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CUMMINGTONITE-GRUNERITE SERIES: A CHEMICAL,
OPTICAL AND X-RAY STUDY

CornEeLIs KLEIN, JR., Department of Geological Sciences,
Harvard University.!

ABSTRACT

Nine new chemical analyses of members of the cummingtonite-grunerite series are
presented. The material is from the high grade metamorphic, Precambrian, Wabush Iron
Formation, Labrador, Canada. These analyses and additional analyses from the literature
are recalculated in terms of the components Mg;SigOsn(OH)z, Fe;SigOun(OH), and
Mn;Sis022(OH)s. The solid solution within this ternary system is found to contain 35 to 100
mole per cent Fe;SisOx(OH): and 0 to 34 mole per cent Mn;SigOz(OH).. Variation in
optical properties, unit cell dimensions and density within this solid solution series is
presented graphically in binary and ternary variation diagrams. Completely indexed
powder diffraction patterns are given for three chemically dissimilar members of the
cummingtonite-grunerite series.

The v index and Z/\¢ angle are the most easily obtainable optical parameters for de-
termination of chemical compositions in the ternary system. The b cell dimension shows
an appreciable and systematic variation with composition, whereas ¢ sin 8 and ¢ vary
little. Manganoan cummingtonites (those containing 10 mole per cent or more
Mn;SisCa(OH)2) have physical properties which are so similar to those of the tremolite-
actinolite series that the presence of manganese must be established chemically.

INTRODUCTION

The variation in optical properties as a function of chemical composi-
tion in the cummingtonite-grunerite series has been published by Sun-
dius (1924, 1931) and Winchell (1938). Winchell’s data refer to essentially
iron-magnesian members of the grunerite series, whereas Sundius’ work
includes grunerites containing up to 10.95 weight per cent MnO. Bowen
and Schairer (1935) show the variation of optical parameters with com-
position in synthetic fluorine analogues of the iron-magnesian members
of the grunerite series. Jaffe et al. (1961) give chemical, optical and x-ray
data for one manganoan cummingtonite, containing 19.2 weight per cent
MnO.

The present study was undertaken to investigate the variations in
optical and x-ray parameters with changes in the Mg, Fe and Mn content
of the cummingtonite-grunerite series.

NOMENCLATURE

The nomenclature of the iron-magnesian cummingtonite-grunerite
series used in this paper is similar to that suggested by Jaffe et al. (1961).
Grunerite refers to (Fe, Mg);Sis02(OH), with Fe> Mg; cummingtonite
refers to (Mg, Fe);SisO23(OH), with Mg> Fe. The break between cum-

1 Mineralogical contribution no. 411, Harvard University.
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964 CORNELIS KLEIN

mingtonite and grunerite thus occurs at 50 mole per cent Mg;SigOz(OH)s.
The prefix manganoan is used whenever the “Mn” component is present
in amounts larger than 10 mole per cent. The prefixes ferroan and
magnesian can be used whenever the amount of the “Fe” or “Mg”’ com-
ponent exceeds 10 mole per cent. The Mn;Siz02:(OH), end-member has
not been synthesized, is unknown in nature and is not named. The above
classification is illustrated on a ternary diagram in Fig. 1.

It is suggested that the names cummingtonite and grunerite be used for
all members of the series instead of varietal names such as dannemorite
(Frdmann, 1851) and tirodite (Dunn and Roy, 1938; Bilgrami, 1955;
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F16. 1. Suggested nomenclature for the cummingtonite-grunerite series.

Segeler, 1961). Chemical sufhxes as proposed by Schaller (1930) can be
used to indicate any variation in composition, if known.

DESCRIPTION OF SPECIMENS

The six grunerites and three manganoan cummingtonites used in this
study were collected by the writer during the summer field seasons of
1959 and 1961. All nine samples came from the Wabush Tron Formation,
a high grade metamorphic Precambrian formation, which crops out in
the Labrador City area, Labrador, Newfoundland, Canada (Klein, 1960).
The grunerite samples are part of the “silicate” and “‘silicate-carbonate”
horizons. The manganoan cummingtonites are found in the ‘“oxide”
horizons. All samples are coarse grained and completely free of altera-
tion. The mineral assemblage and mode, as estimated in the hand speci-
men, are given in Table 1. A detailed study of the phase assemblages in
these iron formations will be published later.
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SAMPLE PREPARATION AND PURIFICATION

All samples were ground to between minus 50 and 100 mesh. Samples
containing magnetite were then purified with a hand magnet (samples
No. 11A, 7 and 4). Samples No. 3 and 4, showing a black MnO stain,
were soaked for one hour in HCl (1:1) to dissolve the MnO,. All other
samples were also soaked in HCl to remove any limonite coating. In all
cases the Frantz Isodynamic separator was used to obtain a 90 to 95
per cent pure amphibole separation. Subsequent purification was ob-

TaABLE 1. MINERAL ASSEMBLAGES AND ESTIMATED MODES FOR NINE SAMPLES
CONTAINING MEMBERS OF THE CUMMINGTONITE-GRUNERITE SERIES

Ampbhibole
No. Assemblage
1 grunerite (609,)—quartz (409)schist

9A grunerite (409,)—hypersthene—En;Fss (309,)—siderite (25%)—
quartz (59,)gneiss

11A grunerite (509,)—actinolite (309)—diopside (13%) fmagnetlte
(5% )—carbonate gneiss

A grunerite (609,)—quartz (209,)—magnetite (15%)—calcite schist

8 grunerite (90%;)—quartz (10%)schist (asbestoform variety of grunerite)

10A quartz (409,)—diopside (309,)—grunerite (259))—carbonate gneiss

2 Mn-cummingtonite (90%,)—specularite (6%)—quartz (2%)gneiss

3 Mn-cummingtonite (809,)—specularite (209;)—schist (MnO; stained)

4 Mn-cummingtonite (609,)—quartz (309,)—Specularite (109%)schist

(MnO, stained)

tained with heavy liquids using methylene iodide and acetone mixtures.
The final purification of the samples was done by hand-picking under a
binocular microscope. All analyzed samples were estimated to be 99.8 to
100 per cent pure. Optical, x-ray and density measurements were made
on a separate part of the analyzed sample.

