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ABSTRACT

Critical examination of a plot of 936 available analyses of calciferous and subcal-
ciferous amphiboles leads to the conclusion that the maximum possible A16 increases regu-
larly as the Ala increases. The maximum allowed A16 at any Al{ value is empirically ob-

tained. New chemical analyses, together with new optical determinations, are given for
three previously described amphiboles, from Madras and North Carolina, which appeared

to contain more than the maximum allowed A16. The new analyses show that the two
Madras amphiboles contain much less than the maximum possible A16, whereas the North
Carolina sample contains the most A16 allowed ior its All content.

INrnooucrroN

It is well-known that temolite and actinolite are poor not only in
tetrahedrally coordinated aluminum but also in octahedrally coordinated
aluminum, whereas the silica-poor pargasite, hastingsite and the hypo-
thetical tschermakite are rich in both tetrahedral and octahedral alu-
minum. It seems therefore that in these amphiboles increasing amounts
of tetrahedral Ai permit increasing amounts of octahedral Al and it
follows that at any one value of Ala there is certain maximum amount of
Ai6 which is feasible. This paper tries to show what the maximum pos-
sible amount of A'16 is for each Ala value of natural calciferous and sub-
calciferous amphiboles. Calciferous amphiboles are defined as those with
at least 1.50 Ca in the half unit cell, referred to 24 (O, OH, F, Cl), while
subcalciferous amphiboles contain more than 1.00 and less than 1.50 Ca
in the half unit cell.

Obviously the maximum allowable A16 wiil only be obtained in amphi-
boles whose host rocks have a suitable chemistry and which have crystal-
l ized under the most propitious physical conditions. It has been argued
elsewhere (Leake, 1965) that the most suitable conditions are those of
high pressures and moderate, not high, temperatures, for igneous amphi-
boles generally have low amounts of A.16 whereas amphiboles with the
highest A16 values are often associated with kyanite, jadeite or glauco-
phane, which are often considered indicative of high pressure conditions.
This agrees with the general view formed from other mineral groups
that high A16 is favoured by high pressures during crystallization. Ex-
amples include clinopyroxenes (LaBas, 1962), orthopyroxenes (Boyd and
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England, 1960,) and the AlzSiOs poivmorphs, while it is significant that
the only amphibole which contains reallr ' large amounts of A16 is glauco-
phane, which is excluded from this account as it is neither calciferous
nor subcalciferous.

Pnn'vrous AN,rr,ysBs

In Fig. 1 936 post-1890 chemical analvses of calciferous and subcal-
ciferous amphiboles have been plotted. Those which l ie above the l ine
drawn across the figure are believed to be unreliable analyses and so the
Iine shows the maximum amount of A.16 at each Ala value assuming that
the relationship is linear. While further analyses will undoubtedly
slightly modify the precise position of the i ine there seem to be enough
reliable analvses immediately below the l ine to ensure that it is substan-
tially correct.

It is important to appreciate that a piot of Ala against A.16 for amphi-
boles is hypersensitive to analytical error. It is now well-known that by
both classicai methods of chemical analvsis and b1' the more recent
colorimetric methods, the accuracv of alumina determination is among
the poorest of the major constituents of rocks and minerals. The accuracy
of combined water determinations is also ver,v poor when, as with amphi-
boles, the material being analyzed does not part with atl i ts water below
1000'-1200o C. Most determinations of combined water have been, and
sti l l  are, made by the Penfieldmethod (Penfield, 1894) and thisis known
to give low results (Riley, 1958a) unless a sil ica tube and a temperature
in excess of 1000" C is used. (Glass tubes melt at such a temperature).
A great many amphibole anall 'ses are therefore seriously deficient in
water. Low OH in the cell content calculation results in spurious exces-
sive oxygen, a situation aggravated b1'the common absence of F and
Cl determinations. This excessive oxvgen is the cause of erroneously
high cation values, especiall l . high Si and Al. As A16 is obtained by sub-
tracting 8(Si+AD from the total Si*A1, when the calculation is on the
basis of 24(O, OH), the resulting Ai6 is often grossly excessive. It is
therefore necessary to appraise crit icall l- those analyses which have high
contents of A'16 for their Ala value.

