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]. Introduction. 

3 ~ H E  south-eastern margin of the Glen Tilt complex I consists of a 
long strip of diorites with a number of small associated patches of  

rocks of appinitic type. Xenoliths, both of hornblendite and hornblende- 
schist, the la t ter  belonging to the Perthshire series of the Dalradian,  are 
found enclosed within the dioritic rocks, which range petrographical ly  
from diorite to qu 'mz-mica-dior i te .  In all these rocks hornblende is the  
most important  fcrromagnesian consti tuent  always predominating over 
pyroxene in the basic members and frequently persisting to the exclusion 
of biotite in the intermediate rocks of the intrusion. The hornblendes 
were examined chemically because of the difficulty of est imating their  
composition even from a thorough optical investigation. As they p lay  
such an impor tant  role in the complex it is considered tha t  they  may  
give some indication of the history and mode of formation of the rocks 
in which they  occur. Such a chemical investigation of a series of related 
hornblendes will also indicate the possible range of composition of 
common amphiboles within the diorites and related rocks of a single 
complex. 

Nine complete analyses of the hornblendes have been made, five from 
the appinites and diorites, one from a hornblendite xcnolith, one from a 

The geology of Upper Strathspey, Gaich and the Forest of Atholl. Mem. Geol. 
Surv. Scotland, Sheet 64, 1913. 
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hornblende-schist xenolitb, one from an iniected hornblende-schist, and 
finally one from unaltered hornblende-schists of the Perthshire series. 

Although a number of methods were tried in the separation of the 
hornblendes from the rest of the rock constituents, the following 
procedure was found to be the most efficient. In the case of the larger 
hornblendes from the appinites, and injected and xenolithie hornblende- 
schists, in which the crystals measured at least 0"25 by 0-25 cm. (analyses 
2, 4, 8, 9), they were first drilled as cleanly as possible from the other 
rock constituents using a dental drill. This provided a highly con- 
centrated fraction before crushing for the separation of included im- 
purities and small adhering particles. All iron-ore was then removed 
from the crushed material by an electromagnetic separator and prac- 
tically all the quartz and felspar by repeated fractional separations in 
bromoform. The heavier impurities, such as occasional grains of 
pyroxene and sphene were removed by continuous separation in methy- 
lene iodide. Finally, by adjusting a solution of methylene iodide and 
benzene until its specific gravity was just greater than that  of the horn- 
blende, and then just less than the hornblende, most of the composite 
grains were removed. In the ease of the smaller horn~olendcs (analyses 
1, 3, 5, 6, 7) the whole rock was crushed and many more separations 
were required to obtain a pure concentrate. In both groups, however, 
this fraction was never completely free from a number of composite 
grains. The most satisfactory method of removing the latter was to pick 
these unwanted grains out with a camel-hair brush under a biological 
dissecting or low-powered binocular microscope, and each grain was 
examined separately before being finally passed for analysis. The 
analyses were made on fractions weighing between 1-5 and 2"5 grams 
according to the difficulty or ease of obtaining a pure concentrate. This 
depended almost entirely on the grain-size required to obtain the 
maximum number of monomineralie grains, which varied from 0"25 to 
0"50 mm. according to the texture of the rock in which the hornblende 
occurred. 

II.  The Hornblende Analyses. 

The analyses of the hornblendes are given in table I together with 
their optical properties and specific gravity. The values for 2V and ~:c 
were measured on the universal stage, and the specific gravity was 
obtained by matching small grains with methylene iodide diluted with 
benzene and measuring the specific gravity of the liquid with a hydro- 
static balance. 

F 
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T A B L E  I .  A n a l y s i s  o f  h o r n b l e n d e s .  ( A n a l y s t  W .  A .  D e e r . )  

I .  2 .  3 .  4. 5. 6 ,  7. 8. 9. 
S iO~ . . . . . .  42 .11  4 3 .0 1  48-92  45-50  48-32  48"(.t6 44-23  44-15  47-14  
T iO~ . . .  2 ' 7 6  2"87 ] ,21  1-73 1-43 1-07 1"8l 3-73  1-74 
AlcOa . . .  10 .05  ] 2"01 5"88 9-66 6 .43  7 .85  ] 4-62 ] 0 . 59  (.)-44 
Fe.~Oa . . .  2 -82  3-35 6"50 6"06 5 .45  3-62 5 .11  54)2  3"66 
i f  cO  . . . . . .  1 5 . ] 4  9-07 7 .7 9  6 . 9 0  7-90 8-25 8 -94  8 . 8 9  8-38 
M n O  . . .  0 . 24  0 -19  0-17 0 . 1 8  0-13 0 .1 2  0-21 0. t 7  0 .11  
M g O  . . .  11-48  ] 4 . 0 0  14-32  1 4 .6 1  14 .82  1 5 ' 6 9  10-78  12-30  14"44 
C a O  . . .  11 .34  11"79 11-37  1 1 . 2 4  1 1 .9 9  11"90 1 0 - 8 l  11-80 10"53 
/~'a~O . . .  1 ' 01  1"08 1-20 1 .2 0  0 ' 9 9  1"04 1-51 1-26 1 .15  
K ~ O  . . . . . .  1-43 1-01 0 .7 1  0 . 9 2  0"67 0-53 0 .61  1"10 ] ' 30  
H ~ O + 1 0 5  ~ 2 -02  1"40 1 .37  1"73 1"61 0 -63  1 .42  0 . 9 5  2-00 
H ~ O - -  105  ~ . . .  0"06 0"06 0 -18  0 . 1 9  0 -06  0 -08  0 . 0 8  0"11 0"53 
F . . . . . .  - -  0 -84  0 . 2 7  t r a c e  t r a c e  1-41 0"22 0"84 - - -  

1 0 0 . 4 6  1 0 0 -6 8  99-89  99"92  99"80 101-15  1 0 0 . 3 5  100 .91  100"42 
L e s s  0 f o r  F . . .  - -  0 -36  0 .1 1  - -  - -  0 . 6 1  0 . 0 9  0 . 3 6  - -  

1 0 0 . 4 6  100-32  9 9 . 7 8  9 9 . 9 2  9 9 . 8 0  1 0 0 . 5 4  100-26  100-55  1 0 0 . 4 2  

S p .  g r  . . . .  3 -205  3"170 3 . 1 5 9  3 . 1 6 4  3"159 3 -160  3 -174  3 -176  3"162 

2 V  . . . . . .  66  ~ 7 0  ~ 7 8  ~ 77  ~ 7 6  ~ 75  ~ 70  ~ 71 ~ 74  ~ 
y : c . . . . . .  15 ~ 15  ~ 1 9  ~ 18  ~ 2 0  ~ 19  ~ 18  ~ 17 ~ 18  ~ 

. . . . . .  1 . 6 6 2  1 . 6 5 0  1 -643  1 . 6 5 1  1"653 1-651  1 -659  1 -654  1 .651  

. . . . . .  1"673 1 ' 6 6 4  1-655  1 . 6 6 0  1-663  1"662 1 . 6 7 0  1"665 1-661  
y . . .  . . .  1 . 6 8 0  1 . 6 7 2  1"664 1 .6 6 9  1 .671  1"670 1 .677  1 -673  1"669 
y - - ~  . . .  0 . 0 0 7  0 ' 0 0 8  0"009  0 . 0 0 9  0 -008  0 . 0 0 8  0 -007  0 - 0 0 8  0"008 
~, - -~  . . .  0 . 0 1 8  0"022  0"021 0 . 0 1 8  0 -0 1 8  0 -019  0 -018  0 . 0 1 9  0"018 

P l e o c h r o i s m .  

