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Chemical data on a silica-poor argillaceous hornfels and its 
constituent minerals. 

By F. H. STEWART, B.Sc., Ph.D. 

[Read June 4, 1942.] 

T HE hornfels discussed here was collected from Sparcraigs, near Whitecairns, 
eight miles to the north of Aberdeen, very close to the eastern contact of the 

basic igneous intrusion of Belhelvie. The Highland Schists of the district are 
very poorly exposed, but at this locality there are a few small isolated outcrops 
of high-grade hornfels, nearly all silica-poor types, with garnet, spinel, hypersthene, 
cordierite, plagioclase, and biotite as their chief mineral constituents. The 
actual contact is obscured, but the igneous rock, an olivine-gabbro, is exposed 
at about twenty yards from the hornfels. 

FIG. 1. Garnet-spinel-eordierite-plagioclase-biotite-hornfels. 
Sparcraigs, Belhelvie, Aberdeenshire. • 15. 

The hornfels on which this work has been done forms a fairly homogeneous 
band, about a foot in thickness, associated with closely related types. Fresh 
deep-red garnets, up to five millimetres in diameter, are scattered fairly evenly 
through the rock, and are set in a dark fine-grained base. The constituent 
minerals are garnet, spinel, cordierite, plagioclase, biotite, magnetite, and 
pyrrhotine, with a very little sillimanite and some orthoclase. In slice (fig. 1), 
the garnet forms large porphyroblasts, their rims crowded with small biotite 
flakes and iron-ore grains, with a few irregular grains of spinel. The interiors 
are relatively free from inclusions, but may contain patches of biotite flakes and 
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i ron-ore  crystals .  A few smal l  id ioblas t ic  ga r ne t s  occur  in  t h e  g roundmass .  
Deep-green  spinel  forms i r regu la r  m i c r opo r phy r ob l a s t i c  gra ins ,  u p  to  0.4 ram.  
in  d iamete r ,  d i s t r i bu t ed  even ly  t h r o u g h  t he  slice, a n d  of ten  assoc ia ted  w i t h  i ron-  
ore. The  f iner -gra ined  g r o u n d m a s s  is composed  chiefly of  a b u n d a n t  b io t i te ,  
cordier i te ,  a n d  plagioclase,  w i t h  smal l  gra ins  of  spinel  a n d  ore. The  cord ier i te  
is o f t en  sec tor - twinned ,  a n d  shows few haloes.  I t  is op t i ca l ly  posi t ive.  The  
plagioclase  is andes ine - l abrador i t e ,  a b o u t  A b l A n  1, a n d  is o f t en  u n t w i n n e d .  
Some or thoclase  has  been  obse rved  in th i s  g roundmass ,  a n d  a few t i n y  silli- 
m a n i t e  needles. 

A n  analys is  of  th i s  rock  is g iven  in t ab l e  I, w i t h  t h e  m e a s u r e d  m i n e r a l  pro-  
por t ions .  As  i t  was  f o u n d  imposs ib le  to  measu re  t h e  r e l a t ive  p ropo r t i ons  of  
cord ier i te  a n d  plagioclase,  t he  plagioclase pe rcen t age  was ca lcu la ted  f rom t h e  
va lues  for CaO a n d  N a 2 0  in t h e  analysis .  This  was d e d u c t e d  f rom the  m e a s u r e d  
pe rcen t age  of t h e  colourless cons t i tuen t s ,  a n d  t h e  r e m a i n d e r  was a l lo t t ed  to  
cordier i te ,  t he  smal l  a m o u n t  of  or thoclase  be ing  neglected.  

The  ga rne t ,  spinel,  cordier i te ,  a n d  b io t i t e  of th i s  hornfels  h a v e  been  s e p a r a t e d  
a n d  ana lysed ,  a n d  t h e  analyses  a n d  a tomic  p ropor t i ons  are  shown  in  t ab les  I I - V ,  
w i t h  t h e  opt ica l  p roper t i e s  of t he  minera ls .  The  g a r n e t  was  s e p a r a t e d  b y  h a n d -  
p ick ing  a n d  b y  t h e  centr i fuge.  The  spinel  was s e p a r a t e d  b y  cen t r i fug ing  wi th  

TABLE I. Garnet-spinel-cordierite-plagioclase-biotite-hornfels, Sparcraigs, Belhelvie, 
Aberdeenshire. (Analyst, F. H. Stewar~.) 