CraEMICAL COMPOSITION

Complete chemical analyses for nine amphiboles are given in Table 2.
The number of cations calculated on the basis of 24 (O, OH, TI) is also
given. In calculating the number of cations the HO(—) values were ig-
nored as these most probably represent adsorbed, non-structural water.
Justification for this assumption is provided by the calculated values for
(OH, F) which are larger than 2 in six out of nine samples. Table 2 also
provides calculated molecular ratios for MgO: FeO: MnO.
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Upon inspection of the analyses it becomes obvious that Fe*t, Mg?t and
Mn?* ions are present in very large amounts as compared to Ca?t, Na2t
and K+ ions. As such the X and Y (M4, M, Ms, M;) positions in the gen-
eral formula X,Y5(Zs01:) (OH), are almost solely occupied by Fe, Mg or

TaBLE 2. GRUNERITE AND CUMMINGTONITE ANALYSES
(ANALYST JUN IT0, DEPT. OF GEOLOGICAL SCIENCES, HARVARD UNIVERSITY)

1 oA | 114 7 8 10A : | 3 | 4
SiO2 49.01 49.33 51.58 51.95 5179 52.28 55427 55.74 55.10
TiO: 0.05 0.02 0.00 0.02 0.02 0.00 0.00 0.00 0.00
AlLOs 0.00 0.39 0.10 0.15 0.33 0.07 0.34 0.23 0.10
Fe:03 - -1 —=1 —1 —1 —1 —1 —1 —1
FeO 44.99 40.94 34.40 33.70 34.38 31.90 4.52 7.09 11.08
MnO 0.37 0.54 0.70 0.99 0.23 0.57 16.62 14.73 13.17
MgO 3.17 6.65 10.33 10.44 10.72 12.35 19.18 18.55 17.00
Ca0O 0.31 0.18 0.97 0.10 0.14 0.79 1.19 1.04 1.22
Naz0 0.04 0.12 0.02 0.08 0.09 0.12 0.26 0.68 0.13
K20 0.00 0,20 0.05 0.05 0.18 0.08 0.00 0.02 0.02
H.0+ 1.28 1.54 1.99 2.54 1.97 1.62 2.16 2.26 2.05
H:0— 0.31 — = 0.22 0.35 — 0.30 0.43 0.43
F» 1.00 — — —- — — 0.40 0.28 0.23
P20s 0.1 — - — - — 0.09 — —=
Total 100.63 a9.91 100, 14 100.24 100, 20 LR 100.33 100.45 100.53
F2=0 0.42 0.17 0.11 0.10
Total 100.21 100.16 100.34 100.43
Spectro- | Cu, Ag Cu, Ag | Cy, Co | Co, Mo
graphi- Sr, Yb Cu, Cr | Cu, Ag | Cy, Co Cu,Co | Cu,Pb | %1, Yb Mo, Ag | Ag
cally de- Ag, Be B Ag, Cr Ag, Cr Az, Y | Co, Cr

tected Y Y, Yb Y, Yb Mo
elements Ni ‘ ‘
Numbers of ions on the basis of 24(0,0H,F)
Si &.00 7.92 7.95 7.92 7.97 #.00 7.95 8.01 ‘8.02
Al i 0.08}8,("] 0_02}7'97 0_02}7,144 ,}‘Osls.un . o 05}8 00" o
Al — o - fo— 10,02 0.02) — 0.03| 0.02
Ti — — = e — ¥| < - !
Fe 6.14 5,50 4 :4‘ 4.42 4.00 0.54 0.85 1,35
Mn 0.05 7‘02{},03[ 0. 0 ISL 0.03 7.01 0.07 7.1'}2.02 1.796.82(1.636.91
Mg 0.77 I.aql 252 2 3876 .852.46 2.82 4.11:6.88|3.97 3.69
Ca .06 0.03 0. 16 0.02 0.02 4,13 0.18 0. 1n| 0.19
Na — 0.04 0. on 0.02 0.04 0.03 0.02) 0.03)
K - 0,04 — 0.04) 0.02 -
OH 1.39 1.64 2.04 2.59 12.02 11.66 2.07 .16 1.09]
¥ 0_51}1,90 | | . 13}2 25 12}2,280_“}[2,[:0
|
Molecular ratio FeO:MgO:MnO

FeO 88.17 | 76.81 | 64.26 | 63.22 | 64.02 | 58.56 B.14 | 12.88 | 20.25
MgO 11.12 22.12 34.38 34.90 35.58 40.40 61.55 60,03 55.36
MnO 0.70 | 1.08 1.34 1.89 0.40 | 1.05 30.31 27.10 24.39

! In all analyses iron was determined in two ways: as total Fe and as FeQ. FesOs was calculated by sub-
traction. In every analysis the so obtained value for Fe:Os was 0.0% with a range of error of 0.1%, (absolute)
As the absence of Fe:03 was not proven by direct method, — is used instead of nil, (Dr. Jun Ito).
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Mn. In addition, it should be noted that Al,O; is present only in very
small amounts, the maximum Al,O; content being 0.39 weight per cent in
grunerite No. 9A. The Z-position in X:Y3(Zs0s2)(OH), is thus almost
solely filled by Si. TiO, and P:0; are present in trace amounts or are not
determinable. A few analyses show an appreciable F, content, the maxi-
mum being 1.00 weight per cent in grunerite No. L.