The analyses which plot above the l ine in Fig. t have been numbered
with the same numbers as they have in a compilation of amphibole
analvses, which it is hoped are to be published shortly. Accordingly these
analyses are not reproduced here and onl-u- their sources are given to-
gether with brief notes on the analyses to indicate why they are regarded
as unreiiable. Obviously many, but not all, of the analvses which plot
below the l ine are also unreiiable but thel'are not of interest at present.
A few of the numbered points, above the line are analyses which have
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Fro. 1. Plot of octahedral aiuminum in the half unit cell against tetrahedral aluminum
(or silicon) for 936 analysed calciferous and subcalciferous amphiboles. The numbered
analyses are discussed in the text. 'l'he 

suggested maximum possible 4,16 is shown by the
line drawn across the figure. Analyses lyith Si greater than 8.00 are excluded from the
plot as they are obviously erroneous.
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no certain defi.ciencies and although they are believed to be erroneous,
it has not been possible to conclusively show this. These are also l isted
below. It is generally accepted that amphibole compositions calculated
from a chemical analvsis of a rock and its modal constitution are not
reliable unless the amphibole forms a verv large proportion of the rock
and so such compositions are not discussed in detail. Some of the analy-
ses which plot just below the l ine and which are considered to be trust-
rvorthy are numbered and brief notes on these are given separatell ' .

Analyses which plot above the l ine in Fig. 1.

4.3 Peltola, E. (1960) Bull Cornm. Ceol- Finlanrlelg2, -i3 Analysed material contained 3.95ok C. as graphite,

O.2116 S as pyrrhotite and 1-64c/6 CO: as calcite. Analysis nas re-calculated to 10jck to renove these

impurities OH +!'+Cl in cell contents is low, being onll 0 83.
45  Yen,T .P. (1959)Ri l l  Geo l ,  Sur r .Ta iuon l l ,23  ILOI is fa r too low,be ingon ly0 lT
65 Andreatta, C and R. Pirani (19.50) Min Abst 11, 330. IbO* is rather low (1 240/6) especially as onlv a

trace of Fer Or is reported and the host rock is a serpentine.
70 Rondolino, R (19.36) Min Abst 7, 2ii. TiOr and FeO not reported; FerOr said to be a trace, analysis total,

99.14, is lorv.
72 Dolar-Mantuani, L anrl Gr Gagarin (1936) Min Ahst 7,256 OH*F in cell contents is lorv, being only

0.90.
77 Krenner, A (1900) Neues Jahr Min ReJ.l,3,l l  Old analysis nitb TiO: and MnO not determined, HrO*

lorv, being 0.5 l, analysis total, 100 97, is high
81 Parsons,A L (1930)Unir TorontoSLudies,Geot Ser 29,j1 OHincellcontentsislow,beingonlv093

113 Mikko la ,E  andT G.Sahama(1936)  B i l l .Conm Geo l  F in lan t le l l1 ,36T.Reca lcu la teda l te rsubt rac t ing
about2\/6 carbonate, H:Of is vety low, being 0,42

1 16 Phil l ips. A H. and I{. H Il ess (1936) Am- LI ineral 21, 346. }IzOf is very low, being 0 3a
118 Novotny, M (1919) Min Absl 1!, 199 Recalculated to 100-96 to remove impurit ies; TiOr and l-ezOr not

reported
I 21 Jure, A E. (1930) UnDub Ph D thesis, Wisconsin University Al:Or and NazO probably wrong.
135 Heron,A M (1921)  Ret .Geo Sur r  1 ru1 . ia56,192 OHf l f  ince l l con ten ts is lo rvbe ingon ly0  77 .
1 3 6  A s  1 2 1 .
141 Jones, W. A. (193O) {Jnir Toronto \tudies,Geol Ser 2?,68 OH in cell contents is low, being 0 92.
150 Eskola, P. (1950).4u. Minerat 35,730 Recalculatedfrom an analysis containing 25?n of cummingtonite.