Measured mineral proportions. 
SiO~ . . . . . . . . .  40.77 Na~O . . . . . .  1'09 Garnet . . . . . . . . .  11 
Ti02 . . . . . . . . .  2.13 K20 . . . . . .  2.73 Spinel and ore . . . . . .  6 
AI~O a . . . . . .  25.90 H20 + . . . . . .  0.97 Biotite . . . . . . . . .  42 
Fe208 . . . . . .  1-02 H~O-- . . . . . .  0"26 Cordierite 21 
FeO . . . . . . . . .  17.52 P206 . . . . . .  0-02 Plagioclase(ealculated i" 20 
MnO . . . . . . . . .  0.24 Total . . . . . . . . .  99.67 100 
MgO . . . . . . . . .  4.95 
CaO . . . . . . . . .  2.07 

TABLE II. Garnet from silica-poor hornfels, Spareraigs, Belhelvie, Aberdeenshire. 

SiO~ ... 
TiO~ ... 
-M~Os 
Fe20s 
FeO ... 
MnO ... 
MgO ... 
CaO ... 

Total 

(Analyst, F. H. Stewart.) 

Molecular No. of metal atoms to 
Wt. ~ .  ratios. 12 oxygens. 

. . . . . .  36.56 ... 0.6087 Si . . . . . .  2.948 / 

. . . . . .  0.51 ... 0.0064 Ti ... 0.031 j 2.979 
. . . . . .  21.07 ... 0-2067 A1 . . . . . .  2.001 
. . . . . .  0.47 ... 0.0029 Fe '~ . . . . . .  0.028 ] 2.029 
. . . . . .  33-51 ... 0.4665 Fe ~ . . . . . .  2.259~ 
. . . . . .  1.81 ... 0-0255 Mn ... 0.124~ 
. . . . . .  3.97 ... 0.0982 Mg ... 0.476[ 2-998 
. . . . . .  1.6__ ! ... 0-0287 Ca . . . . . .  0-139) 
. . . . . .  99.51 0 . . . . . .  12.000 

Almandine 
Pyrope ... 
Spessartine 
Grossular 
Andradite 

77.85 
13.26 
4.24 n ... 
3.04 Sp. gr. 
1.61 

... 1.801=t=0.002 (Na) 

... 4.12 
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Clerici  s o l u t i o n ,  b u t  i t  w a s  f o u n d  i m p o s s i b l e  t o  f ree  t h e  m a t e r i a l  f r o m  c o m p o s i t e  

g a r n e t - s p i n e l  g r a i n s ,  a n d  t h e  a n a l y s i s  h a s  b e e n  r e c a l c u l a t e d  a f t e r  s u b t r a c t i o n  

o f  t h e  g a r n e t  i m p u r i t y  (see t a b l e  I I I ) .  T h e  c o r d i e r i t e  a n d  b i o t i t e  we re  s e p a r a t e d  

b y  t h e  c e n t r i f u g e  a n d  t h e  E v a n s ' s  e l e c t r o m a g n e t i c  s e p a r a t o r  (Min .  Mag . ,  1939,  

vo l .  25,  p.  474) ,  a n d  t h e  a n a l y s e d  m a t e r i a l  w a s  p r a c t i c a l l y  f r e e  f r o m  i m p u r i t i e s .  

T h e  r e f r a c t o r y  n a t u r e  o f  t h e  sp i ne l  m a d e  t h e  d e t e r m i n a t i o n  o f  F e O  r a t h e r  

d i f f icul t .  T h e  n o r m a l  m e t h o d  w a s  u s e d  ( W a s h i n g t o n ,  1930,  p p .  2 1 3 - 2 1 6 ) ,  t h e  

m i n e r a l  b e i n g  d e c o m p o s e d  b y  H F  a n d  H 2 S O  4. T e n  d e t e r m i n a t i o n s  w e r e  m a d e ,  

u s i n g  0 .05  g r a m  o f  m a t e r i a l  fo r  e a c h .  I n  al l  c a s e s  t h e r e  w a s  i n c o m p l e t e  d e c o m -  

p o s i t i o n ,  a n d  t h e  r e s i d u e s  w e r e  f i l te red ,  w a s h e d ,  a n d  t r e a t e d  a g a i n .  I n  e a c h  

d e t e r m i n a t i o n  t h e r e  w a s  c o m p l e t e  d e c o m p o s i t i o n  a f t e r  t h e  t h i r d  t r e a t m e n t .  T h e  

v a l u e s  o b t a i n e d  v a r i e d  b e t w e e n  37-51 a n d  35.79,  w i t h  a n  a v e r a g e  v a l u e  o f  36 .50  % .  

