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THE FeSiO3-CaSiO3-MgSiOe-NaFeSisOe SYSTEM OF
MONOCLINIC AMPHIBOLES

. A. N. Wrucnnrr-, Uniaersil.y of Wisconsin

Since the preparation of the article on the amphibole group,l
further data have become available so that it is now possible to
present a more complete account of the non-aluminous monoclinic
amphiboles. The largest part of the new data was contributed by
Sundius2 in his valuable study of the gruenerite-cummingtonite-
kupfferite series. Arlditional optic data on rare minerals composed
largely of MgSiOa and NaFeSi2O6 ar€ given in the course of this
article.

The diagram of the MgSiO3-FeSiOr series published by Sundius

suggestss that magnesia-rich anthophyllite is part of the same
(discontinuous) series with cummingtonite and gruenerite. This

view seems improbable, since artificial MgSiOe is known in a

monoclinic form, and the orthorhombic series beginning with

MgSiOa is continuous, at least to types in which Fe is dominant

and probably to pure FeSiOa. Furthermore, the optic properties

of the artificial monoclinic MgSiOa correspond well with those of

the rest of the series, as shown in Fig. 1.
The data on optic axial angle in the cummingtonite series

require an S-shaped curve, which will perhaps be considered im'

probable; since the measures are on crystals which contain from 0
(artificial MeSiOB) to 30 (Mansjd cummingtonite) molecular per

cent of other molecules it is not certain that the double curve is

correct, but the measures make a smooth curve much more nearly

than the data on extinction angle. Of course' a double curve is not

impossible as shown by the condition found in the plagioclase series.

The MgSiOrFeSiOg series Iies along the longest horizontal line

1 Am. Jour.Sci., CCVII, 1924,p.287-
2 Geol. Fiir. Fiirh. Stockholm,XL\l' 1924'p.154.
s In a personal communication Dr. sundius points out that his diagram (p, 164)

shows that the index of refraction lines have a steepel slope for the orthorhombic

than for the monoclinic series and siates tbat he is "convinced that the optical

properties of the two series are quite unlike."
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of Fig. 2; the gruenerite-riebeckite seriesa lies along the right hand
side above the MgSiO3-FeSiOr series; the tremolite-actinolites
series lies along a short line about half way below the ferromag-
nesian series. Pure CaMgSizOo, l ike pure MgSiO3 (as monoclinic
amphibole) is unknown in nature, but was probably forrned arti-
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Kupfferite Cunminqfonife Gruenerile
Fig. 1. Relations between optic properties and composition in

the MgSiO3-FeSiOs series of monoclinic amphiboles.

ficially by Bowen.5 Monoclinic amphiboles approaching CaFeSizOo
in composition are unknown and probably unstable; the same is
true of monoclinic amphiboles approaching CaSiOa and NaFeSizOo
in composition; CaFeSizOo is included in the figure merely for
convenience.

a This series was shown ih terms of weight per cent in Fig.4 of the amphibole
article. (Am. Jour. Sci., CCVII, 1924, p. 307.)

5 See Am. Jour. Sci.., CCVII, 1924, p. 301.
6 Am.f our. Sci. ,  CLXXXVIII,  1914,p.207.
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The optic properties change very rapidly in the upper part of
Fig.2, as i l lustrated previously in the case of the gruenerite-
riebeckite series. It is worthy of note that the unusual optic
orientation, which seems to the writer to be common to all compo-
sitions in the upper part of the figure, has in many cases required
special and repeated study for its determination. This orientation
in monoclinic amphiboles seems to be caused by NaFeSizO6; it is

Fig. 2. Relations between optic properties and composition in the
Fesiorcasioa-Mnli;ffiT*36 sys tem of

found in all such minerals containing an important tenor of this
molecule, and in no others. The same molecule causes very marked
absorption and pleochroism in blue, green and yellow, and also very
strong dispersion, resulting in incomplete extinction in white
light and abnormal interference colors. Such minerals are prob-
ably stable only under a very limited range of conditions; they
are rare and confined (except for riebeckite) to contact zones. In
them small changes of composition cause such large changes in
optic properties that the data seem somewhat discordant. This
condition is believed to be due to the fact that in a single small
occurrence, only the average composition of which can be obtained,
the optic properties vary very considerably; and these variations
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are doubtless due to variations in composition. At the same time
the diagram expresses the main facts correctly; the mean index of
refraction is correct withih *.01 in all cases; the birefringence is
correct within *.005 in nearly all cases; the position of the optic
plane is believed to be correct in all cases; but the extinction angle
and optic axial angle are only approximately correct for imerinite
(No. 12) and crossite (No. a).

