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Abstract. Chemical analyses of hornblendes from different regional metamorphic terrains and 
from rocks of different metamorphic grade have been compared. Hornblendes of low- 
pressure type are distinguished from hornblendes of high-pressure type by their A1 vr and 
Si contents. The Ti content of hornblende is shown to increase with metamorphic tempe- 
rature from the greenschist-amphibolite transition facies to the hornblende-granulite facies. 

Introduction 
Hornblendes in this paper  are called calciferous amphiboles containing more 
than  1.50 Ca, l~ess than  1.00 Na, and less than 7.50 Si (on the basis of 23 O). 
Hornblendes are formed in a wide range of pressure, temperature,  and chemical 
environment in metamorphic and magmatic rocks, and the variing composition 
of the hornblende solid solution reflects the conditions of formation. This paper  
is concerned with hornblendes tha t  occur in regional metamorphic rocks of 
different facies and facies series. 

Detailed investigations in some metamorphic areas have shown tha t  horn- 
blende chemistry may  be related to metamorphic grade though is much more 
dependant on rock composition (Shido and Miyashiro, 1959; Engel and Engel, 
1962; Binns, 1965; Bard, 1970). Furthermore, there are significant differences 
in hornblende chemistry between different regional metamorphic terrains, tha t  
means different metamorphic facies series (Shido and Miyashiro, 1959; Fabri6s, 
1968). 

Leake (1965, 1971) recognized tha t  hornblendes in magmatie  and contact 
metamorphic rocks generally have lower A1 vI and Si contents than  hornblendes 
in regional metamorphic rocks. He suggested tha t  the A1 vz content is pressure 
dependant, and showed tha t  the maximum possible A1 w in calciferous and 
subcaleiferous amphiboles increases regularly as A1 Iv increases. 

Kos tyuk and Sobolev (1969), on the basis of a statistical analysis, distinguished 
a var iety of paragenetic types of calciferous amphiboles in metamorphic rocks. 
They concluded tha t  increasing pressure causes a slight increase in A1 vz, whereas 
increasing temperature  causes a slight increase in A1 Iv and alkalies. The postulated 
Ally increase with temperature is in contradiction to detailed investigations of 
Shido and Miyashiro (1959), Engel and Engel (1962), Binns (1965) and Bard 
(1970). These authors recognized slight increases of alkalies and Ti, and sometimes 
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significant decreases of A1 w and Fe 3+ with increasing metamorphic grade. This 
may be interpreted as a change from tschermakitic composition in the low- 
grade amphibolite facies versus pargasitic composition in the hornblende-granulite 
facies. On the other hand, in the greensehist facies actinolite is formed which 
rapidly must change composition versus tschermakite in the amphibolite facies. 
The rather complex dependance of the A1 content upon temperature, pressure, 
and chemical environment makes it difficult to use as an indicator of metamorphic 
grade. 

Increasing Ti contents are currently admitted to be favoured by rising tempe- 
rature. Shido and Miyashiro (1959), Binns (1965), and Bard (1970) recognized 
that  the pleochroic scheme of hornblende varies as metamorphic grade varies. 
The colour parallel n r changes from blue green, green, brown green to brown 
with increasing metamorphic grade. This change of colour is suggested to be 
caused by increasing Ti relative to Fe (Binns, 1965; Raase, 1972a). 