H o r n b l e n d e  f r o m :  a B y 
1. T y p i c a l  G l e n  T i l t  d i o r i t e  . . .  p a l e  y e l l o w - g r e e n  g r e e n i s h - y e l l o w  b r o w n i s h - g r e e n  
2.  C o a r s e  a p p i n i t e  ( l a r g e  

p h e n o e r y s t s )  . . .  p a l e  y e l l o w - b r o w n  b r o w n - y e l l o w  d a r k  y e l l o w - b r o w n  
3.  C o a r s e  a p p i n i t e  ( s l~a l l )  . . .  s t r a w  y e l l o w - g r e e n  g r e e n  
4.  P y r o x e n e - b e a r i n g  a p p i n i t e  p a l e  y e l l o w - b r o ~  l i g h t  y e l l o w - b r o w n  b r o w n i s h - y e l l o w  
5. Q u a r  t z - o r  t h o c l a s e - p l a g i o -  

c l a s e - h o r n b l e n d e - r o c k  . .  y e l l o w - g r e e n  p a l e  b r o w n  b r o w n  
6. Y i o r n b l e n d i t e  x e n o l i t h  . . .  s t r a w  y e l l o w - g r e e n  b r o w n i s h - g r e e n  
7. H g r n b l e n d e - s c h i s t  . . .  p a l e  y e l l o w - g r e e n  p a l e  g r e e n  g r e e n  
8. I n j e c t e d  h o r n b l e n d e - s c h i s t  p a l e  b r o w n  b r o w n  d a r k  b r o w n  
9. H o r n b l e n d e - s c h i s ~  x e n o l i t h  p a l e  b r o w n  b r o w n  d a r k  b r o w n  

The hornblende from the typical Glen Tilt diorite shows the greatest 
amount ofindividualityboth chemically and optically. I t  is distingnished 
from the hornblendes of the appinites by a very high percentage of 
ferrous iron and an extremely low F%O3/FeO ratio, and this high iron 
content is shown by the high specific gravity. Furthermore, it i s the only 
hornblende that  combines low silica with a moderately low alumina 
percentage, and finally the Na20/K20 ratio is very much less than in the 
other varieties. This distinct chemical constitution has resulted in the 
refractive indices being higher than those of the other hornblendes of 
the complex. This hornblende has been consistently developed in all the 
diorites without quartz or biotite, and in composition closely resembles 
a number of hornblendes from diorites and gabbros. 1 

i W. Kunitz, Neues Jahrb. Min., Abt. A. 1930, Beil.-Bd. 60, p. 245. [M.A. 4-200.] 



H O R N B L E N D E S  F R O M  G L E N  T I L T  59 

The hornblendes of the appinites and related quartz-orthoclase- 
plagioclase-hornblende-rock show a wide range of composition and vary 
with the formation-stage of the rock in which they occur. In the typical 
coarse appinite two distinct generations of hornblende occur. BrammalP 
has described from Malvern polyvarietal hornblendes from appinitic 
types which seem to be a feature of rocks of this nature. The earlier is 
a large brown hornblende set in a finer-grained matrix containing the 
later well-formed idiomorphic green hornblendes. The presence Of two 
distinct amphiboles in this appinite is sufficient to suggest that one is 
unstable. The large brown hornblendes are usually completely sur- 
rounded by plagioclase and are invariably rimmed by a narrow zone 
of green hornblende. In many cases this conversion of the brown to the 
green type has been very much more extensive and the brown horn- 
blendes show large areas of peripheral and sometimes internal replace- 
ment. This conversion from the brown to the green hornblende is 
frequently accompanied by the ejection of small granules of sphene, and 
the analyses show the brown to be more titaniferous than tile green 
hornblende. Their compositions are seen to be well contrasted, low 
silica and high alumina in the earlier-formed brown hornblende being 
replaced by high silica and low alumina in the green. There is also a 
marked change in the Fe203/FeO ratio, and the difference in titania has 
already been noticed. 

The hornblendes occurring as medium size phenocrysts in the appinite 
containing pyroxene (analysis 4) have a similar habit to the large brown 
hornblende of the coarse appinites. Peripheral conversion to a green 
hornblende is again common, but in this case there is only a little sphene 
ejected. Small green hornblendes are also present in the finer matrix and 
appear to be identical in optical properties and habit with the analysed 
small green hornblende of the coarse appinite (analysis 3). The instability 
of these phenocrystal hornblendes is again marked by their readiness to 
be converted to a green hornblende which is stable in the assemblage in 
which they occur. The main feature of their composition is their inter- 
mediate position between those of the brown and green hornblendes of 
the coarse appinite in the silica/alumina replacement ratio. 

In the hornblende from the quartz-orthoclase-plagioclase-hornblende- 
rock the stage has been reached in which the hornblende has become 
almost univarietal in a rock of appinitic type. The grain-size of the rock 
is also significant. I t  is one of uniform granular texture in which there is 
practically no distinction in the size of the hornblendes. Although there 

1 A. Brammall and J. G. C, Leech, read before Min. Soc., March 1936. 
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are some larger individuals showing pale brown cores with broad rims of 
green hornblende, no a t tempt  was made to separate.the green a n d  the 
b rown vi~rieties and the analysis (no. 5) represents the composite com- 
position of both hornblendes. Some of the:smaller hornblendes ~re also 
pate brown in colour. In spite o f  this composite nature, the analysis 
shows a striking comparision with the small green hornblende of the 
typical appinite. Silica is high and alumina low, the Fe203/FeO ratio 
is closely similar, and the TiOe, MgO, and CaO show equally close per~ 
centages. 