Because MgO, FeO and MnO are present in large and variable amounts
and because all other oxide components are present in very small amounts
only, the nine chemical analyses can be represented graphically in terms
of three end-members Mg;SigOs:(OH)2, FerSisO2(OH), and MnsSisOs
(OH),, as in Fig. 2. It becomes clear from this diagram that samples No.
1, 9A, 11A, 7, 8 and 10A can be considered as phases in a two-component
“Mg-Fe” system. Samples No. 2, 3 and 4, however, can only be con-
sidered in terms of three components “Mg-Fe-Mn.” The completeness of
representation of the total analysis of these amphiboles in terms of the
“Fe-Mg-Mn’’ components can be expressed quantitatively by the ratio

Fe2* + Mg + Mn?t (in XY positions) -
total cations in XY positions

100.

Values for this expression are tabulated in Fig. 2.

The CaO content of the six manganese-poor analyses varies from (.10
weight per cent (0.02 Ca ions/half unit cell; sample No. 7) to 0.97 weight
per cent (0.16 Ca ions/half unit cell; sample No. 11A). The grunerite of
sample No. 11A coexists with actinolite (see Table 1). From this assem-
blage and from its occurrence in a high temperature metamorphic deposit
one may conclude that a content of 0.16 Ca ions per half unit cell is close
to the upper limit of calcium solubility in manganese-poor cummingtonite
and grunerite. Green (1960) gives complete chemical analyses for a horn-
blende-cummingtonite assemblage belonging to the sillimanite zone. This
cummingtonite contains 0.19 Ca ions per half unit cell, which is very
similar to the value given earlier. These data lead one to conclude that
the upper limit of CaO solubility in manganese-poor cummingtonites and
grunerites is approximately 1.5 weight per cent; they also make higher
CaO values recorded in the literature somewhat suspect. In this respect,
it should be noted that the chemical analysis results presented in this
study do not support Layton and Phillips’ (1960) suggestion that Ca is
essential to stabilize the lattice of cummingtonite.

The manganoan members of the series show a range from 1.04 weight
per cent CaO (0.16 Ca ions/half unit cell; sample No. 3) to 1.22 weight
per cent CaO (0.19 Ca ions/half unit cell; sample No. 4). These values in-
dicate that Ca is somewhat more soluble in the manganoan than in the
manganese-poor members of the cummingtonite-grunerite series.
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Eight cammingtonite-grunerite analyses selected from the literature
are also represented on Fig. 2. The analyses were selected on the basis of
high contents of MgO, FeO and MnO, as compared to Fe,;0;, KO, CaO
and Na,O (maximum Fe;O; content being 1.80 weight per cent in analy-
sis U; maximum K,O content 0.11 weight per cent in analysis R; maxi-
mum CaO content 2.0 weight per cent in analysis U; maximum Na,O con-
tent 0.29 weight per cent in analysis R). In addition, the analyses were
selected on the basis of low Al,O; content, the maximum being 2.37

Fe** 4+ Mg + Mn?* (in XY)

Values for - - X 100:
total cations in XY
No.1 —99.14 per cent N (Nsuta)—Jaffe e al. (1961)
No. 9A —98.49 M (Mikonui River)—Mason (1953)
No. 11A—97.73 R (Rockport, Mass.)—Bowen and Schairer (1935)
No.7 -—99.42 D (Dannemora) |
No.8 —98.72 V (V. Silvberg) Sundius (1924)
No. 10A—97.36 O (0. Silvergruvan) |
No.2 —96.95 S (Strémshult)—Sundius (1924) and
No.3 —97.36 Palmgren (1916)
No.4 —96.82 U (Uttersvik)—Sundius (1931)
N —96.61
M —92.58
R —97.06 Mn'2Si O
D —95.10 750 (OH,
\Y% —90.88
0 —97.80 #e
S —95.24
U —91.97 e %
\n
ra \é

Migr Tia 54

Fe,S$i;0,,(0H),

Mg,S5i0y, (OH)z

F16. 2. Chemical composition of cummingtonites and grunerites. Numbered composi-

tions refer to analyses in this study. Lettered compositions refer to analyses from the litera-
ture. The extent of the anthophyllite field is after Rabbitt (1948).
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weight per cent in analysis M. This selection was necessary in order to
permit graphical representation of the total analysis in terms of the com-
ponents of the diagrams.

Figure 2 shows that the naturally occurring members of this series vary
from 35 mole per cent to 100 mole per cent of the Fe;SigQa(OH)s com-
ponent and from 0 to 34 mole per cent of the Mn;SisOp(OH); component.
These limits of solid solution within this amphibole series can probably
be related to the crystal structure. In the general amphibole formula
X5Y:Z509(0OH), the X(M,) position is invariably occupied by the
larger cations whereas the smaller cations fill the various Y (M, M,, Ms)
positions. In the actinolite series Ca** always occupies the X position. In
members of the manganese-poor cummingtonite-grunerite series Fe*" is
the principal occupant of the X position, whereas the remaining Fe** and
Mg are distributed over the Y positions (Ghose, 1962). In analogy to this,
Mn?*+ will probably occupy the X position preferentially in the manga-
noan cummingtonites. If Mn?* were to occupy the X position only, and
were not to enter into the Y positions, only two out of seven cations per
half unit-cell would be filled by Mn?*. This “2/7” boundary is drawn in
on Fig. 2. Mn-cummingtonite No. 2 contains 2.02 Mn?* ions per half unit-
cell, whereas Jaffe’s analysis N contains 2.28 Mn?** per half unit-cell. The
latter analysis sample was not completely pure however, and corrections
were made to subtract a certain amount of included spessartite. It is pos-
sible that not all spessartite was actually subtracted from the analysis.
Jaffe’s cummingtonite was associated with rhodochrosite, spressartite,
rhodonite, talc and quartz, which reflects a very Mn-rich environment.
However, although the Mn-content of the environment was very high,
the number of Mn?* ions per half unit-cell in the amphibole is still only
about 2. From this one may conclude that the “2/7" line on the diagram
may well represent the maximum amount of Mn?*+ that can be housed in
the cummingtonite or grunerite structure. This conclusion is in agreement
with the non-existence of naturally occurring manganoan cummingtonites
and grunerites which contain more than 35 mole per cent MnOj it also ac-
counts for the impossibility of synthesizing this material in the labo-
ratory.