A1 and Si Contents of Hornblende from Different Metamorphic Facies Series 

Th AlvI and Si content of hornblendes from some regional metamorphic terrains 
which are petrographically welt-known is plotted in Fig. 1. The diagonal solid 
line in Fig. 1 is taken from Leake (1965) and indicates the maximum possible 
A1 w. I t  can be seen that  hornblendes from low-pressure regional metamorphic 
facies series from the central Abukuma plateau, Japan (Shido and Miyashiro, 
1959), the Sierra de Aracena, SW Spain (FabriCs, 1968; Bard, 1970), the Broken 
Hill district, New South Wales (Binns, 1965), and the Adirondack mountains~ 
New York (Engel and Engel, 1962), are relatively low in A1 vI and Si, and plot 
well below the line of maximum possible AlVL In these regional metamorphic 
ser~es andalusite or sillimanite and cordierite occur, whereas kyanite is absent. 
Probably the highest pressure was reached in the Adirondack mountains. Ac- 
cording to Engel and Engel (1962) the pressure should be in the range of 3-6 
kbar, according to Turner (1968) a pressure of 3-4 kilobars is probable. Pressures 
less than ca. 5 kbar seem not to be sufficient to form hornblendes with maximum 
A1 w content. Alw and Si of these hornblendes are below the broken line presum- 
ably drawn parallel to the line of maximum A1 w. 

Hornblendes from the Grampian Highlands, Scotland (Wiseman, 1934; Tilley, 
1938; Shido and Miyashiro, 1959), the St. Gotthard region, Swiss Alps (Steiger, 
1961), the Hohe Tauern, Austria (Paulitsch, 1948; Raith, 1971; Raase, 1972b), 
the Orange area, Massachusetts (l~obinson and Jaffe, 1969), the Black Hills, 
South Dakota (Raychaudhuri, 1964), and the Sanbagawa belt, Japan (Banno, 
1964), are formed at pressures probably above 5 kilobars. In pelitic rocks of these 
regions kyanite occurs. These hornblendes plot with great majority between the 
broken line and the line of maximum Alw in Fig. 1. 

Fig. 1 permits a rather good distinction between hornblendes of low-pressure 
type and of high-pressure type of regional metamorphism. Hornblendes plotting 
above the broken line in Fig. 1 should be formed at pressures above approx. 
5 kbar, and hornblendes below this line probably are formed at lower pressure. 
Some hornblendes plotting below the broken line may be formed at high pressure 
in rocks of exceptional composition. 
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Fig. 1. Relation between Al vI and Si of hornblendes (basis 23 O) from low-pressure regional 
metamorphic terrains (black symbols) and from high-pressure metamorphic terrains (open 
symbols and crosses). Symbols: ~' central Abukuma plateau, Japan (Shido and Miyashiro, 
1959); �9 Sierra de Aracena, SW Spain (FabriCs, 1968; Bard, 1970); r Broken Hill district, 
New South Wales (Binns, 1965); �9 Adirondack mountains, l~ew York (Engel and Engel, 
1962) ; o Grampian Highlands, Scotland (Wiseman, 1934; Tilley, 1938; Shido and 1V[iyashiro, 
1959; Matthews and Cheeney, 1968); [] St. Gotthard region, Swiss Alps (Steiger, 1961); 
A Hohe Tauern, Austria (Paulitsch, 1948; Raith, 1971; Raase, 1972b); V Orange area, 
Massachusetts (Robinson and Jaffe, 1969); O Black Hills, South Dakota (Raychaudhuri, 
1964); + Sanbagawa belt; Japan (Banno, 1964) 

Ti Contents of Hornblende in Relation to Metamorphic Grade 

Kostyuk  and Sobolev (1969) did distinguish different paragenetic types of horn- 
blende corresponding to different metamorphic facies and rock composition, but  
the overlapping of hornblende compositions in diagrams A1--Fe 4-Mn/Fe + lgg, 
Na-~  K A 1 -  (Na ~-K),  and AlIv-AlVI used by  them, generally is so large tha t  
it is impossible to relate a hornblende of a definite composition to a definite 
paragenetic type. A comparison of the composition of hornblendes from rocks 
of different metamorphic grade has shown tha t  the clearest variation which can 
be related to metamorphic grade, is displayed by  the Ti content. 