The hornblende from the hornblendite is seen to possess the characters 
of an amphibole of late formation, and shows close affinities with the 
small later-formed green hornblende of the appinites, and the mineral 
from the quartz-orthoelase-plagioclase-hornblende-rock. Compared with 
the average hornblendite 1 the analysis shows high silica and low alumina. 
The feature of the average hornblendite analysis is one of early horn- 
blende formation, and is closely comparable with both the analyses of 
the earlier-formed phenocrystal hornblende of the appinites, and the 
brown hornblende of the injected schists. Front these facts it seems 
probable tha t  the analysis of the hornblende of the hornblendite xeno- 
liths does not represent its original composition, but  shows that  it has 
since been converted to a form in equilibrium with the assemblage of the 
enclosing rock. The magma from which the hornblende 2 crystallizes for 
the formation of a hornblendite is undoubtedly basic in composition, and 
hornblendite analyses show that  the hornblendes are similar in type to 
the earlier hornblendes of the Glen Tilt complex. This conversion of the 
Glen Tilt hornblendite amphibole to a new variety stable in  this more 
acid assemblage is also shown where the hornblende detached from the 
xenoliths, and incorporated within quartz-diorite, is seen to be in equili- 
brium with the enclosing rock. 

The: green hornblende from the hornblende-schist (the one analysed 
was taken f r o m  the central unaffected portion of a large xenolith) 
presents quite a different composition from the other hornblendes. This 
is to be expected as it is in no way genetically connected with the rocks 
of the complex, and arises as a metamorphic product of regional move- 
meats prior to the emplacement of the intrusion. I t  is rich in  alumina 

1 R. A. Daly, Igneous rocks and the depth of the earth. New York, 1935. 
Average hornblendite: SiO~ 42.80, Ti02 1.62, AlsO 3 10.55, F%O~ 6.62, FeO 9.16, 
MnO 0.24, MgO 12.48, CaO 11.67, Na~O 1.89, K,,O 1-00, H20 1.73, p205 0.24. 

2 The hornblende of some hornblendites is not primary but results from the 
alteration of pyroxene; e.g. the davMnite at Garabal HilI (B. K. N. Wyllie and 
A. Scott, Geol. Mag., 1913, vol. 50, p. 503). 
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and correspondingly  poorer  in magnesia  than  the  igneous hornblende,  

and shows the  highest  ~Na20/K20 ratio.  The convers ion of this horn- 

blende under  two different  condi t ions  has been examined.  In  m a n y  

localities where the  hornblende-schis ts  form the  contact- rock,  or occur  

as large xenol i tbs  within the  grani te ,  large porphyroblas t ic  hornblendes  

are seen to  grow wi th in  the  body of the  schist and especially in p r o x i m i t y  

to the  narrow permea t ing  veins of volat i le-r ich emana t ions  f rom the  

grani te .  These porphyroblas t ic  hornblendes  lose the i r  green colour, 

deve lop  a pale  brown t int ,  and are  sieved wi th  m a n y  inclusions of  felspar. 

As these are expel led the  hornblende  develops a s t ronger  b rown colour 

and becomes more  and more idiomorphic.  The  chemical  changes in- 

vo lved  in this convers ion f rom the  green hornblende  of  t he  schist  to the  

newly-formed brown va r i e ty  show, f rom the  recalcula ted  analyses  com- 

pared  O n the  basis of  equal  volumes,  an increase of  TiO 2 1.9, M g O  t:-5, 

CaO 1.0, K20  0.5, F ,,a'~ o//o,, and  a decrease of  AI20 a 4-0, Na20 0.25, 

H20  0.45 % ;  while SiO2, Fe~O3, and  FeO remained  unchanged.  These  

recalcula ted analyses  are g iven under  A, B, C in tab le  I I .  

TABLE II. Recalculated analyses of hornblendes. 

A. B. C. I). E. 
SiO I . . . . . . . . .  43-91 44.12 44.07 46-95 44.58 
TiO 2 . . . . . . . . .  3.71 1-80 3.72 1-73 1.82 
A120 a . . . . . . . . .  10.53 14.58 10.57 9-40 14.73 
Fe203 . . . . . . . . .  5.00 5-10 5.01 3.65 5.15 
FeO . . . . . . . . .  8.84 8.92 8.88 8.34 9-01 
MnO . . . . . . . . .  0-17 0.21 0-17 0.11 0.21 
MgO . . . . . . . . .  12-24 10.76 12.28 14.38 10.87 
CaO . . . . . . . . .  I 1.73 10.79 11.77 10.48 10.90 
Na20 . . . . . . . . .  1.25 1.50 1.26 1.15 1.52 
K~O . . . . . . . . .  1-09 0.60 1.10 1-29 0-61 
HsOd- 105~ . . . . . . .  0-94 1.41 0.95 1.99 1.42 
H20-- 105 ~ C . . . . . . .  0"11 0-08 0-11 0.53 0-08 
F . . . . . . . . . . . .  0.83 0.22 0.84 -- 0.22 

100.35 100.09 100.73 100.00 101-12 
Less 0 for F . . . . . .  0.35 0-09 0.35 -- 0.09 

1004)0 1 0 0 - 0 0  100.38 100.00 101-03 

A. Analysis 8 recalculated to 100 o~). 
B. Analysis 7 recalculated to 100 %. 
C. Analysis 8 allowance made for the differences in specific gravity. 
D. Analysis 9 recalculated to 100 ~o. 
E. Analysis 7 allowance made for the differences in specific gravity. 

I t  is in teres t ing to compare  the  composi t ion of  the  b rown  hornb lende  

deve loped  in the  hornblende-schis t  p e r m e a t e d  by  grani te  veins  and t h a t  
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developed from hornhlende-sehist xenoliths enclosed in the diorite. Thase 
schist xenoliths develop a marginal zone rich in large brown hornblende 
phenocrysts. The fi)rmation of this new hornhlende results from the 
instability of the schist amphiboh~ under m~,gmatic conditions, and 
detached clots of this newly formed hornblende, which do not re~tdily 
lose their individuality when immersed in the diorite, indicate their 
comparative stability in the new environmcnt. The diorite l)enetrates 
along the laminae of the schist, and the newly formed brown horn- 
bh;ndes tend to be alined along these planes a~ well as ~lround the 
xenolithic margins. The conversion of the small, green schist hornblende 
t~) the brown takes place very rapidly as the margins or vei~).'; are 
approached, the transition usually being completed within 0"5 era. The 
composition of this hornblende shows a greater change than ~he brown 
hornblende of the permeated schists, but  its most significant fe~ture is 
that,  taken as a whole, it shows a closer resemblance to the hornblende 
of the diorite than the other hornblendes of the complex. The green 
hornble1~de of the schist and the a~mlyses of the newly-developed brown 
hornblende have been recalculated to 100"00(~/,) and compared on the 
basis of equal volumes. From the recalculated analyses (B, D, E, table 
]I) the following additions of material are seen: SiO 2 2-35, MgO 3"5, 
K~O 0-6, t120 0.6 '~, ; and the followi~g h)sses AI~O a 5.3, FeoO a 1.5, FeO 
0.75, Na~O 0.35, and CaO 0-4 '~,. 