Figure 2 shows one other line drawn at “2/7” in the anthophyllite
corner. All amphiboles which have more than five out of seven cation
positions occupied by Mg are known to occur as anthophyllites. Those
with less than five out of seven cation positions occupied by Mg occur as
members of the cummingtonite-grunerite series. This probably implies
that the X position in monoclinic amphiboles is not suitable for housing
Mg. As such the “2/7” line represents the maximum content of Mg in
the cummingtonite-grunerite series.
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OPTICAL PROPERTIES

The manganese-poor members of the cummingtonite-grunerite series
(No. 1, 9A, 11A, 7, 8 and 10A) are beige in color, showing very slight to
no pleochroism under the microscope. The manganese-rich members (No.
2, 3 and 4) are light green in color, and show no pleochroism. All nine
samples commonly show multiple twinning parallel to (100). In the hand
specimen as well as under the microscope manganoan cummingtonites are
easily confused with members of the tremolite-actinolite series; members
of both series are light green in color and have very similar optical prop-
erties.

TaBLE 3. OrtIcAL PROPERTIES AND CLEAVAGE ANGLES FOR NINE
MEMBERS OF THE CUMMINGTONITE-GRUNERITE SERIES

| 3 l Varia-

Amphibole] 4 9A 11A 7 8 10A 2 3 4 :
No. I tion
¥ 1.719 1.708 1,694 1.693 1.693 1.688 1.652 1.661 1.665 | £.001
B 1,700 1.690 1.675 1.675 1.675 1.671 1.644 1.648 1.651 | +.001
a 1.679 | 1.667 1.660 1.659 1.659 1.656 1.630 1.634 1.638 | +.001
¥—a 0.040 0.041 0.034 0.034 0.034 0.032 0.022 0.027 0.027 | £.002
Z/\¢ 13-14° 16° 17° 16-17° 17° 18-19° | 19-20° 20° 19° +1°
2Vy cale. 93° 52’ | 98° 06" | 83°36’ | 88°02" | 88°02" | 87°20' |107° 28| 92°22' | 89° 02’ —_
2V, meas. 94° 96° 85° 82° - - - — —
Cleavage
110110 53° 54’ | 53°53’ | 54° 157 | 54°04' | 54° 02’ I 54° 18' I 54° 26" | 54° 37" | 54° 38’ | + 1!

Indices of refraction and extinction angles were determined by means
of a spindle stage (Wilcox, 1959) with oils checked at the time of measure-
ment by a Leitz-Jelley refractometer, using a sodium light source. Axial
angles were calculated from the expression:

1/a? — 1/82

tan? Vy = ——

1/8* — 1/¥
Several axial angles were also measured directly on a 4-axis universal
stage. A complete listing of the optical properties is given in Table 3.
Figure 3 is a graphical representation of the variation in optical prop-
erties in the manganese-poor grunerites. The slope and position of the
curve for the v index is very similar to curves published by Sundius
(1931), Winchell (1938) and Troéger (1956). The deviation of the curve
from the determined points is however less than in Sundius’ and Win-
chell’s diagrams. The position and slope of the 8 and « curves are a little
different from published data. This is due to the fact that the 8 and «
values in this study were measured directly, whereas many of the pub-
lished values for 8 and « were calculated using two indices of refraction
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ZAC
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Fre. 3. Variation in optical properties as a function of chemical composition in gruner-
ites. Values for R, on the extreme right refer to grunerite from Rockport, Mass. (Bowen
and Schairer, 1935) which contains 3.02 mole per cent MnO.
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Fic. 4. Relationship of @ and v indices with variation in Mg, Fe and Mn content in the

cumingtonite-grunerite series. Crosses with index values refer to « indices from the litera-
ture.

and measured 2V. Index curves based upon direct measurement as in
this study are considered to be more accurate than curves based upon
calculations involving measured 2V. An accurate 2V measurement on a
universal stage can be obtained only with extremely well controlled in-
strumental conditions (Fairbairn and Podolsky, 1951).

Figure 4 is a graphical representation of the variation in y and « indices
on a ternary diagram. Optical parameters for the cummingtonites and
grunerites selected from the literature, and referred to earlier in Fig. 2,

M 8i,0,,(OHL

e’{‘
P
Te
ol ol =t
o
o ol 5 c_ﬁ
= o
g g 2
o \
. "
179 1486 N 1706

7~ n A
Mg]SiGOHIOH)2 Fe’)Si Bonto H)2
Fi1c. 5. Relationship between v and Z /¢ with variation in Mg, Fe and Mn content in

the cummingtonite-grunerite series. Crosses with index values refer to v indices from
the literature.
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have also been used in constructing Fig. 4. Figure 5 is a plot of the vari-
ation in v and Z A c¢. This diagram enables one to determine the molecular
percentage of the three end members through measurement of the two
most easily determined optical parameters.

CLEAVAGE

Prismatic cleavage fragments used in single crystal x-ray measure-
ments were mounted on an optical goniometer for orientation. The
110 A110 cleavage angle was measured and is recorded in Table 3. It is
possible to find some correlation between cleavage angle and variation in
chemical composition. The manganoan members consistently have a
larger 110 A110 cleavage angle than the iron-magnesian grunerites.