In  Fig. 2 the Ti content of hornblendes from rocks of different metamorphic 
Iaeies is represented. The following metamorphic facies have been distinguished: 

1. Greenschist-amphibolite transition facies (according to Turner, 1968), 
characterized by  epidote-amphibolites which may  contain albite or albite besides 
oligoclase. 
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Fig. 2. Histogram of Ti contents of hornblende (on basis of 23 O) in rocks of four metamorphic 
facies. As to the specification of the metamorphic facies see text. The distances between 
the metamorphic facies on the abscissa are arranged so that the maximum Ti contents give 
a straight line, drawn as broken line in the diagram. Reference of analyses used: Banno 
{1964), Bard (1970), Binns (1965), Compton (1958), Davidson (1971), Engel and Engel 
{1962), Eskola (1952), Holdaway (1965), Hutton (1940), Leelanandam (1970), Mason (1962), 
Matthews and Cheeney (1968), van der Plas and tItigi (1961), Raase (1972b), Raith (1971), 
Ray (1970), Raychaudhuri (1964), l~obinson and Jaffe {1969), Seitsaari (1953), Shido and 
Miyashiro (1959), Steiger (1961), Tilley (1938), Wiseman (1934) 

2. Low-grade amphibolite facies, with amphibolites containing oligoclase- 
andesine and pelitic rocks containing staurolite and kyanite where the pressure 
was high, and andalusite where the pressure was low. 

3. High-grade amphibolite facies, pelitic rocks containing sillimanite. 

4. Hornblcnde-granulite facies. 

Although there is some overlapping in Ti contents regarding neighbouring 
metamorphic facies, there is a clear trend of increasing Ti with metamorphic 
grade. The broken line in Fig. 2 presumably indicates the maximum possible Ti in 
hornblende of respective metamorphic facies. Values plotting above this line 
may come from hornblendes which have not been completely separated from 
inclusions of sphene, rutile or ilmenite, or may be errors in analysis. The variation 
of compositions below the broken line may be attributed to a deficiency of bulk 
rock composition in Ti, to the coexistence of different Ti-containing minerals 
with hornblende, and to the rough limitation of the metamorphic facies. Horn- 
blendes from different metamorphic facies series have been included in Fig. 2, 
because the pressure does not seem to influence the Ti-values significantly. The 
maximum possible Ti of hornblendes should be essentially a function of meta- 
morphic temperature. 



A1 and Ti Contents of Hornblende 235 

References 

Banno, S.: Petrologic studies on Sanbagawa crystalline schists in the Bessi-Ino district, 
central Sikoku, Japan. J. Fac. Sci. Univ. Tokyo, sect. I I  15, 203-319 (1964) 

Bard, J .P . :  Composition of hornblendes formed during the Hercynian progressive meta- 
morphism of the Aracena metamorphic belt (SW Spain). Contr. Mineral. and Petrol. 
28, 117-134 (1970) 

Binns, R. A.: The mineralogy of metamorphosed basic rocks from the Willyama complex, 
Broken Hill district, New South Wales. Part I. Hornblendes. Mineral. Mag. 35, 306-326 
(1965) 

Compton, R .R. :  Significance of amphibole paragenesis in the Bidwell Bar region, Cali- 
fornia. Am. Mineralogist 43, 890-907 (1958) 

Davidson, L. R. : Metamorphic hornblendes from basic granulites of the Quairading district, 
western Australia. Neues JaMb. Mineral., Monatsh. 1971, 344-359 

Engel, A. E. J., Engel, C. G.: Hornblendes formed during progressive metamorphism of 
amphibolites, northwest Adirondack Mountains, New York. Bull. Geol. Soc. Am. 7~, 
1499-1514 (1962) 

Eskola, P. : On the granulites of Lapland. Am. J. Sci., Bowen Vol., 133-171 (1952) 
Fabries, J. : Nature des hornblendes et type de m6tamorphisme. Pap. Proc. 5th Gem Meet., 

Cambridge (Engl.), 204-211 (1968) 
Holdaway, M. g.: Basic regional metamorphic rocks in part of the Klamath Mountains, 

northern California. Am. Mineralogist 50, 953-977 (1965) 
]-Iutton, C. O. : Metamorphism in the Lake Wakatipu region, western Otago, I~ew Zealand. 