I f  the three analyses are considered together and the brown horn- 
blende developed around the schist xenoliths regarded as the most 
advanced type, i.e. more stable in a diorite environment, the majority of 
the oxides show a progressive change. The most important movement of 
the oxides is a marked decrease in alumin~ which is counterbalanced by 
a corresponding increase in the magnesiapercentage. Other oxides show- 
ing a progressive change are FeO, F%Oa, Na,~O, MnO decreasing, and 
K oO increasing. Silica, titania, and lime appear to have no simple 
relationship. Although there is a gradual increase in the sum of the water 
and fluorine content, their mutual replacement does not appear to be 
at all systematic. 

I I I .  The Hornblendes, their Con~position a ~  Ge~tetical Relationships. 

The hornblende analyses have been plotted ou a trilinear diagram 
(fig. 1) in order to demonstrate graphically the difference between the 
earlier and later formed hornblendes and their relations with the born- 
blendes from the schist and hornblendite. The diagram emphasizes the 
difference between the large brown ' t)henocrystal ' hornblendes, whether 
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occurring in the permeate(1 schist, schist xeHolith.% or the typical appini- 
tic dcvclopment, ~,nd the smaller green hornblendcs either of the finer 
matrix of the aDpinites or that from the quartz-orthoclase-ph~gioclase 
hornblende-rock. This rock is considere(l from the available evidence 

d ot" the. 

/ 

No.,,O I K~O MgOIF~ 0 
FIo. l. Trilinear diagram showing the variation in the  molecular ratios A1203/ 

Fe2Oa-Na2()/K20-MgO/FeO of the  earlier- and  later-formed hornblendes.  The 
figures refer to the  numbers  in table [. 

to be derived from the hornblendite. From table I the two hornblendes 
from these two rocks are seen to be closely comparable, and the diagram 
shows that only a small movement towards the field of the later-formed 
hornblendes is necessary to convert the hornblendite amphibole to a 
variety stable in the new environment of the quartz-orthoclase-plagio- 
clase-hornblende-rock. The intermediate chemical position of the horn- 
blende from the medium-grained appinite between the fields of the 
brown and green hornblende is clearly seen and tile aluminous nature of 
the hornblende from tile schist and its brown injection derivatives, alter- 
ing with a progressive increase in the MgO/FeO ratio, is demonstrated. 
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Finally, the isolated character of the green hornblende from the ordinary 
diorite and its lack of genetic relationship with the other hornblendes is 
fully emphasized. The horablendes show that  the differences in chemical 
composition between the green and brown varieties, cicei)t the earlier- 
formed greenish-brown hornblende of the diorite, are a consistently 
higher silica percentage and lower alumina, total alkalis, and titania in 

r 
O9 il 

- T  

6. ' / ' I 

~ s. 4 i 

I I 

4~ ~9 5O 5r 52 53 54 $5 $4 .57 2B ,59 60 

FIG. 2. Diagram showing tile relationship between the silica per- 
ccnta.ge of the. hornblendes and of the rocks in which they are 
contained. 

the green, while the total iron is approximately the same in both horn- 
blendes. These results are in agreement with the averages of the main 
constituents in green and brown hornblendes presented by Graham. 1 

I t  will be seen from the analyses that  the silica percentage of the 
hornblendes tends to increase as the rock becomes richer in silica. A 
diagram showing the relationship of the silica percentage of the horn- 
blende and the parent rock is shown in fig. 2. Although there is no rigid 
relationship between the silica percentage of the hornblende and the 
rock in which it is formed there is no doubt that  an increase in the acidity 
of the parent rock tends to favour the development of a hornblende 
richer in silica. Of the plotted analyses which fall off the line showing 
this relationship only that  of the small green hornblende of the typical 

1 Vv. A. P. Graham, Amer. Min., 1926, vol. ll, p. 121. [M.A. 3-294.] 
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appinite has been precipitated from even a 'part ial '  magma, and from 
a general exanfination of the rock is inferred to be of later formation, 
developed at a stage comparal)le with that of tile quartz-orthoclase- 
plagioclase-hornblende-rock. The brown hornblende of the typical 
appinite results from the alteration of the original hornblende, whereas 
the green hornblende is a direct product of the hybridizing 'magma '  
and tile xenolithic rock either hornblendite or hornblende-schist. The 
small green hornblende is in equilibrium with this later fraction of the 
rock, that  is, with the felspar, but, is at a more advanced stage than that  
represented by the bulk analysis of the rock. This conclusion is 
strengthened by the diagram, which shows that  the hornblende would 
be more closely related to a rock of approximately 58 ~ silica. I t  was 
suggested in discussing the 'reaction'  hornblende of the schist xenolith 
enclosed in the quartz-mien-diorite, that  the more extensive ehange, 
compared with the newly-developed hornblende in the injected schist, 
was due to an at tempt to produce a hornblende in equilibrium with the 
quartz-mien-diorite. From the above diagram it is seen that the silica 
percentage of the rock should contain between 55 o/,) and 56 o//o silica, and 
this is very close to the actual composition of theanalysed quartz-mien- 
diorite3 The silica percentage of the brown porphyroblastic hornblende 
developed in the injeeted schists indicates possible stability within 
the silica variation of the appinites. This is not surprising in view of 
the fact that  at least some of the appinite types are derived from the 
alteration of hornblende-schists. Graham (lot. eit., p. 119), in discussing 
the chemical composition of hornblendes from eight different rock 
families, showed that the silica is high and the alumina low in typical 
hornblendes from granites. This has also been noticed in tile late-stage 
hornblende from the Cairnsmore complex. 2 

A significant feature of the hornblendes of the Glen Tilt rocks is the 
almost constant percentage of total iron oxides, and except for the horn- 
blende from the diorite (anal. 1) the extreme variation is from 11"87 to 
14"29 }/o. I t  is well known that the MgO/FeO ratio is higher in the solid 
phase than in the liquid phase with which it is in equilibrium, and con- 
sequently that  differentiation will proceed in the direction of a low 
MgO/FeO ratio. This differentiation trend has not been effective in the 
development of the Glen Tilt hornblendes, and although analyses 3, 4, 

1 Si() 2 56.73 ~ o for the quartz-mica-diorite of the  Glen Tilt complex. A description 
of the  diorites and associated rocks of this  complex will be published later. 