Unit CeELL CONSTANTS

All nine amphiboles were studied by the rotation, Weissenberg, pre-
cession and powder methods. Precession photographs along the b-axis
yielded values for 8, a sin 8 and ¢ sin 8. Weissenberg photographs about ¢
yielded values for b and ¢ sin 8. Thus obtained values for ¢ and b were im-
proved by using ds.o.0 and dp.12.0 as measured on powder photographs
(camera diameter 114.59 mm). The value for ¢ could not be bettered in
this manner as no high angle 001 reflections could be identified on the
powder diagram. Using the directly measured value for B, values for a
and & from powder diagrams, and ¢ values from rotation or precession
photographs the powder diffraction films were completely indexed using
an IBM 7090 computer program for calculation of all possible d-values.
With the aid of indexed single-crystal reflections and an estimate of their
relative intensities, it was possible to assign single indices to a large
number of the observed diffraction lines. Without relative intensity
measurements of single-crystal reflections it would have been impossible
to assign single indices, especially to many of the high angle diffraction
lines. Approximately twenty to thirty singly indexed powder diffraction
lines with 26 above 30° were then used in a least square program for re-
finement of the unit cell parameters. The cell constants for cummingtonite
No. 2 were refined in this manner, using the least-square refinement pro-
gram developed at the U. S. Geological Survey. The unit cell parameters
of the other eight samples were refined on the Harvard IBM 7090 com-
puter using the program developed by C. W. Burnham at the Geophys-
ical Laboratory, Washington.

The final values for ¢, b, ¢, 8, V(unit cell) and a sin 8 compatible with
the space group C 2/m are given in Table 4. The accuracy of the values for
grunerite No. 7 is relatively low because of the inherently broad and
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fuzzy diffraction lines on its powder diagram. For this grunerite the accu-
racy ranges from 0.03 per cent in a, to 0.07 per cent in b and to 0.2 per
cent in ¢. The accuracy for the other eight amphiboles is considerably
better, ranging from 0.02 per cent in @ of No. 2, to 0.13 per cent in ¢ of No.
4. A higher accuracy would have resulted if the experimental conditions
for obtaining the powder diffraction data had been more controlled (see
powder diffraction data).

TasLE 4. Untt CELL DIMENSIONS ¥OR NINE MEMBERS OF THE CUMMINGTONITE-
GRUNERITE SERIES (SPACE GrOUP C2/m)

No. 1 No. 9A No. 11A
a, A 9.562 + .0020 9.551+ .0012 9.538 +.0018
b, A 18.380 + .0070 18.324 + .0061 18.248 +.0096
¢, A 5.3384.0035 5.328+.0040 5.349 +.0059
8, deg. 101.86 +.026 101.86 +.018 101.97 +.026
vV (A% 918.2 +.7 912.5 +.62 910.74 +.89
asin g, A 9.359 9.347 9.330

No. 7 No. 8 No, 10A
a, A 9.545+ .0038 9.527+ .0017 9.534 +.0019
b, A 18.258+ .0137 18.238 + .0062 18.231 +.0047
¢ A 5.320+.0112 5.326+ .0046 5.3235+.0044
B, deg. 101.96 +.086 101.95 +.034 101.97 +.033
V(A3) 907.11 +1.4 905.39 +.64 905.14 +.61
asing, A 9.338 9.320 9.326

No. 2 No. 3 No. 4
a, A 9.583+.0023 9.560+.0019 9.573 +.0026
b, A 18.091 + .0050 18.089 + .0039 18.115 +.0054
¢, A 5.315+.0043 5.309 4+ .0036 5.304 +.0073
8, deg. 102.63 +.023 102.36 +.031 102.35 +.059
V (A3 899.13 +.55 806.8 +.47 808.46 + .82
asin 8, A 9.351 9.338 9.352

Figure 6 is a plot of the variation of b, @ sin 8, and V as a function of

composition for the managanese-poor members of the cummingtonite-
grunerite series. From this figure it becomes clear that the & parameter is
most influenced by changes in composition.

Figure 7 is a ternary diagram showing isodimensional lines for & as a
function of Mn, Mg and Fe contents in the cummingtonite-grunerite
series. When more such data become available the attitude of the isodi-
mensional lines will become better substantiated.
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PowDER DIFFRACTION PATTERNS

Powder diffraction patterns for all nine amphiboles of this study were
obtained with a camera of 114.59 mm diameter, using filtered iron radi-
ation (Mn filter; Fe ka=1.93728 A; Fe ka;=1.935970 A). All films were
exposed for 48 hours in order to obtain relatively intense back reflections.
During the exposure the temperature was not controlled. An internal
standard was not mixed with the amphibole samples as it was found that
some diffraction lines in the crowded amphibole pattern were being
masked by the use of a standard. The spindles, rolled with collodion, were
dilute and approximately 0.1 mm or less in diameter in order to reduce

gl
Mn}5i,0,,(OH),

40
mole % 1810
e
ﬂﬂ_l 18115 o
- -
@ * 7
e k-
8231 ‘5-‘2}-":2“ 8324 1880
oy a3 A A

T =~ ~ 7~ fa LTV x e
97S|“0“(OH)2 Fe7 S|5022(0H)1

ornd
or® q

F16. 7. Diagram showing isodimensional lines for b (attitudes somewhat tentative) as
a function of chemical composition in the cummingtonite-grunerite series.

absorption effects in the low angle diffraction lines. The spindles were very
accurately centered in the camera by means of a lens. The only correction
applied to the resultant powder films was a shrinkage factor. The films
were measured with a scale reading directly to 0.05 mm. It was not al-
ways possible to locate the diffraction lines to such accuracy, as many
high angle reflection lines were fuzzy and not always well resolved in oy
and s doublets. The accuracy of the unit cell constants given in Table
4 is not only a function of the experimental conditions but also of the
inherent broadness and fuzziness of many of the powder diffraction lines.