SiOz 
TiO~ 
AI203 
Fe20a 
FeO 
MnO 
MgO 
CaO 

Total  

n 
Sp. gr. 

TABLE III .  Spinel (hercynite) from silica-poor hornfels, Spareraigs, Bel/aelvie, Aberdeen- 
shire. (Analyst ,  F. H. Stewart.) 

Wt .  O/o recalculated 
after subtract ion Molecular No. of  meta l  a toms 

Wt.  ~o. of  garne t  impuri ty ,  ratios, to 4 oxygens. 
. . . . . .  2-69 . . . . . .  - -  ... - -  
. . . . . .  0.63 . . . . . .  0.64 ... 0-0080 Ti ... 0.014 
. . . . . .  50.56 ... 53.02 ... 0.5201 A1 1.824~ 1"994 
. . . . . .  6"62 . . . . . .  7.12 ... 0.0446 Fe"  0"156/ 
. . . . . .  36.50 ... 36.83 ... 0.5127 Fe n ... 0"899~ 
. . . . . .  0.16 . . . . . .  0.02 ... 0.0003 Mn 0.001 ~ 1.003 
. . . . . .  2.48 . . . . . .  2.37 ... 0.0588 Mg 0.103 .~ 
. . . . . .  0.10 . . . . . .  - -  ,.. - -  0 . . .  4 , 0 0 0  

. . . . . .  99.74 . . . . . .  100-00 

... > 1-80 

... 4-21. 

The only impur i ty  was garnet,  the  composition of which was calculated (on the  basis of  
2"69 % Si02) f rom the  analysis in table II.  

TABLE IV. Cordierite, f rom silica-poor hornfels, Spareraigs, Belhclvie, Aberdeenshire.  
(Analyst ,  F.  H. Stewart.) 

Molecular 
Wt.  %. ratios. 

SiO~ . . . . . . . . . . . .  47"69 ... 0"7940 
TiO 2 . . . . . . . . . . . .  trace ... - -  
A1203 . . . . . . . . .  32.52 ... 0-3190 
Fez03 . . . . . . . . .  0"63 ... 0.0039 
FeO . . . . . . . . . . . .  8.04 ... 0.1119 
MnO . . . . . . . . . . . .  0.04 ... 0"0006 
MgO . . . . . . . . . . . .  7"56 ... 0-1875 
CaO .: . . . . . . . . . .  0-52 ... 0.0093 
Na~O . . . . . . . . .  0"53 ... 0.0085 
K 2 0  . . . . . . . . . . . .  0.42 ... 0-0045 
H 2 0 +  . . . . . . . . .  1.85 ... 0.1027 
H~O-- . . . . . . . . .  0"55 ... 0"0305 

Total  . . . . . . . . .  100"35 

c~ . . . . . . . . .  1.538 
. . . . . .  1.542 ~ -~ 0.0o2 
. . . . . .  1.547, I (sodium-light) 

No. of  meta l  a toms to 
18 oxygens. 

Si 
Al 
F e  ,~' 

]~e u 
lVln 
Mg 
Ca 
0 
Na~O 
K 2 0  

4.987 I 
. . . . . .  ~ 5.000 
. . . . . .  4.OO7 
. . . . . .  0.049~ 4.043 

. . . . . .  0-703~ 

. . . . . .  0.004 

. . . . . .  1 .178/1 .943  

. . . . . .  0.058 ! 

. . . . . .  18.000 

. . . . . .  0.053 

. . . . . .  0.028 

. . . . . .  0-837 

2V ... 
Sp. gr  . . . .  

0.009 
... 84% positive 
... 2-64 



SILICA-POOR ARGILLACEOUS HORNFELS 

TABLE V. Biotite, from silica-poor hornfels, Sparcraigs, Belhelvie, Aberdeenshire. 
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(Analyst, F. H. Stewart.) 

Molecular No. of metal atoms to 
Wt. %. ratios. 12 (O,OH,F). 