W. A. Deer, Note on a pegmati t ic  hornblende from the Cairnsmore complex. 
Geol. Mag. London,  1937, vol. 74, pp. 359-361. [M.A. 7-25.] 
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and. 6 do show a slightly higher total  iron content than the rest there is 
no decrease in the MgO/FeO ratio. This fall in tile ratio MgO/FeO has 
been observed by ] tur lbut  I in the hornblendes from tile Bonsall tonali te,  
California. Basing his results on tile refractive indices of hornblendes in 
altered gabbro xenoliths, now of dioritic composition, immersed in tona- 
lite, he states tha t  the ' d a t a  show a close relation between the various 
hornblendes, but  indicate tha t  the hornblendes of the inclusions a r e  
higher in magnesia and lower in iron than those of the tonal i te ' .  The 
absence of this t rend in the hornblendes of Glen Tilt is no doubt  to be 
conela ted  with their development in rocks not formed under conditions 
of ordinary crystallization-differentiation. The major i ty  have not  formed 
from a magma of the composition now represented by the rock in which 
they  occur, and it has also been shown tha t  some are not  in equilibrium 
with the assemblage in which they  occur. 

IV. Crystal Chemistry of the Hornblendes. 
Although Warren has confirmed the early work of Schaller ~ giving the 

formula of t remoli te  as H2Ca~Mgs(Si0s) s the s ta tement  of Bowen and 
Posnjak a tha t  the amphibole question is probably  finally solved seems 
to be somewhat premature.  The hornblende analyses have been cal- 
culated according to Warren 's  4 formula 

(OH,F)~(Na,CaK,)2_a (Mg,Fe",Fe'",Ti,Mn,A1) 5 [(Si,A1)sO ~] 

derived from a s tudy of the crystal-structure of tremolite,  5 and ex- 
tended to include the common hornblendes, t ha t  is, on a basis of  
24(O,OH,F) atoms to the unlt  cell. The formulae derived from these 
calculations are listed below. This type  formula had also been developed 
by Kunitz  6 for certain amphiboles, but  this agreement between the 
earlier chemical s tudy and the later X-ray  investigation is not  so well 
maintained by the general amphibole formula proposed by  Machatschki7 
XYa(Si,AI)4(O,OH,F)I2, in which X represents Ca ++ and Na +, with a 
l i t t le K +, and perhaps Mn++, and Y represents Mg ++, Fe++, A1 +++, 
and Mn +++. 

i C. S. Hurlbut, Amer. Min., 1935, r 20, p. 622. [M.A. 6-223.] 
2 W. T. Schaller, Bull. U.S. Geol. Surv., 1916, no. 610, p. 136. [M.A. 1-258.] 
3 N. L. Bowen and E. Posnjak, Amer. Journ. ~i . ,  1931, ser. 5, vol. 22, p. 201. 

[M.A. 5-103.l 
4 B. E. Warren, Zeits. Krist., 1930, vo]. 72, pp. 493-517. [M.A. 4-278.] 
6 B. E. Warren, Zeits. Krist., 1929, vol. 72, p. 42. [M.A. r 
6 W. Kunitz, Neu~ Jahrb. Min., Abt. A, 1930, Beil.-Bd. 60, pp. 20(}, 206. [M.A. 

4 -200.  ] 
7 F. Machatschki, Zeits. Krist., 1929, vol. 71, p. 222. [M.A. 4-202.] 
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SiOz . . . . . .  

AI.() a . . . . . .  

's 2 . . . . . .  
F%()~ . . . . . .  
Fe(I  . . . . . .  
MnO . . . . . .  
MgO . . . . . .  
CaO . . . . . .  
N%O . . . . . .  
K20 . . . . . .  
[l,z()4- ... 
H :O- -  ... 
I ~a . . . . . .  

Less .O for F ... 

TAIILI': l l I .  ( 'al(.ulation of fl)rmulae of hornl)h,ndes nos. 1-9. 

Wt .  %.  No. of metM Wt,  %.  No. of metal  
a toms  on basis a toms  on basis 
of 24(O,OH,F).  of 24(O,OH,F).  

Hornbhm(ie no. 1. Hornblende  no. 2. 
42.11 6-31-I / 8 (~) 43.01 6.288 ) 

I1 '686 /~"  " 12-01 2 .062/1 '71218"00 1o.05 1 776/0.090 ] (0.3501 
2.76 0,311 2.87 0.314 
') .8 "~- 0"319 ~ 3-35 0.368 ~,)v..21 

15.14 1.896 5.21 9.07 1.109 ) ) 0.24 1).031 0.19 0-023 
I 1.48 2.565 14.IX) 3.049 
l 1.34 1.822 ) 11-7(,) 1.845 

1.01 0.294 / 2.39 1.08 0-306 1 2.34 
1-43 0-274 1.01 0-188 
2.02 2.018 } 1.40 1.364 } 
0 0 6  --- 2.02 0.06 - -  1.75 
- -  - -  0.84 0.386 

1 (X).46 1 (X~.68 
- -  0.36 

100.46 100.32 

SiO2 . . . . . .  

AI~() s . . . . . .  

Ti() 2 . . . . . .  
Fe203 . . . . . .  
FeO . . . . . .  
Mn() . . . . . .  
MgO . . . . . .  
CaO . . . . . .  " 
N~,O . . . . . .  
K~O . . . . . .  
H, ,O+  ... 
11~0 . . . .  
F . . . . . .  

Less O for F ... 

Hornblende 1]O, 3. Hornb leude  no, 4. 

48.92 7-155 / 0-845)~ 8.00 45.50 6.630 11.370 ,} 8.00 

5-88 1 .Ol0/0 '165 9.66 1.654 �9 
1.21 0-1"~3 / 1.73 0.189(0"284 / 

6.50 0.715 6 . 0 6 0 . 6 6 3  
7.79 0.952 t5 .11  6-90 0.840 / 5 . 1 7  
0.17 0.021 0.18 0-022 

14.32 3.120 14.61 3.171 

I / 1.20 0.339 2.25 1.20 0.338 2.26 
0.71 0-132 0-92 0.172 
1-37 1-335 ] 1.73 1.68l l 
0.18 - - / 1.46 0.19 - -  / 1.68 
0.27 0.123 trace - -  

99.89 99.92 
0-11 

99.78 99.92 
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SiOz . . . . . .  

AlcOa . . . . . .  

T iO 2 . . . . . .  
F % 0 3  . . . . . .  
FeO  . . . . . .  
MnO . . . . . .  
MgO . . . . . . .  
CaO . . . . . .  
Na~O . . . . . .  
K~O ! .  . . . . .  
H 2 0 +  ... 
H s O - -  ,.. 

Less  O for F ... 

TABLE I I I  (continued). 

Wt.  %.  No. of m e t a l  
a t o m s  on bas i s  
of  24(O,OH,F) .  