Table 5 gives completely indexed powder diffraction diagrams for two
grunerites (No. 1 and 10A) and one manganoan cummingtonite (No. 2);
measured and calculated d-values are given and compared. The esti-
mated relative intensities of the diffraction lines are subject to error as
the most intense lines were highly overexposed in order to obtain better
definition for less intense high angle lines.
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TapLe 5. X-Ray Powper DirrrAcTION DATA FOR Two GRUNERITES AND ONE
ManeanoaN CoMMiNGTONITE (FeKa=1.93728 A; FeKa;=1.935970 A; M~ FILTER)

Grunerite No. 1

Grunerite No. 1

I hkl d(obs) d(calc) |d(obs-calc) 1 hkl
]

50b 0 2 0/9.208 : 9.190 —.018 10bb | 5 1
100bb| 1 1 0 8.330 | 8.339 —.009 30 46
vE 0 0 15197 | 5.224 —.027 20 111
30 11 T |4.840 | 4.844 —.004 25 s
30 2 0 0|4.677 | 4.679 —.002 10 40
35 0 4 0[4.582 | 4.595 —.013 2 10
40 2 2 0|4.160 | 4.169 —.009 10b 6 0
50 1 3 1[3.80 | 3.884 —.004 20 012
vf 2 2 1(3.592 | 3.59 —.004 15 35
55 1 3 1]3.466 | 3.468 —.002 10 55
50 2 4 03.278 | 3,278 0 vi 37
80b {0 6 0|3.071 {3.063 [+.008 4 4
310 3.075 | | —.004 v 6 0

0 2 2 12,9909 | 3.0019 | —.0050 10 311
90b 1 5 127655 | 2.7684 | —.0029 vib 410
70| 0 6 1]2.6391| 2.6425 | —.0034 35b 6 6
60 2 0 22,5070 | 2.5110 | —.0040 25 501
10 2 6 124120 | 2.4108 | +.0012 {4 6
vi 3 5 023713 | 2.3785 | —.0072 20 111
40 fo 8 0| 2.2995 {2.2975 {+.0020 5 113
3 5 1 2.3053 | | —.0058 10 6 6

vi 4 2 T|2.2480 | 2.2501 | —.0021 35bh | 2 12
10 31 2|2.2245| 2.2259 | —.0014 10 412
50 2 6 12.2019 | [2.2048 | [ —.0029 vi 4 0
2 4 32 2.2035 | | —-.c016 vi 37

35 0 8 12,1015 | [2.1031 | [—~.0016 20 6 4
2 0 2 2.1040 | | —.0025 vi 75

30 35 12,0448 | 2.0471 | —.0023 vib 31
10bb {1 9 0 1.9960 | [1.9953 | [4.0007 vib 79
370 12.0088 | | —.0128 5 412

25bb | 4 0 2| 1.9560 | 1.9538 | +4.0022 10 511
vi 4 2 2| 1.9115 | 1.9111 | +.0004 15 410
vi | 1 9 T1)1.8905| 1.8918 | —.0013 10 711
vib | 4 6 0| 1.8591 | 1.8593 | —.0002 5 8 6
vib 1 9 1]1.8370 {1.8373 —.0003 20 8 6
010 0 1.8380 | | —.0010 10 95

20 37 11,7966 | 1,7969 | —.0003 15 8 0
vt 0 8 2| 1.7243 | 1.7251 | —.0008 5 8 2
vi 3 7 21,7083 | 1.7052 | +.0031 10 6 14

Mo N O O WM O = 13w D bR e b O3 e = =D R k= WD D e e WS~

[N N
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b ke e b ke e e e e e e

6851

6664

6440
L6015
.5875

5586
5314

.5230
.5109
.5002

L4779
.4720
. 4409
.4074
.3884

.3705
. 3409
.3326

3081
2796
2553
2390

L1907
172
L1235
.1195
.10291
.0699
.0489
L0441
.0309

0181

.0005
.9940
.9888
.9821

——

R I e e e e e e e e e N ]

| d(obs) dieale) | d(obs-calc)
.6882
6678

6449
6013
5879
5908
5598
5316
5235

.5108

4993
5009

4797
-4729
4408
.4089
.3879
.3892

3697
3402

.3325
.3076
2815

2555
2372
1902
1712

.1229

1185

.1024
0695
0486

0439

L0307

0178

.0006
9941
.9883
9821

—.0031

—.0014

—.0009

+.0002

—.0004

—.0033

—.0012

—.0002

—.0005
.0001
.0009
.0007
.0018
.0009
.0001
.0015
.0005
.0008
.0008
.0007
.0001
.0005
L0019
.0002
.0018
0005
.0009
.0006
.0010
.0005
.0004
.0003
.0002
.0002
.0003
.0001
—.0001
—+.0005

0

—
1+

——
P+ 4 1+

L4+ 1 +++++++ 1

1 Reflection 4 12 2 (d obs. =1.1029) and higher are Ka: reflections

b =broad
bb =very broad

vi=very faint (I estimated <35)
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TABLE 5—(continued)

Grunerite No, 10A

20b

vi

15

10b
vi

vi
vi
50
40
15
15

)

——

[ Y T = S U e Tl T R oy

——

2

= R i A

-3

- =
= e - T - R N R R B - e SR TS

=y

R WO e N O O D D e e e IO NSO R e R OO RO OO o O

hikl ‘ d(obs) d(calc)

9.115 | 9.115
8.302 | 8.303
5.085 | 5.001
4.827 | 4.832
4.549 | 4.558
4.139 | 4.151
3.869 | 3.866
3.446 | 3.450
3.258 | 3.259
3.0631 | 3.0645
2.9873 | 2.9882
2.7538 | 2.7510
2.6232 | 2.6245
2.5435 | 2.5457
2.5040 | 2.5058
2.3639 | 2.3656
2.2032 | 2.2047
2.2408 | 2,2436
2,2129 | 2.2122
2.1904 | 2.1912
2.0950 | 2.0958
2.0375 | 2.0361
1.9951 | 1,9964
1.9756 | 1.9795
1.9510 | 1.9532
1.8771 | 1.8780
1.8521 I1.8556
1.8239
1.8203 szt
1.6839 | 1.6845
1.6729 | 1.6742
1.6586 | 1.6590
1.6310 | 1.6318
1.5951 I1_5954
1.5815
425800 11.5795