IIzOf 0.87, is lorv.
151 VandePut te ,R (1939)  Bu l l  .Museerq ,a ld 'Mst  na t .Retg , ique!5 ,  (31) ,8  KrOandMnOnotdetermined,

II:Of 1.00, is lo"v
159 Yen, T, P (1959) Bull. Gecl Srrv Taiu'on 11, 23 Although the CaO is rather lorv and the FezOs is greater

than the FeO, it is not certain that this is a poor analysis
170 A,s 121, also the total,99.30, is low
172 Ramachandra Rao, M 1l (1937) Bull Mysore Geol. Delrl 16,31
176 Foslie,S- (1945)NorshGeol Tidd.25,83 Calculatedfromarockanalysisandamodewith55/6hornblende
178 Lacro ix ,A  (1942)Min  Ahs t  9 ,274 Mayconta insomeglaucophane impur i ty l i ke l36
179 As 121.
18.5 Eskola, P. (1q11) Bil l Comn Geot Fintonde4O, l10 Analysis total,99.20, CaO 799, and IIIO{ 0.s6,

are all low.
186 VanderP las ,L .  (1959)Le id .seGeo l .Met led .24 ,4 .57  Exce l len tana lys isbut themater ia l i szonedandhet -

erogeneous with glaucophane cores
187 Shevchenko, E. V. (195q) Min Sb Geol Soc. Lrot 13,3O1
191 Kreutz, S (1908) .Sr:12 -ber. Akod Wiss, Wien 117, Abt I, q48 Analysis mostly b-v Rammelsberg (1858)

and is rather old Total,99 04 and O[I]F in cell contents oI 0 39, are both low.
197 As 172.
202 Richarz, S (1930) Am Mineral, 25,65.TiOr not determined
224 As 176 but the rock contains 6616 hornblende
229 Pa lmunen,M.  K  (1925)  Fenn io45, (9 ) ,9  I I :O+0.16 , is fa r too low.
234 Yakovleva, M. E (1911) Conrt Rend Doht Acad Sri [/.S.S.R 31' 794. I{rOf0.91, is rather lol.
2.18 As 176 brrt the rock contains 61al hornblendc,
239 As I 76 but the rock contains 5'116 hornblende.
216 Morozewicz, J. (1928) Neaes Jahr Min. RelII,145.
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253 As 151 but HzOf is 1 32 and analysis total is 99 46
255 Naidu, P. R J. (1942) Current \ci Bongalore 11, 192.'f iOz and MnO not determined, H2O+0 70 and the

ana lys is  tq ta l ,  oq  4  l ,  a re  low.
256 Ramberg, H (1943) Norsh Geol, Tidd 23,20 Calculated from a rock analysis and a modal analysis rvith

/5"/o amDnlDole.
260 As 176 but the rock contains 60/6 hornblende
263 lIezner,L. (19O3) Tsch. Min. Pet Miil 22,.562. IIzOf0 54 is lorv
273 As  121.
28 .5  Sug i ,K . (1935) Ia f . !our .Geo l .Oeogr  l2 , l33Calcu la ted f romarockana lys isandamodeconta in inson ly

35/6 hornblende.
307 Pantin. II. M. (1956) Trans Geol Soc Glasgou22,5i tLOf 1.28, is rather low.
312 As'15 but calculated from a roch and modal analysis.
323 As 285 but the rock contains 640/6 hornblende.
324 As 28-s but the rock contains 7316 hornblende.
339 Rice, t l. M A An. Minerul 20, 308. HrO+0 3.5 is low because it was determined at only 300' C. Analysis

total- 99.13. is also low.
350 As 307 but ILOf,0.59, is even lov/er
3 .54  Serd iuchenko,D.P. (1954)  Doh l  Acad. \ r i  U .S 'S .R.96 ,  l234 ,OH+F+Cl ince l l con ten ts ison lv033
358 Gustavson,M.andA Grgnhaug (1959)NorskGeol Unier 2ll,42.HzO*,045,islorr.
362 As 307 brrt HrOf , 0 95, is even lower.
368 Sustschinsk,u, P P. (1912) quoted by Niggli, P (1922) Zeit. Krirt.56,546. TiG not determined; Alzoa in-

cluded MnO, tIrOf0.74, is low
4.11 Hezner, L. (1908) Neues Jalu. Min27, 167.IIzO*097, is lorv and rvas determined by loss on ignition.