H o r n b l e n d e  no. 5. 

48-32 

6-43 

1 . 4 3  

5"45 
7.90 
0.13 

14.82 
11-99 

0,99 
0"67 
1-61 
0.06 

t r a c e  

99-80 

7 -044 / 
10.956 J 8.00 1.1o! 

0-156 
0.597 

5-10 
0-964 
0-016 
3.218 
1-871 
0.280 2.28 
0-124 
1.565 } 

- -  1 - 5 7  

99-80 

Wt.  %.  No. of m e t a l  
a t o m s  on  bas is  
of 24(O,OH,F) .  

H o r n b l e n d e  no.  6. 
48-96 7.068 / . . . .  

1 2.q9 ~0"932! 7.851.o7 o77 t~ 
3.62 0.394 
8-25 0.995 ~5-29  
0.12 0.015 ) 

15.69 3.373 
11-90 1.840 

1.04 0.291 i 2-23 
0-53 0.097 
0.63 0-607 } 
0-08 - -  1.25 
1.41 0.642 

101.15 
0.61 

100.54 

SiO~ . . . . . . .  

A120a . . . . . .  

T iO 2 . . . . . .  
Fe208 ... 
F e O  . . . . . .  
MnO . . . . . .  
MgO . . . . . .  
CaO . . . . . .  
N a 2 0  . . . . . .  
K 2 0  . . . . . .  
H 2 0 +  . . . .  
H 2 0  . . . . .  
F . . . . . .  

Less  0 for  F ... 

H o r n b l e n d e  no.  7. 
44.23 6.436 

8.0O 
t 1-564 1 

14.62 2.498 [0.934. 

1 . 8 1  

5-11 
8.94 
0.21 

10.78 
10.81 

1 . 5 1  

0.61 
1 . 4 2  

0.08 
0.22 

100.35 
0-09 

0-198 
0.559 

5 .14  
1.087 
0.026 
2.337 
1-685 
0.424 2.22 
0.114 
1.377 

- -  1 . 4 8  

0-105 

H o r n b l e n d e  no.  8. 
44.15 

10'59 

3"73 
5-02 
8.89 
0.17 

12.30 
11.80 

1.26 
1 . 1 0  

0"95 
0-11 
0-84 

100-91 
0"36 

6.491 
8-00 

0-411 
0"555 

5 .09  
1-091 
0.021 
2.694 
1-858 
0.359 2.42 
0-207 
0"930 

- -  1 . 3 4  

0.406 

100.26 100.55 
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TAULE IlI  (continued). 

\VI.  ~ . X o .  o f n 1 ( ' l a l  
H t O l l l S  O11 [ } a s i s  

of 2I{(),OH,F). 
Hornblende no. 9. 

Si O ._, . . . . . .  , t7 .14 

Al.,i)a ... !)'44 

Ti( }'a . . . . . .  1 "74 
F%()a ... 3.(~(J 
FeO . . . . . .  8-38 
MnO . . . . . .  0,11 
MgO . . . . . .  14.44 
CaO . . . . . .  10.53 
Na20 ... 1.15 
KoO . . . . . .  1 .:)0 
H ~ ( ) +  . . .  2.(X) 
H oO --- ... 0"53 
F . . . . . .  - -  

100.42 

6.813 
} 8 oo 

1.5,)7/lo'l~tT) ' ' 

0-188 
0.3!)7 ~5.13 
14)13  

0-013 
3.109 
] -629 
0-321 2.19 
0.240 
1-927 

- -  1 .93  

6 9  

In  his work on the crystal-structure and chemical composition of the 
monoclinic amphiboles Warren (loc. cir., 1930, pp. 508-509) stated that  
the excess in the value of the (Na,Ca,K) group greater than 2"0, as 

determined for trcmolite, depends on the amount  of aluminium replacing 
silicon in the tetrahc(]ral chains, and that  in those hornblendes where 
approximately one quarter of the silicon is replaced by aluminium the 
value of tile (X) group (Na,Ca,K) becomes nearly 3'0. Although this is 
tile case with some hornblendes (e.g. those chosen by Warren and in- 
cluded in his table, p. 506) it is far from being a general rule as seen by 
a number of recent hornblende analyses. 1 This is clearly the case of the 
Glen Tilt minerals, for although they show a very slight general tendency 
to increase the value of the (X) group from 2-0 towards 3"0 with increas- 

ing replacement of silicon by aluminium there is no close relationship 
between these two factors. In the general case the value of the (X) 
group does not appear to be dependent so much on the silicon/a!uminium 
replacement as on t he  percentage of alkalis in the hornblende composi- 

tion. Tile amount  of lime in the constitution, not only of common horn- 
blende but  also of tremolite and actinolite, tends to be almost constant, 
so tha t  any increase in the percentage of total alkalis is effective in 
increasing the value of the (X) group, and this is the case of those 

J. D. W. Wiseman. Quart. Journ. Geol. Soe. London., 193.t, vol. 90, pp. 368- 
369, 382- 384 [M.A. 6-224.]; S. R.. Noekolds, Geol. Mag. London, 1935, vol. 72, 
p. 310; and others. 
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analyses chosen by Warren. The Glen Tilt hornblendes show a relative]y 
constant and moderately low amount of total alkalis, but ~t considerable 
range of alumina, with a consequently small variation in the value of 
the (X) group for very larger difference of silicon/aluminium replace- 
ments. 

The distinction between the earlier- and later-formed hornblendes of 
the complex is seen in the varying values of the replacements listed 
below : 

Hornblendes. 
I. 2. 3. 4. 5. 6. 7. 8. 9. 

A. 1-69 1-71 0"85 1-37 0-96 0-93 1.56 1-51 1-19 
13. 0"09 0.35 0.16 0.28 0-14 0-40 0.93 0.32 0.41 
C. 0.39 0.34 0.25 0-26 0-28 0-23 0.22 0.42 0.19 

A. Aluminium replacing silicon. 
B. Aluminium replacing magnesium. 
C. Excess of (X) group over 2. 

The table indicates the very rough correlation between the increasing 
value of the (X) group with the increasing replacement of silicon by 
aluminium. The isolated position of the hornblende from the normal 
diorite is seen in the very high replacement of silicon by aluminium, 
and the low replacement of magnesium. I t  emphasizes the sympathetic 
decrease in the MgO and FeO in the conversion of the green hornblende 
from the schist to the brown hornblendes of the injected schists, and the 
convergence of these towards the structure and composition of the later- 
formed hornblendes. This is especially marked in the ' react ion '  horn- 
blende developed at the margin of the schist xenolith in the quartz-mica- 
diorite (no. 9). 