Geol. Mere. New Zealand 5, 1-90 (1940) 
Kostyuk, E. A., Sobolev, V. S. : Paragenetic types of calciferous amphiboles of metamorphic 

rocks. Lithos 2, 67-82 (1969) 
Leake, B. E. : The relationship between tetrahedral aluminium and the maximum possible 

octahedral aluminium in natural calciferous and subcalciferous amphiboles. Am. Mine- 
ralogist 50, 843-851 (1965) 

Leake, B. E. : On alnminous and edenitic hornblendes. Mineral. Mag. 38, 389-407 (1971) 
Leelanandam, C.: Chemical mineralogy of hornblendes and biotites from the charnockitic 

rocks of Kondapalli, India. J. Petrol. 11, 475-506 (1970) 
Mason, B. : Metamorphism in the southern Alps of New Zealand. Bull. Am. Museum Nat. 

Hist. 123, 211-248 (1962) 
Matthews, D. W., Cheeney, R. F. : The metamorphic evolution of the Moine nappe in Skyc. 

Scot. J. Geol. 4, 20-30 (1968) 
Paulitseh, P. : Zwei Hornblenden aus Mctabasiten der Hochalm-Ankogelgruppe. Tschermaks 

Mineral. Petrog. Mitt., 3. Folge, 1, 14-18 (1948) 
Raase, P. : ~ber die F~rbung yon Hornblenden und die mineralogische Kennzeichnung yon 

Barroisit und Karinthin. Karinthin 66, 273-280 (1972a) 
Raase, P.: Petrographic und Geologie des oberen Zillergrundes und Sondergrnndes (Ziller- 

taler Alpen, 0sterreich). Diss. Univ. Kiel (1972b) 
Raith, M. : Seriengliederung und Metamorphose im 5stlichen Zillertaler Hauptkamm (Tirol, 

Osterreich). Verh. Geol. Bundesanstalt Wien, 163-207 (1971) 
Ray, S.: Significance of hornblende compositions from basic granulites of the type char- 

nockite area near Madras. Neues Jahrb. Mineral., Monatsh. 1970, 456-466 
Raychaudhuri, B. : Relation of atomic constitution to lattic parameters in some hornblendes 

from the Black Hills, South Dakota. Am. Mineralogist 49, 198-206 (1964) 
Robinson, P., Jaffe, H.W.:  Chemographic exploration of amphibole assemblages from 

central Massachusetts and south-western New Hampshire. Mineral. Soc. Am., Spee. Pap. 
2, 251-272 (1969) 

Seitsaari, J. : A bluegreen hornblende and its genesis from Tampere schist belt, Finland. 
Bull. Comm. Geol. Finlande 159, 83-98 (1953) 

Shido, F., Miyashiro, A. : Hornblende of basic metamorphic rocks, g. Fac. Sci. Univ. Tokyo, 
sect. II, 15, 85-102 (1959) 

Steiger, R. H. : Die Hornblende der Tremolaserie. Teil I. Chemismus und Dichte der Horn- 
blenden. Schweiz. Mineral. Petrog. Mitt. 41, 127-156 (1961) 



236 P. Raase 

Tilley, C. E.: The status of hornblende in low grade metamorphic zones of green schists. 
Geol. Mag. 75, 497-511 (1938) 

Turner, F. J. : Metamorphic petrology, 403 p. New York: McGraw Hill 1968 
Van der Plas, L., Hiigi, T.: A ferrian sodium-amphibole from Vals, Switzerland. Schweiz. 

Mineral. Petrog. Mitt. 41, 371-393 (1961) 
Wiseman, J. D. H. : The central and south-west Highland epidiorites: a study in progressive 

metamorphism. Quart. J. Geol. Soc. London 90, 354-417 (1934) 

Dr. P. Raase 
Mineralogiseh-Petrographisches Institut 
der Universitgt 
D-2300 Kid  
Olshausenstr. 40-60, B 1 
Federal Republic of Germany 