2 Reflection 7 9 0 (d obs. =1.1128) and higher are Ke; reflections,
b =broad

bb =very broad
vi=very faint (I estimated <35)

Grunerite No. 10A

|
d(obs-calc)

| d{obs-calc) hkl d(obs) d(calc)

0 25 6 0 0| 1.5541 | 1.5544 | —.0003
—.001 40 012 0 1.5182 | 1.5192 | —.0010
—.006 vi 5 5 11,5040 | 1.5037 | 4.0003
—.005 vE 4 8 1| 1.4931 | 1.4947 | —.0016
—.009 vf 6 0 2| 1.4766 | 1.4764 | -+.0002
—.012 15 311 0| 1.4627 | 1.4625 | +.0002
+.003 vi 410 T|1.4305 | 1.4322 | —.0017
—.004 60 6 6 1|1.4028 | 1.4033 | —.0005
—.001 10 5 1 21,3821 | 1.3822 | —.0001
—.0014 vi 111 213599 | 1.3606 | —.0007
—.0009 20 7 1 01.3284 | 1.3288 | —.0004
+.0028 40 {7 3 0 1.299 | [1.3014 | [ — 0024
~.0013 1212 2 11.2991 | | —.0001
—.0022 30 412 0| 1.2730 | 1.2729 | +.0001
~.0018 vE 71 1| 1.2287 {1.2280 [+ .0007
—.0017 212 2 1.2301 | | —.0014
—.0015 vi 412 1| 1.2087 | 1.2054 | +4.0003
—.0024 30 6 4 2| 1.1846 1.1851| —.0005
+.0 07 15 {8 0 0| 1.1661 | [1.1658 | {4 .0003
—.0008 7 5 1 11.1662 | | —.0001
—.0008 vi 70 0| 1.1128] 1.1131 | —.0003
+.0014 10 {612 1| 1.0062 | [1,0958 {+.ooo4
—.0013 1412 2 11.0956 | | 4.0006
—.0038 vi 8 6 0| 1.0887 | 1.0884 | +4.0003
—.0022 15 511 2| 1.0634 | 1,0633 | +4.0001
~.0009 vi 9 3 T[1.0430 | 1.0436 | +.0003
—.0035 40 711 0| 1.0387 | 1.0384 | 4.0003
{—.0031 10 8 6 1|1.0263 | 1.0263 0
—.0023 10 8 6 3 [1.0152 | 1.0149 | +.0003
—.0006 10 4 4 5(1.0083 | 1.0087 | —.0004
—.0013 10 6 6 3| .00506  .00606| —.00010
—.0004 vE 8 0 2| 90035 90011 4 .00024
—.0008 vE 8 8 1| .98310 .O#360, —.00050
—.0003
—.0015
+.0005

i

SpPECIFIC GRAVITY

Specific gravity determinations were made with the Berman Micro-
balance (Berman, 1937) using 20 to 25 mg samples of minus 50 to 100
mesh grain size. Densities were calculated from the composition and
unit cell volumes. Table 6 gives the measured and calculated values. The
agreement between these is good except for samples No. 7 and No. 9A.
These two grunerites show a difference of 1.7 per cent and 2 per cent,
respectively, between the calculated and measured values. Deviations up
to several per cent are not uncommon (Mason, 1944, p. 50); considering
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TABLE 5—(coniinued)