The lower part of the figure includes richterite, tremolite and
actinolite, as well as the artificial CaMgSirOo; the last substance is
the onl.v one in the diagram whose optic sign is not correctly given
by the diagram. No reAson for the anomaly is known. fn this part
of the system the optic properties do not vary so rapidly, and they
are indicated with reasonable accuracy by the diagram, though
the optic angle of richterite is smaller than given by the drawing.

In both figures molecular percentages are usedl the- small
amounts of MnO found in some analyses have been calculated as
equivalent to FeO; NaFeSizOo is computed, if possible, after
forming the MgSiOs, FeSiOr, and CaSiOg molecules. Those
ana,lyses which show the presence of both CaSiOs and NaFeSizOo
are plotted in the (partial) triangle above the MgSiO3-FeSiO3
line if NaFeSizOe is in excessT of CaSiOe and in the (partial) triangle
below that line in the reverse case. All other molecules are omitted
from consideration in plotting these analyses; the molecular
percentages thus neglected are given after the references in each
case.

Arfvedsonite and cossyrite are composed largely of FeSiOa,
NaSiOrOH, and NaFeSizOo; by adding another (partial) triangle
at the right of the upper part of Fig. 2 they could be included in
the diagram. However, the number of anal-yses is very small, and
optic data are almost entirely lacking; the only measures of indices
of refraction ever made on supposed arfvedsonite were actually
made on barkevikite, according to Hintze.s Therefore, these
minerals have been omitted; it may be noted that, as compared

7 Of course, ih calculating molecular percentages, molecule,s of comparable size
are considered, so that NaFeSi:Or iis compared with CazSieOo, etc. Also CaSiOs
is probably present in these amphi[oles, not as an independent variable, but as
part of CaFeSieOo or CaMgSilOo. Recent analyses by Walker (Unh. Toronto Stud..
Geol. Ser., 17, 1924, p. 58) of "hastingsite" and by Shannon (Am. four,Sci.,
CCVil, 1924, p. 323) of "hudsonite" include too much CaO to belong to ihe
system here studied, though closely related to it.

E Hoe, Mrurnnl. II., 1897, p. 1254,
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with gruenerite, arfvedsonite shows that NaSiOzOH causes a rapid

change in the extinction angle, but has little efiect on the optic
angle; the tenor of NaFeSizOo is small and not sufficient to produce

much effect on the optic angle in arfvedsonite.

Rprpnnxcos lno Dar,q, ron Frcs. 1 elvo 2: Nos. 13 ro 24 or Frc. 1: ArL rnr
NuMsnns or Frc. 2.

1. Torendrikite, Ambahy, Madagaspar. A. Lacroik: Comp. Rend., CLXXXI,
1920,p.594. Inadditiontotheconstitutentsshowninthediagrarnitcontairrs
also 7,7 molecular percent CaSiOs,3.l KAlSizOe, 2.1 AIAIOB,0.5 HzSiOs.
2V:very large, Z Ac:40"!,  Y:b, X:sea blue, f  :violet,  Z:straw
yellow. (The writer would exchange Y and. Z in this description.)

2. Torendrikite, Ambatofinendrahana, Madagascar. A. Lacroix: loc. cit. Con-
tains also 7.6 CaSiOa 4.4 KAlSizOe, 3.1 H2SiO3. 2V:very large, Y:b,
Z nc:4Oo *,strong diSpersion. Asample of the analyzed material,r'erykindly
supplied by Professor Lacroix, was tested by the writer with the following
results. The index is 1.665+.005; cleavage fragments in oil show vertical
elongation distinctly; on the cleavage face the elongation is negative, but after
careful ssarch a fragment with positive elongation was found. A fragment with
parallel extinction, and therefore parallel to 100, is not normal to an optic axis,
but is normal to a plane of symmetry of the triaxial ellipsoid. The optic angle
is large and dispersion is so great as to prevent complete extinction in fragments
parallel to 010. It seerns that the optib plane must be normal to 010 with
Z : b and, Y A c rather latge. The data published by Lacroix (Mineral. Mada-
gascar, III, 1923, p.295), namely, Ng: 1.67, Np: 1.65, were found later.