Si02 . . . . . . . . . . . .  34.87 0"5806 Si 2.665) . . . . . .  "'" ~r 4"00 0 
TiO, . . . . . . . . . . . .  5"12 ... 0'0641 A1 . . . . . .  1"782,~ 
AI, O 3 . . . . . . . . .  19"79 ... 0"1941 Ti . . . . . .  0-294] 
Fe20 a . . . . . . . . . . . .  1.72 ... 0-0108 Fe 'r' . . . . . .  0.099/, 

2.823 FeO . . . . . . . . . . . .  17.79 ... 0-2477 Fen . . . . . .  1-137[ 
MnO . . . . . . . . . . . .  0-02 ... 0.0003 Mn . . . . . .  0 .001|  
MgO . . . . . . . . . . . .  7.42 ... 0.1841 Mg . . . . . .  0-845 / 
CaO . . . . . . . . . . . .  0-54 ... 0.0096 Ca . . . . . .  0-044~ 
Na20 . . . . . . . . . . . .  0.67 ... 0.0108 Na . . . . . .  0-099 1 0.940 
KaO . . . . . . . . . . . .  8.18 ... 0-0868 K . . . . . .  0.797) 
H20% . . . . . . . . .  2.89 ... 0.1604 OH . . . . . .  1.472/ 
H20-- . . . . . . . . .  0.29 ... 0.0161 F . . . . . .  0.i01 J 1-573 
F . . . . . . . . . . . .  0.42 ... 0.0110 

Total . . . . . . . . .  99.72 
Less 0 for F . . . . . .  0.I8 

99.54 

a . . . . . . . . .  1.603 / 
. . .  1 . 6 6 o /  • 

�9 "'" (sodium-light) 
~, . . . . . .  1.661 / 
~,--a . . . . . . . . .  0.058 

a Light yellow 

~ } Brown with reddish tinge 

I n  each  of  these  four  minera l s  FeO  a n d  MgO m a y  replace  each  o ther ,  a n d  i t  is 
v e r y  i n t e r e s t i ng  to  n o t e  t he  se lect ive  d i s t r i b u t i o n  of these  cons t i tuen t s .  The  
FeO:  MgO ra t ios  are  shown  in  t ab l e  VI ,  w i t h  t h e  weigh t  percentages .  

TABLE VI. 

Wt. ~ Wt. ~/o Weight Molecular Wt. ~ 
geO. MgO. FeO :MgO. FeO :MgO. F%Oa. 

Spinel . . . . . .  36"83 2.37 15"54 8.72 7-12 
Garnet . . . . . .  33.51 3-97 8.44 4.75 0.47 
Biotite . . . . . .  17.79 7.42 2.40 1.35 1.72 
Cordierite . . . . . .  8.04 7-56 1.06 0.60 0.63 

The  F e O :  MgO ra t io  in  t h e  spinel  is r e m a r k a b l y  high,  a n d  i f  we i nc luded  
Fe2Oa, w h i c h  is g iven  in  co lumn  five, i t  would  be  cons iderab ly  h ighe r  sti l l  in  
r e l a t i on  to  t h e  ra t ios  in  t h e  o the r  minera ls .  A da rk -g reen  spinel  f rom a n  a luminous  
xeno l i t h  in  thole i i te  f rom Mull (Thomas ,  1922, p. 247) is cons ide rab ly  more  
magnes i an ,  b u t  con ta ins  qu i t e  a large a m o u n t  of  Fe203 (4-26 %) .  

The  a b o v e  resu l t s  are  c o m p a r a b l e  to  those  o b t a i n e d  b y  Fol insbee  (1941a, 
p.  52) f r o m  the  minera l s  of a n  in jec t ion-gneiss  nea r  G r e a t  S lave  Lake .  H e  f o u n d  
t h a t  t h e  ga rne t ,  cordieri te ,  a n d  b io t i te  of th i s  rock  h a d  t he  fol lowing compos i t ions :  

Garnet . . . . . .  24.0 ~o MgaAl~SiaOl~, 74"0 ~ F%A12SiaOI~ 
Biotite . . . . . .  39"9 ~ KMgaA1Si3Olo(OH)2, 60"1% KFe,A1SiaO10(OH)~ 
Cordierite . . . . . .  61"0 ~/o MgsA14SisOls, 39.0 ~o Fe2A14Si6Ols 

The  g a r n e t  a n d  cordier i te  .were ana lysed ,  a n d  t h e  compos i t ion  of t h e  b io t i t e  was  
o b t a i n e d  b y  ' o p t i c a l  ana lys i s ' .  The  ra t ios  agree  fa i r ly  well  w i t h  those  of  t h e  
Belhe lv ie  minera ls ,  a l t hough  t h e  g a r n e t  is more  magnes ian ,  a n d  t h e  b io t i t e  
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sl ight ly less so, while the  cordieri te  has a lmost  t he  same rat io  as the  Belhelvie  
eordierite.  