Manganoan cummingtonite No. 2

979

Manganoan cummingtonite No. 2

1 hkl d(obs) d(calc) | d{obs-calc) | 1 hkl
80b 0 2 0]9.034 9.045 —.011 40 012 0 | 1.5068
90bb 1 1 0 |8.29 8.307 —.011 30 {4 8 1 | 1.4885
vi 00 1]5.179 5.186 —.007 6 0 2
20b 1 3 0|5.040 5.068 —.028 30 311 0 | 1.4541
20 11 1 |4.834 4.842 —.008 10 410 T | 1.4277
50 0 4 0| 4.516 4,523 —.007 75 6 6 1 | 1.4063
40 2.2 0| 4.150 4.153 —.003 30 | s 1 2 1.3766
vf 11 1 |4.054 4.059 —.005 10bh 111 2| 1.3495
35 1 3 1/3.85 3.861 —.005 20 | 6 6 2| 1.3333
vf 2 2 1]3.602 3.601 4-.001 vf 113 1| 1.3197
60b 13 1|3.426 3.472 —.006 10 012 2 | 1.3030
80b 2 4 0| 3.251 3.251 | 0 35 {212 2| 12021
1006 | 3 1 0|3.071 3.027 +.005 1014 0
30 2 2 12968 2.972 —.004 25 7 5 1/1.2789
15 15 12,932 2.936 —.,004 10 412 0 1.2671
40 i3 0| 2.766 2.769 —.003 5 4 0 1 1.2570
70 15 1[2.726 2.726 0 5 6 0 2 | 1.2218
20 3 3 1| 2.661 2.667 —.005 5b 313 1 | 1.2097
50 0 6 12,6027 | 2.6066 | —.0039 5 214 1 | 1.1952
50 2 0 2| 25111 | 2.5127 | —.0016 5 410 2 | 1.1881
5 J3 1 1] 2.4205 | [2.4238 | [ —.0033 30 511 2 | 1.18288
\# 2 2 2.4211 | | —.0006 15 8 0 | 1.1689
20 35 02,3575 | 2.3615 | ~—.0040 10 8 4 1 [1.157t
10 1 7 12,2959  2.2983 | —.0024 10b 414 T | 1.1298
40 4 2 1 ]2.2525| 2.2570 | —.0045 15 513 0 | 1.1166
30 3 1 2 (2.2312 | 2.2328 | —.0016 25 8 6 1 |1.1132
20 | 24 22,1925 2.1965 | —.0040 vi 313 2 |1.1030
50 206 1| 2.1742 | 2.1772 | —.0030 vi 55 3 |1.0967
v | 3 3 2| 2.1044 | 2.108t —.0037 15 412 2 | 1.0888
20 2.0 22079 | 2.0827 | —.0028 10 414 1 | 1.0817
30 35 12,0255 | 2.0263 | —.0008 20 511 2 [1.0576
20 37 0 1.9850 | 1.9895 | —.0045 5 5 7 3 |1.0508
30 4 0 2| 1.9606 | [1.9629 | [ —.0023 5 9 1 2 |1.0451
12 8 1 1.9595 | | +.0011 40 711 0 | 1.0371
50 5 1 0| 1.800 | 1.8603 | —.0003 35 fo 3 Z|1.0309
vi 4 6 1|1.8410 | 1.8440 | —.0030 1612 1
10bb 301 21,8023 | [1.7995 | {4-.0028 20 8 6 1 |1.0253
n 100 1.8091 | | —.0068 20b 8 6 3 | 1.0206
10 503 0 | 1.7848 | 1.7863 | —.0015 20 610 2 | 1,0132
40 5 1 2| 1.0051 {1.6964 [ —.0013 vi 614 1 | 1.0030
13 7 2 1.6970 | \ —.0019 20 2 6 5 |1.0018
30 55 1| 1.6768 | 1.6798 | —.0030 30b {210 4 9910
60 46 1| 1.6494 | 1,6524 | —.0030 16 6 3
40b 111 0 | 1.6189 | 1.6197 | —.0008 vi 7 % 9860
30 53 1| 1.5877 | 1.5897 | —.0020 10 313 3| .9829
25 6 0 0| 1.5566 | 1.5585 | —.0019 10 fg 10 2 9792
vi 6 2 0| 1.5311 | 1.5358 | —.0047 4 6 5
10 5 7 0| 1.5139 | 1.5151 | —.0012 5 614 2 | .9757

{

—
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—
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| d(obs) | d(calc)

.5076
.4878
.4871
4546
4291
4075

3764

.3509
.3337
L3199
.3033
-2928
.2922
2795

2670

.2564
.2229
L2095
.1954
.1873
.1833

1689
1579

L3014
.1164
L1132
.1029
.0962

0886
0814

.0573
.0509
.0450
.0369
0313

0298
0253
0206
0132
0032

.0025
.9910
.9908
.9851
.9829
97917
.9796
.9754

I+ 1

diobs-calc)

{+
+
+

EIEERTd

L++++ + 1

.0008
.0007
.0014
.0005
.0014
.0012
.0002
.0014
.0004
.0002
.0003
-0007
.0001
0006
0001
0006
0011
0002
0002
0008
.0005
0

0008
0016
.0002
0

.0001
.0005
.0002
.0003

3 Reflection 5 11 2 (d obs. =1.1828) and higher are Ka: reflections.

b=broad
bb =very broad

vi=very faint (I estimated <5)
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TABLE 6. MEASURED SPECIFIC GRAVITY AND CALCULATED DENSITY VALUES
FOR NINE MEMBERS OF THE CUMMINGTONITE-GRUNERITE SERIES

Nep il No. 9A ‘ No.11A | No.7 ‘ No. 8 ‘ No. 10A
meas. | 3.54+.02 | 3.45+.02 | 3.384.02 | 3.414.02 | 3.394.02 | 3.37+.02
Tl 3.54 3.51 3.38 3.35 3.38 3.37

No. 2 No. 3 No. 4

meas. 3.134+.02 3.21+ .02 3.224.02 ‘
calc. 3.18 3.19 3.24

the many possible and difficult to evaluate sources of error in the calcu-
lated density values the correspondence is still satisfactory. Figure 8 is a
plot of the variation in specific gravity as a function of chemical composi-
tion in the manganese-poor grunerites.

DiscussioN OF RESULTS

The chemical analyses from the literature and the new analyses in this
study show clearly that the cummingtonite-grunerite series should be con-

B ~3.80

- Sp.gr. 3,60
! R
_ O/ 350

7 ¥
| 10A aa/ »
T PNA
L ~3.30

O-calculoted

= + -measured 320
L 1 I I
50 60 70— 80 % ;"0
mole /i Q
Fe7 S|8022( H)2

Fic. 8. Variation in specific gravity (measured and calculated) as a function of chemical
composition of grunerites. Value for R refers to grunerite from Rockport, Mass. (Bowen
and Schairer, 1935).
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sidered in terms of at least three components “Mg-Fe-Mn.” The Al,O3
component is generally small, ranging from zero to about three weight
per cent, but may at times be present in amounts up to 8.65 weight per
cent (Collins, 1942). The CaO content varies from trace amounts to a
probable maximum of approximately 1.5 weight per cent. The effect of
the presence of Al,O3, CaO and minor amounts of Fe,Os, K»O and Na,O
has not been considered in this work.

The variation in optical parameters, unit-cell constants and specific
gravity as a function of chemical composition in the “Mg-Fe-Mn” cum-
mingtonite-grunerite series has been determined. It should be noted, how-
ever, that manganoan cummingtonite is still not readily identified as
such by its physical properties. The manganoan cummingtonites of this
study are light green, show no pleochroism and have optical properties,
x-ray parameters and densities which are very similar to those of the
tremolite-actinolite series. This means that the presence of manganese
must be established chemically.
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