3. Crocidolite, Golling, Salzburg. R. Doht and C. Hlawatsch: Verh. geol. Reichs-
anst. Wien, 1913. Contains also 21.7 HzSiOs, 2.4 AlAlOi. (Since quartz is
reported as an impurity the per cent of HzSiOa may be less,) Nm<1.692,
Ng-Np:.006, Z:b, XAc:8"- l lo, plv strong, X:blue, Y:yel low, Z:
violet.

4. Crossite, Coast Range, Calif. C. Palache: Bull,. GeoI. Dept. U. Calif., l,
1894,p. 181. Containsalso 19.8 NaAlSisOo, 5.0 CaSiOs. XAc:13". Rosen-
busch (Mikr. Phys., I, I, p. 246) proved that this is really YAc:13'(to
30') and Z:b.Larsen gives for crossite: (-)2V:rutherlarge, Ng:l.ffJ,
Nm : 1.659 (1.670), Np : 1.657, Ng-Np :.006, [Ac : 10".

5. Crocidolite, Berks Co., Pa. E. T. Wherry and Earl Shannon: Jour. Wosh.
Aca.il. Sci., XlI, 1922, p. 242. Contains also 18.7 HzSiOa, 1.9 FeFeO:, 1.6
TiTiOs, 1.0AlAlOs. First deScribed (Am. Mus. NaI.IIist.,XXXfi,19{3, p. 517,
as having (-)2V:large and, Z Ac:3" to 15', but Wherry and Shannon give
X A c:3" to 15" with Ng: 1.66, Nm:1.65, Np: 1.6c!..1.65, Ng-Np: v61ia51"
but weak, dispersion strong.

6. Crocidolite, So. Africa. A. H. Chester and F. J. Cairnst Am. Jour. Sci'.,
CXXXIV, 1887, p. 116. Contains also 19.5 HzSiOs, 3.9 FeFeOs, 1.5 CaSiOa.
A. Johnsen (Cent. Mi.neral., 1910, p. 353) gives for crocidolite from So. Africa,
but not for analyzed material: (+)2V>56", X:b, strong dispbrsion; this is
not in harmony with other results.
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Osannitei Cevadaes, Portugal. C. Hlawatsch: Festsch., H. Rosenbusch,
1906, p. 74. Contains also 7.1 HzSiOs, 4.3 KAlSirOc, 1.9 CaSiOa. (-)2V :large,
Ng-Np : .963-.004, Z : h, X 1t, c : 0o red, 5o blue ; X : blue, Y : yellow, Z : green,
Riebeckiqe, Quinry, Mass. C. Palache and C. H. Warren: Am. Jour. Sci.,
CLXXXI, 1911, p. 547. Contains also 9.8 HzSiOa, 2.8 excess SiOg, 3.3 NaAl
Si2O6, 2.7 CaSiO3, 0.9 TiTiOB. (-) 2V:Iaryq Nm:1.695, Ng-Np:urs61.
Z : b, X A c : 4 *, X :blue to green, y :yellow, Z : green to black.
Osannite, Alemtejo, Portugal. A. Osann and O. Umhau er:. Sitz. Akod. Wiss.
Heiilelberg, A. 1914, Abh. 16. Contains also 5.7 HzSiOs, 4.5 CaSiOs, 3.8 KSiO,
OIJ. (-)2V:large, Ng-Np:weak, Z:b, XAr:3"-5',  ext inct ion on 110:
2.5", X :blue, Y :yellow, Z : dark green.
Hastingsite, Hastings Co., Ont. F. D. Adams and B. J. Flarrington; Am.
Jour. Sci,., CLI, 1896, p.210. Contains also 21.7 CaAlOz(OH),3.1 AlAlOa,
2. 3 FeFeOe. Nm : 1.69, Ng-Np : q'sak, (-) 2V : 30" -45", p ) v sttong, Z A c :