There are only two relationships which the hornblende composition 
must satisfy: the first is the hornblende crystal-structure; the second, 
tha t  the total positive and negative valencies must balance. The occupa- 
tion of the vacant  AA'  positions of Warren (loc. cir., 1930, p. 512) in the 
tremolite structure by alkalis is of course insufficient in itself to balance 
the negative valency excess caused by the replacement of silicon by 
aluminium. This was demonstrated graphically by plotting the amount  
of aluminium replacing silicon against the excess of the value of the (X) 
g-roup over 2.0 from a large number of analyses from Doelter, 1 Kunitz 
(loc. cit., pp. 244-245), and others, and in ordy two cases was the balance 
obtained, solely by the increase of the (X) group. A selection of the 
formulae obtained from these analyses showing the replacement values 

x c. Doelter, Handbuch der Mineralchemie, 1!114, vol. 2, pt. l, pp. 610--620. 
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is g iven below. The deficiency of positive ious is, however,  fur ther  com- 
pensa ted  by the replacement  of d ivalent  magnes ium by sesquioxides 
and  t e t r ava len t  t i t an ium.  This is usual ly ~lightly offset by the replace- 
m e n t  of d iva lent  calcium by univale i i t  alkalis when the value for Ca ++ 
is less t h a n  2"0. 

I. (OH)I. s (Ca, &c.)2 Na0. 3 ?r &c.4. 5 (Fe"',Ti,A1)o. ~ [(Sir.rAlo.9) 032]. 
II. (OH),. 6 (Ca, &c.)2 Na0.7 Mg, &c.4. ~ (Fe'",Ti,A1)0. s [(Sis.3All.7) O2z ]. 

III. (OH)I. 4 (Ca, &c.)2 Nao. 7 Mg, &c.4.1 (Fe",Ti,A1)l. 1 [(Si6.3All.7) 022]. 
IV. (OH) 2 (Ca, &c.)2 Na0. 5 Mg, &c..t. 5 (Fe'",Ti,A1)0. 7 [(Si6.4All.s) 0~2]. 

V. (OH) 2 (Ca, &e.)2 Na0.4 Mg, &c.4. ~ (Fe",Ti,A1)0., [(Si6.4All.~) 0,2]. 
VI. (OH)z (Ca, &c.)~ Na0. 7 Mg, &e.4. 2 (Fe'",Ti,A1)t. 0 [(Si6.4All.6) 02~]. 

VII. (OH).2.1 (Ca, &e.)2 Na0. 3 Mg, &c.a.2 {Fe'*',Ti,A1)l.7 [(Sis.3AlrT) O~,]. 
VIII. (OH)I. 9 (Ca, &c.), Na0. 5 Mg, &c.4-x (Fc'",Ti,A1)o.9 [(Si6.7Alx.~) Ozz]. 

IX. (OH),.s (Ca, &e.)~ Na0. ~ Mg, &c.z.~ (Fe'",Ti,A1)l. ~ [(Si~.aAl~.~) Oz~ ]. 
X. (OH)t. s (Ca, &e.), Na0. z Mg, &C.*'* (Fc'",Ti,A1)o., [(Sir'0A1) O~]. 

Nos. I-VI are from Kunitz's hornblende analyses (loc. cir., p. 245) nos. 4-9 
respectively. 

No. VII. Doelter, p. 620. Hornblende from diorite. Schwarzcnberg, Vosges. 
No. VIII. Doclter, p. 619. Hornblende from hornblende-gabbro. Beaver Creek, 

California. 
No. IX. Doelter, p. 619. Hornblende from anorthite-diorite-schist. Kremstal, 

Austria. 
No. X. Doelter, p. 614. Hornblende from quartz-diorite. Mount Hoffman, 

California. 

The value of the  (Y) group in  the  common hornb lende  is cons is tent ly  
higher t h a n  the  va lue  5 for the  t remoli te  s t ructure ,  and  i t  seems l ikely 
t ha t  some of the  v a c a n t  AA'  positions m a y  be occupied by  ions of the  
(Y) group. This high value  of the  (Y) group is significant and  also 
appears  to be related to the  va lue  of the  hydroxyl-f luor ine group. 
War ren  (loe. cit., 1930, p. 516) has commented  on the  possibi l i ty  t h a t  in  
cases in which there has been a large rep lacement  of magnes ium by 
sesquioxides and  t i t a n i u m  t h e  (OH,F) group m a y  be par t ly  replaced b y  
oxygen.  I n  such cases the  value of the  (Y) group is usual ly  considerably  

greater  t h a n  5.0 and  the  va lue  of (OH,F) well below 2.0. ~ The replace- 
m e n t  of O H -  and  F -  by 0 .... t hen  becomes necessary to m a i n t a i n  the  

E. S. Larsen, J. Irving, F. A. Gonyer, and E. S. Larsen (3rd), Amer. Min., 1937, 
voI. 22, p. 898. [M.A. 7-31.] Three ~nalyses of hornblendes from the TertiarY 
volcanic rocks of the San Juan region, Colorado, support this suggestion. The 
authors state that if Fe" is replaced by Fe'" some replacement, such as OH by 0, 
must take place, a fact which is confirmed by the analyses, the formulae of which 
are given below: 

1. (OH,F)o. ~ {Ca,Na)2.a (Mg,Fe',Fe",Mn,Ti,A1).~.~ [(Si,A1)s 0~]. 
2. (OH,F)1. ~ (Ca,Na)~.~ (Mg,~e',Fe'",Mn,Ti,A1)~ [(Si,A1)s O~]. 
3. (OH)0. s (Ca,Na)~.~ (Mg,Fe',Fe",Mn,Ti,A1)a.~ [(Si,A1)s Ozz], 
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chemical valency which is upset by  the introduction of ~ddit ional  ions 
in the (Y) group. This becomes more obvious in the ease of the basalt ic  
hornblendes and the anhydrous amphiboles which show characterist i-  
cally a very low value for the (OH,F) group, and a consistently large 
replacement  of magnesium by t i tan ium and ferric iron. This oxygen/  
hydroxyl  replacement is accepted by  Berman and Larsen, 1 who write 
the hornblende formula, showing the limits of replacement as : 

(O,OH,F)2(Ca,Nae)Na0_ 1, Mg,(Mg,Al,&c.)~(A1,Si)2(Sis022), 

bu t  the restriction of the minimum value for silicon to 6.0 does not  
appear  to hold in the case of some basaltic homblendes.  2 

V. The Relationship of the Optical Properties and Chemical 
Composition. 

The s tudy of the Glen Til t  amphiboles shows tha t  the hornb|endes 
remain the most difficult series of tile common rock-forming minerals 
to est imate chemically from their  optical properties. Nevertheless, some 
indication of their  consti tution can be obtained from the optical proper- 
ties and especially from the refractive indices. The most impor tan t  
factor effecting the refractive indices is the magnesia/ferrous iron ratio.  
Billings 3 has shown tha t  the optical properties of fermaghastingsite and 
magnesiohastingsite are largely determined by  this ratio. Wi th  increas- 
ing ferrous iron the refractive indices as well as the specific gravi ty  
increase, and these changes are accompanied by  a decrease in the  
optic axial angle. These optical  effects are also described by  Marcher 4 in 
the hornblendes from the Waldviertel ,  Austria. Ford ' s  5 investigations 
and Wiseman's  s tudy (loc. cit., p. 384) of hornblendes under conditions 
of progressive metamorphism conform to this general rule. Barnes s also 
observed tha t  the conversion of green hornblende to brown h o r n b l e n d e  
on heating was accompanied by  a decrease in the extinction-angle (}, : c). 
This is seen in the relationship of the green and brown hornblendes of  
the Glen Tilt  complex. 