AlzO4 22 7 3/s, is undoubtedty too high for 15 ner- analyses of hornblendes from the same series of schists

in thesamearea(Ste iger ,R ( .1961)Schweiz  Min .Pet r .Miu .4 l , l5 l )  con ta inamax imumol lS l /eA lzOt
giving ,\ l ' i  1 24, Si 6 24, All 1.76.

696 H ie tanen,A.  (1963)  U 5 ' .  Geo l .Suru .Prc I .PoPer344-8 ,21 .FLO*0q4, isbe l ievedby l l ie tanentobe low
andisthecauseofthelorvanalysistotel,s8 78 Ifthccell contentsarerecalculated assumingthat OH+Fis

2.00 (instead of 1 20) then tb e analysis plots belou the l ine on Fig. 1, as is shown.
708 Rajasekaran, K C (1961) Indian Mineral.2,43. ILO*0.61, is low.
712 Iwasal<i, \{ (196J) Jour. Fac .\ci anit '  Tohyo Sac. II,15,57.
741 Lay ton ,W.(1963) - Io rvGeo l .Soc .Aus t ra l i c l0 ,263.CaO1{ ' igandAlzOrareprobab lvboth tooh igb '
7s1 l
- - ,  I

1 1"| rn"r" are dealt sith below.
t t lo i
sroj

Apparently reliable analyses for the present purpose, which plot im-
mediateiy beloiv the l ine in Fig. 1.

1l,i ComDton, R R (1958) Am- Miteral, 43,893.
177 Jop l in ,  G.  A .  (1939)  Jour  Roy.  Soc .  Nery  SouthWaLes73,95 .
3 3 8  L a r s e n , E . S . J n r . a n d W . M . D r a i s i n ( 1 9 4 8 ) P r o c . l S t l t l n l e r . G e o l . C o n g P a r l I l , T l .
449 Rosenweig, A and E. Watson (1954) Am Mineral. 39, 586.
719 Kaulman, II. (1963) Geol. Studies. Brighan Voing Uni.t. lO,155.
761 Raychaudhuri, B. (1,961) Am. Mitrcral. 49, l9<)
7.33 Siroshtan, R. I and N. I. Polovko (1959) Uhr. Acatl. Sci Geol,. Ser 19' 49.

817 Raychaudhuri,B (1964) Aw. Mineral 49,199.

NBw Ax.qr-vsBs

O{ particular interest in Fig. 1 are those analyses which have verl '

large amounts of A16. There is no doubt that 441 is an erroneous anah'sis
(see above) whereas 256, 324 and 285, which are calculated from rock

and modal analvses, are highly dubious. Two analvses marked "Previous
value of 776 and 816" in Fig. t have had an interesting history. Both

these amphiboles come from Madras State, India, and were originally

described b,v Naidu (1960, p. 18) who gave the analyses reproduced in

Table 1 as r and rV' Somewhat curiousll '  changed figures were later
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T,q.lr,p 1. Cnplrrclr. ANar,lsos or Rn-INvesrrc,q.rnn AltprrreoJ.es

WIIVIII VIII

SiOz
AlzOa
TiOz
FezOr
FeO
Mso
CaO
NurO
KrO
MnO
P:O;
HzOf
HrO-

45 .91
1 8 .  2 5
0 . 0 5

6 . 0 7
1 2 . 1 0
15.42
0 3 2
0 . 0 5
0 0 8

13.41
19.  04
0 . 1 1

8 . 6 5
12 96
1 2 . 1 3
1 . 2 9
0  . 1 7

43.9r
19.O+
0 8 9
0.00
8 . 6 5

12.96
t 2 . 1 3
1 2 9
o . 1 7

4 2 . 7 8
1 1 . 4 0
1 3 5
6 . 2 3

1 0 .  1 0
1 )  4 <
10.43
1 .65
0 5 5
0 . 2 5
0 . 0 1
2 . 5 0
0 0 0

45.9r  M.42
1 8 . 3 5  1 4 . 3 0
0 . 0 5  0 . 1 3
0  0 0  2 . 5 1
6 . 0 7  7  . 3 3