25"-30' in obtuse angle F, But Graham (Am. Jour. Sci., CLXXVIII' 1909,
p. 540) has shown that the optic plane is normal to 010, at least in green, with
2 Z: very smali.
Hastingsite, Almunge, Sweden. P. Quensel: Butt. Geol. Inst. (1. Ufsal'a, XlI,
1913. Contains als o 16.5 CaAlOr (OH), 5. 1 CaSiOs, 4.9 AlAlOs, 1.5 KSiOr(OH).
2V:0"*, optic plane paral lel and normal to 010, Z orYAc:35'-41o,X:
yellowish green, I:bluish green, Z:gteen.
Imerinite, Ambatoharina, Madagascar. A, Lacroix: Mineral. France, IV,
1910, p. 787. Contains also 16.3 NaSiOz(OH) 5.7 (Na,K)AlOFz, 5.1 CaSiOg.
(-)27:small, ZAc isneat 45'with strong disperslon,znnal. Asample kindly
supplied by Prof . Lacroix gives N : 1.650 + .005, Ng-Np : .020 + .005, X n c :
23"!3" (red), 13'f 3' (blue), but this has X:bluish green, 7:slate blue,
2 -pale green, and therefore probably is not exactly of the same composition
as the sample described by Lacroix, which has a:pale yellowish green, I:
violet blue, 2:pale bluish green. The data published by Lacroix (Mineral.
Madagascar III ,1923,p.295),namely Ng: l.$53, Np: l.S3g were found later.
Artificial. F. E. Wright: Am. Joor,r. Sca'., CLXXI, 1906, p. 403, and A. N.
Winchell, Am. f our. Sci., CCVII, 1924, p. 295. (+)2V:88", Ng:1.597,
Nm:1.590, Np:1.582, Ng-Np:.015, X Ac:79".
Cummingtonite, Mansjd Mt., Sweden. H. v. Eckerman: Geol. Ftir. Farh.
Stockholm, XLIX, 1922, p. 303. Contains also 17.3 H:SiO:, 9.8 AlAlOB, 4.3
NaFeSi2O6, 1.3 NaSiOz(OH), 0.8 TiTiOs. e) 2V : 79"58', Ng : 1.6519,
Nm : 1.6410, Np : 1.6259, Ng-Np :.926, Z Ac : 13.8".
Cummingtonite, Kongsberg, Norway. A. Des Cloizearx: Nour. Rech. Mem.,
XVII, 1867, Dana: Syst. Mineral. p. 390. Contains also 5.6 HrSiOr.
Nm=1.638.  (+ )  2V:77"58 ' ,  p<v ,  ZAc:75" -16" .
Cummingtonite, Greenland. A. Des Cloizeaux: loc. cit. Contains also 12.2.
HzSiOs.  (+ )2V:77 '  * ,  ZAc:76o-17o.
Cummingtonite, Orijarvi, Finland. P. Eskola: Bull. Com. GeoI. Fi.nland.e.
XL, 1915, p. 183. (Analysis incomplete.) Nm:1.642, NS-Np:.026, (*)
2V>80", Z nc:20".
Cummingtonite, Rtibergsgruvan, Sweden, N. Sundius: Geol. Far. Fdrh,
Stockhol.m,XLYI,1924,p.154. Containsalso2.0CaSiOa(incompleteanalysis).
(+)2Y : 84", Ng : t.067, Nm : 1.650, Np : 1.639, Ns-Np :.028, X A c : 70.5'.
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19. Cummingtonite, O. Silvergruvan, Sweden. N. Sundius : troc. cit. Contains also
13'6 HrSiOB, 0.6 CaSiOs, 0.4 FeFeOs, 0.3 AlAlOi. (-)2V:87',  Ng:1.679,
Nm: 1.665, Np:1.650, Ng-Np :.029, X Ac :74".

20. Cummingtonite, Brunsjiigruvan, Sweden, N. Sund,ius: loc. ci't. Contai,ns also
12.6 HzSiOs, 0.4 AlAlOB, 0.2 FeFeOs. (-)2V:81',  Ng:1.685, Nm:1.670;
Np : 1.650, Ng-Np :.Ql$, f, ,a16 : /$'.

21. Gruenerite,Stromshult,Sweden. J. Palmgren: Bul,I. GeoI. Inst. U. Upsala,
XIV' 1917, p. 109, and N. Sundius: loc.cit. Contaihs also 13.3 HzSiOa,0.6
FeFeO3, 0.6 ALAIOB. (-)ZV:79.2", Ng:1.699, Nm:1.6835, Np:1.663'
Ns-NP :.036 (.040), XAc : 75.5'.