1 tt. Berman and E. S. Larsen, Amer. Min., 1931, vol. 16, p. 142. [M.A. 5-216.] 
Y. Kawano~ Proc. Imp. Aead. Tokyo, 1934, vol. 10. pp. 349-352. [M.A. 6-190.] 

Analysis of basaltic hornblende : 
SiO~ 38-30, TiO~ 6.06, AlsOa 12.87, Fe20 a 7.98, FeO 6-96, MnO 0.12, MgO 11-79, 

CaO 10.47, Na20 3-11, KeO 1.30, H2Oq- 1.10, F 0.05, giving the formula: 
(OH,F)lq (Ca,Na,K)2. s (Mg,Fe",Fe'",Mn,Ti)s.1 [(Sis. 7 AI~.a)02~]. 

a M. Billings, Amer. Min., 1928, vol. 13, p. 292. [M.A. 4-39.] 
4 A. Marchet, Min. Petr. Mitt. (Tschermak), 1925, vol. 38, p. 494. [M.A. 3-82.] 
5 W. E. Ford, Amer. Journ. Sci., 1914, ser. 4, vol. 37, p. 179. 
6 V. E. Barnes, Amer. Min., 1930, vol. 15, p. 393. [M,A. 4-391.] 



HOR~BLENDES :FROM GLEN TILT 73 

The ratio of ferric to ferrous iron does not appear to be as important  
as the MgO/FeO ratio in the common hornblendes ( compareFord ' s  
diagram, p, 192). This ratio, however, becomes increasingly important  
in the case of the basaltic and oxyhornblendes. The ferric/ferrous iron 
ratios of the Glen Tilt hornblendes have been plotted on Barnes' diagram 
(loc. cir., p. 413) showing the relationship between ferrous and ferric 
iron in analysed samples of common, basaltic, and heated hornblendes. 
They all fall in the common hornblende fieht, although in numbers 3 and 
4 the ferrous/ferric ratio approaches unity. The ratio Fe" /Fe" '  does not  
appear to become important in effecting the optical properties until the 
Fe '"/Fe '"  ratio is at  least 2/1. The most difficult oxides to estimate from 
the optical properties are silica and alumina. This is illustrated by 
analyses 2, 5, 6, in which the values for a and ~ are very similar but in 
which the silica and alumina percentages vary considerably. On the 
whole, increasing refractive index in hornblendes of diorites indicates an 
increase in alumina and a decrease in silica (see Ford's diagrams 1 and 
2, p. 183). The increase of refractive index in the hornblendes of granites 
is usually due to a large increase in iron and not the increase in  the 
silica/alumina ratio that  accompanies it. Lime is very constant in value 
in all the common hornblendes and has no obvious influence on the 
refractive index. 

VI. The Colour of the Hornblendes. 

The question of the colour of the hornblcndes still remains an unsolved 
problem. Although it is quite evident that  the ratio Fe2Oa/FeO becomes 
important  in the heated oxyhornblendes, 1 the change from green t o  
brown hornblende is quite independent of this ratio in naturally occur- 
ring minerals. The Fe2Oa/FeO ratio is increased in the green hornblendes 
of Glen Tilt, and in two recent analyses of green hornblende from the 
Purcell sills, British Columbia,: the ratio approaches 2:1. Graham (loc. 
cit., p. 121) has also stressed the relative unimportance of the state of 
the iron oxidation and its influence on the optical properties of horn- 
blende. In a general study of green minerals MacCarthy 3 has shown tha t  
although the majority of green minerals are distinctly ferrous, tha t  this 
is by no means always true, and a fair number of ferric minerals are 
evident. 

1 V. E. Barnes, loc. cir., p. 413; W. A. P. Graham, loc. cir., p. 122; A. Belovsky, 
~eucs Jahrb. Min., 1891, p: 291. 

2 H. M. A. Price, Amer. Min., 1935, vol. 20, p. 308. [M.A. 6-119. l 
3 G. R. MacCarthy, Amer. Min., 1926, vol. ll, p. 321. [M.A. 4-251.] 
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The most noticeable increase in the conversion of the green hornblende 
of the schist to a deep brown hornblende in the permeated portions of 
the schist is the increase::in titania. Winchell 1 and Graham (loc. cir., 
p. 121) have already suggested that  the differences o• green and brown 
hornblendes lies in the amount of titanium occurring as TiO 2 and Ti20 a. 
The correlation between a brown colour and a high titanium content is 
supported by the general characteristics of basaltic hornblendes. The 
specific increase or decrease of titanimn is not, however, the only decid- 
ing factor. This is seen in the brown 'reaction' hornblende, of the horn- 
blende-schist xenoliths immersed in the quartz-mica-diorite in which 
the change from green to brown hornblende is unaccompanied by any 
increase in the percentage of titania. In the greenish-brown hornblendes 
of the appinites the large range of tint developed with a corresponding 
difference in chemical composition, the increase in the brown component 
does appear to be accompanied by an increase in the titanium percen- 
tage. This increase in the greenish-brown hornblendes has been noticed 
by Nockolds, 2 but in those hornblendes of the Glen Tilt complex with 
a well-developed deep green colour this correlation does not hold. This 
suggests that  the colour problem of the hornblendes does not rest simply 
on the percentage of any one constituent, but rather on the type of ions 
in the hornblende structure, and is probably dependant on the state of 
the titanium oxidation as Ti '"  or Ti '" ' .  

This study was carried out in the Department of Mineralogy and 
Petrology, Cambridge, and the writer wishes to thank Professor C. E. 
Tiltey for his encouragement and interest during the progress of the 
work. 

1 A. N. WincheR, Amer. Journ.  Sci., 1924, ser. 5, vol. 7, p. 303. [M.A. 2-304.] 
2 S. g .  Nockolds, personal communication. 