1 2 . 1 0  1 6  1 0
t5  .92  10 .30
0 . 3 2  1 . 6 . 5
0  05  0 .02
0 . 0 8  0 . 1 3

0 .  0 1
0.54  2  65
0 . 1 5  0 . 0 3

0 6 0
0 . 1 1

45.34 46.84
1 8 . 6 6  1 5 . 9 6
0 .o2  0 .04
0.41  0 .49
3 . t 4  3 . 3 2

16.36  17 .81
12.21  11 .70
1 . 1 9  t . 2 5
0 . 1 6  0 . 1 0
0 . 0 6  0 . 0 4
0 . 0 1  0 . 0 1
1  . 9 9  2 . 0 6
0 . 0 0  0 . 0 0

98.30  99 .54  99 .58 9 7  . 7 6 99.75  99 .70 99.89 99.96

Nuuenn oF foNs oN Tr{E BAsrs or 24(O, OH)

Si
Al4
A16
Ti
FeJ
Fe2
Mn
Mg
Ca
Na
K
OH
o
>Z
>Y
)X

6 3 2
1 6 8
o . 7 2
0 . 0 1
0 . 2 6
0 . 8 7
0 . 0 2
3 . 4 1
r . J /
0 . 4 5
0 . 0 0
2 . 5 1

21.49
8 . 0 0
5 2 9
2 . O 2

6.44 6  .61
1 . 5 6  1 . 3 9
1  . 4 5  1  . 7 2
0.00  0 .00

0 . 0 0
0 . 7 1  0 . 7 s
0 . 0 1  0 . 0 1
2 . 5 3  2 . 6 0
2 . 3 t  2 . 4 6
0.09  0 .09
0 . 0 1  0 . 0 1

(2 .00)  0 .s2
(22 .O0)  23 .48

8 . 0 0  8 . 0 0
4 .70  5  .06
2 . 4 1  2 . 5 6

6 . 1 8  6 . 3 6  6 . 2 9
I . 8 2  1 . 6 4  r . 7 1
1  . 3 8  1  . 6 1  0  . 2 7
0 . 0 1  0  1 0  0 . 1 5

0 . 0 0  0 . 6 9
1 . 0 3  1 . 0 5  1 . 2 3
0 . 0 0  0 . 0 0  0 . 0 3
2  7 5  2 . 7 9  2 . 7 2
1 . 8 5  1 . 8 8  1 . 6 4
0 . 3 6  0 . 3 7  0 . 4 7
0 03  0 .03  0  10

(2  0o)  0 .57  2 .44
(22.O0)  23 .43  2r .56

8.00  8  00  8 .00
J . l /  . 1 . 5 )  5 . ( r 9
2  2 4  2 . 2 8  2  2 l

6  3 1  6 . 5 2
r . 6 9  1 . 4 8
1 . 3 7  1 . 1 3
0.00  0 .00
0.04  0 .05
0 . 3 6  0 . 3 8
0 . 0 1  0 . 0 0
3 . 3 9  3 . 6 9
r . 8 2  r . 7 4
0 . 3 3  0 . 3 3
0 03 0.02
1  8 4  1 . 9 0

2 2 . 1 6  2 2 . 1 0
8 . 0 0  8 . 0 0
5 . 2 1  5 . 2 8
2 . 1 8  2 . 0 9
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published (Naidu, 1963, p. 121) and these are also reproduced in Table
1 (II and V). While the original analyses have extraordinarily high Ai6,
the revised anal.vses, which are plotted in Fig. 1, have even more A16.
It therefore seemed advisabie to re-investigate these two amphiboles
especially as one of the amphiboles was said to be associated with anor-
thite, and as this is the most aluminous plagioclase it therefore seemed
feasible that this amphibole might be unusually aluminous. Professor
Naidu kindly sent some of the analyzed amphiboles to the writer.

After purification of the powders new chemical anall.ses were carefully
carried out in triplicate and appreciably different results were obtained
(Table 1, III and VI) using the methods of Riley (1958b). The new
analyses are plotted on Fig. 1 as "New values of 776 and 816." The new
H2O, Fe2O3, CaO and AlzOa values are much more satisfactory. It is
apparent that both amphiboles contain less than the suggested maximum
amount of A16.