22. Silvbergite,'silvberg,sweden. N.Sundlus: l,oe.cit. Containsalso2.5CaSiOs,
2.2 AIAIOa (incomplete analysis). (-)2V:80", NS:1.7057, Nm:1.6904'
Np : 1.6696, NB-Np :.0361, X A c : 7 5.6".

23. Dannemorite, Dannemora, Sweden. N. Sundius: loc. cit. Contains also 2.3
CaSiOe, 0.6 AlAlOs (incomplete analysis). (-)2V:80", Ng:1.713, Nm:
1.697, Np : 1.673, Ng-Np :.040, X Ac:77.5".

24. Gruenerite, Collobridres, France. S. Kreutz: Sitz. Akad..Wiss.Wien,CXYll,
1908, p. 875. Contains also 6.4 H2SiOs, 4.0 NaFeSizOo, 1.3 AlAlOa G)zV : 82"
+, Ng:1.717, Nm:1.697 (1.695), Np:1.672, XAc:79'-8O".

25. Richterite,Langban, Sweden. L6vyand Lacroix: Min6r. Roches, 1888, p. 144.
Analysis by Michaelson. Contains also 14.9 KSiOI(OH), 4.8 NaFeSi:Oe,
1.1 NaAIO(OH),. (-) Ng:1.64, Nm:1.63, Np:1.62, Ns-Np:.024,
X Ac :7O' (73" ) .

26. Richterite, Sweden. S. Kreutz: loc. cit. Conta.ins also 11.1 (Na,K)SiOz(OH),
5.6 NaFeSiOo, 2.4 HrSiOB. (-)2v :70'331, Ng:1.6367, Nm:1.6294, Np:
1.6151, Ng -Np:.0215, X A c:73o51.

27. Richterite, Langban, Sweden. See No. 25. Analysis by Engstrom. See Dana:
Syst. Mineral. Contains also 13.7 NaSiOz(OH), 4.9 NaAIO(OH)2.

28-32. Tremolite, See Am. Jour. Sci., CCV[, 1924, p. 306.
33. Tremolite, Edwards, N. Y., E. T. Allen and J. K. Clement: Am. f owr. Sci.,

CLXVI, 1908, p. 101. Contains also 4.9 HzSiOa, 4.9 (K,Na)SiOzOH, 3.7
Na(Al,Fe)SizOa. No optic measures.

34. Nephrite, Bahia, Brazil. H. S. Washington: Pan-Amer. Geol., XXXVII'
1922, p. 198. Contains also 12.2 HzSiOs, 2.8 NaAISizOo, 0.2 AlAlOs, 0.2
FeFeOs.  Ng:1 .625,  Np:1 .597,  X  Ac :74" .

35. "Hornblende," Russel, N. Y., S. Kreutz: loc. eit. Contains also 9,8 NaSiOz
(OH),2.4 AlAlO3, 2.1 NaFeSizOe, 1.2 HzSiOr. e)2V:86"14',  p7v weak.
Ng:1.6244, Nm:1.6134, Np:1.6017, Ng-Np:.0227, X A c:70"29'.

36. Tremolite, Nordmark, Sweden: G. Flink: Zeit,. Kryst., XV, p.90. (Analysis
incomplete.) ( -)2V : 84"9', Nm : 1.618, X A c : 7 2" 42t .

37-41. Actinolite, see Am. Jour. Sci., CCV[, 1924, p. 306.
42. Actinolite, Berkeley, Calif., W. C. Blasdale: BuII. Geol. Dept. Uni'tt. Cal,if.,

II, p. 328. Contains also 14.8 NaAISizOo, 4.1 HzSiOs. Ng: 1.6529, Np : 1.6267,
X A c:75o26t .

43. Actinolite, Dubostica, Bosnia. M. Kispatic: Zeit. Kryst., XXXVI, 1902'
p. 649. Contains also 12.4 CaAlOz(OH), 0.8 AlAlO3. No optic measures'

44. Artiicial monoclinic amphibole not certainly of composition indicated, but
made from 85/, CaMgSizotand lS/s SiOr. N. L. Bowen: Am. four. Sci.,
CLXXXVtrI, 19 14, p. 207, and CCVil, 1924, p. 296. (*) 2V : 45", Ng : 1.638,
56: (1.623) Np:1.620, X A c:23".




