, Ont.,
on December 30,1930. Since that time other studies of the amphiboles have been published, notably:
H. Berman and E. S. Larsen: Composition of the Alkali Amphiboles. Am. Mi",eral., XVI, 1931, p. 140.
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H. V. Warren: An Occurrence of Gruneritc at Picrrefitle, HautesPyrenees, France, Minual. Mag., XXII, 1931, p. 477.
K. Sundius: The Optical Properties of Manganese-poor GrUne·
rites, elc., A m. Jour. Sd., XXI, 1931, p. 330.
The article by Berman and Larsen deals with Ute alkali am·
phi boles, whereas the writer's discussion is confined almost wholly
to the non-alkali amphiboles.
The article of Warren gives the composition and optic proper·
tics of a grunerite 20 containing 2.23 MnO, 3.12 MgO, 1.51 CaD,
0.70 Na,O and 0.43 K,D. The lime and alkalies decrease the birefringence and also the refringence (except for IV,) as compared with
the writer's Fig. 3.
The article of Sundius presents an attempt to obtain grealer
precision regarding the relations between variations in composition
and in optical properties. Sundius has succeeded in showing graphically the inDuence of manganese, of iron and of magnesium on the
optic properties of part of the ternary system. He concludes that
the pure magnesian end-member would have the optic plane normal to (OlD). This conclusion is based solely upon the idea that the
indicesof refraction (especiaUy N _ and N,) vary along straight tines;
such a rectilinear variation for N" is not demonstrated by the data
and seems improbable to the writer .

• Warren slates that the Dame of the iron amphibole i, properly grunerite, not
grtinente.