New 2V measurements on the amphiboies have been made and the
refractive indices determined. The associated feldspar of 776 has y-I.582,
indicating An3s using the curves of Smith (in Hess, 1960) whereas the
felspar with 816 has 7-1.555, indicating An3s.

Amphibole 840 (Hashimoto, 1961, p. 118) also appears to contain more
than the allowed amount of A'16. The host rock is an epidote-Anas amphi-
bolite with minor magnetite and comes from K-vushu, Japan. The
remaining piece of the hand specimen from which the amphibole was
separated was kindly sent to the writer by Dr. Hashimoto as none of
the originally analyzed powder was left. Unfortunately, despite several
days work on this rock it has proved impossible to completely separate
the hornblende from the epidote. There is a considerable overlap of
density, magnetic and shape characteristics of the two minerals. A grain
mount of the purest amphibole fraction obtained gave about 8/6 epidote
by point-counting and analvsis of this powder gave 16.86/6 Ll2O3
compared with 19.26/6 reported previously. Since epidotes usually con-
tain between 20 and 307a AIzo3 and epidotes with less than20Ta LlzOt
are distinctl l 'unusual (Deer et al. 1962, p. 199) it seems that the epidote
impurity wil l enhance the Al2O3, and thus it can be deduced that the
hornblende must contain less than 16.86T0 AlzOa. Probably the high
alumina previouslv reported was at least partly the result of epidote
contamination. Certainly, if the amphibole contains less than 16.867a
AlzOa then it wil l plot below the l ine drawn across Fig. 1.

Analysis 751, from CIay County, North Carolina, was recently pub-
lished by Kaufman (1963, p. 152) and this plots well above the l ine in
Fig. 1. As this analysis was made by C. O. Ingamells (Table 1, VII) it
seemed unlikely that it would be significantly erroneous. Nevertheless,
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a number of disquieting features suggested a re-examination of this
amphibole was necessary. The recorded refractive indices and birefring-
ence of this amphibole, and several others published with it, seemed
impossible for the compositions recorded. The mineral assemblage in the
rock from which this amphibole came was not recorded br.rt the anal.vced
powder was reported (Kaufman, 1963, p. 140) to contain "0.3/6 in-
clusions of actinolite, tremolite and hornblende (?)"

A piece of the rock was kindly sent to the writer by Professor W. R.
Phil i ips. Thin sections of the rock show that onlv one, apparently
homogeneous, amphibole is present associated wth vesuvianite and
anorthite and with a trace of chromite. The anorlhite has a-1.573,
'y-1.585, indicating Ane4, a surprisingly calcic composition. A new chem-
icai analysis (Table 1, VIII) of carefully purif ied material shows signifi-
cant differences from the previous result. These differences are consistent
with the view that the originally analyzed powder was appreciably
contaminated with anorthite, and possibly vesuvianite in addition, for
this would explain the slightly increased SiO2, TiO2, FezOa, FeO, HrO
and- the- considerabiy increased MgO while also explaining the lower
Al.zOa ahd CaO. The new analysis plots exactly on the line of maximum
possible 4'16 (Fig. 1) which is not surprising in view of the aluminous
nature of the rock, combined with what must be a low alkali content.
The original powder was not pr,rre simpl1. because the rock was not
crushed finely enough to separate the constituent minerals, for Kaufman
(1963, p. 137) ground onl.v to 60 mesh, whereas at least 120 mesh is
essential to separate this amphibole.

New determination of 7 gives 1.646, which agrees with the composition
satisfactorilv and also gives a reasonable birefringence.

It seems therefore that there are sr.rbstantial reasons to believe that
the maximum possible A16 at each Ala value is fairly well shown by the
Iine drawn on Fig. 1. It remains a matter of very serious concern that so
manv amphibole analvses are not reliable. From Fig. 1 it is apparent
that there are no amphiboles known which even approach the composi-
tion of the hypothetical tschermakite. The conclusions drawn certainly
do not apply to amphiboles with less than 1.00 Car in the half unit cell
(e .g. glaucophane) and ma1- not be valid for those containing just a l itt le
more than 1.00 Ca.
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