I t  m a y  be noted  t h a t  pract ica l ly  all the  M n 0  of the  Sparcraigs hornfels is 
conta ined  in the  garnet :  

Garnet. Spinel. Cordierite. Biotite. 
Wt. % MnO . . . . . .  1.81 0"02 0.04 0"02 

This is of  in teres t  in view of the  fact  t h a t  TiUey (1926) has suggested t h a t  high 
manganese  con ten t  promotes  the  format ion  of  garne t  in peli t ic  contact-zones.  
The manganese  conten t  of  this  garne t  is, of  course, compara t ive ly  low, and i t  is 
considered t h a t  o ther  factors have  p layed  theia  pa r t  in p romot ing  its fo rmat ion  
in this  par t icular  case. The  wri ter  hopes to discuss this  ques t ion in a la ter  
communicat ion.  

The Ti02, as would  be expected,  is chiefly conta ined in the  bioti te,  wh ich  
differs f rom most  analysed biot i tes  in the  combina t ion  of  high TiO2 and high 
A120 a. Only  two analyses of  b iot i te  f rom the rma l ly  me tamorphosed  rocks have  
been found in the  l i t e r a tu re - -one  f rom the  Oslo dis t r ic t  (Lang, 1886, p. 318), 
and the  o ther  f rom a cordieri te-biot i te-hornfels  f rom J a p a n  (Tsuboi, 1938, 
p. 128). These analyses show high A1203, b u t  compara t ive ly  low TiO 2 content .  
The  FeO:  MgO molecular  ratios are:  Oslo, 1.52 ; Belhelvie,  1.35 ; J apan ,  0.96. 

The  cordieri te  of  this  rock is peculiar  in being an opt ical ly  posi t ive var ie ty .  
Twelve  records and six anaiyses of posi t ive cordieri tes have  been found in the  
l i terature ,  and  five of these  analyses are g iven in table  VI I .  The s ixth (Chacko, 
1916) is not  quoted ,  as i t  shows 5.65 ~ F % O  3. 

TABLE VII. Optically positive cordierites. 

A. B. C. I). E. F. 
SiO~ . . . . . . . . .  48"37 50"09 50.15 47"96 48-19 47"69 
Ti02 . . . . . . . . .  - -  - -  0"38 nil 0.01 trace 
A120a . . . . . . . . . .  29.22 31-78 33.07 31.52 33-45 32.52 
FezOa . . . . . . . . .  2"20 0"78 1.52 1.03 0-55 0.63 
FeO . . . . . . . . .  7-07 ~71 2.22 3.24 8-40 8.04 
MnO . . . . . . . . .  0.42 nil 0.12 1.09 0.18 0.04 
MgO . . . . . . . . .  9.54 6.69 11.01 12.16 7.95 7.56 
CaO . . . . . . . . .  1.92 - -  0-29 nil 0.17 0.52 
Na20 . . . . . . . . .  - -  - -  0.14 0-33 0"22 0"53 
K20 . . . . . . . . .  - -  0"07 0"08 trace 0.02 0.42 
H~O . . . . . . . . .  1-84 1.43 1.46 2-80 0.68 2.40 

Total . . . . . .  100.58 99.55 1 0 0 . 4 4  100.13 99.82 100.35 

Sp. gr . . . . . . .  2.598 2.65 2.588 - -  2.631 2.64 
2V v . . . . . . . . .  81-95 ~ 88 ~ 31' 88 ~ 6' 76 ~ 85-95 ~ 84 ~ 
r . . . . . . . . .  - -  1.543 1.527 1-534 1.544 1.538 
fl . . . . . . . . .  - -  1:548 1.532 - -  1.550 1.542 

. . . . . . . . .  - -  1.553 1.538 1-543 1-556 1.547 
7--~ . . . . . .  - -  0.010 0.011 0.009 0.012 0-009 

A. Madura district, Madras, India (Krishnan, I924). 
B. Santavuori, Ilmajoki, Finland (Pehrman, 1932). 
C. Attu, Finland (Pehrman, 1932). 
]). Cape Denison, Antarctica (Tilley, 1940). 
E. Great Slave Lake (Folinsbee, 194' ). 
F. Sparcraigs, Belhelvie. 
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These analyses show a wide variation in chemical composition. C and D are 
highly magnesian types, and agree with the suggestions of Shibata (1936, 
pp. 223-224) and Winchell (1937, pp. 1176-1177) that iron-poor cordierites may 
be optically positive, although their optic axiM angles give points which lie rather 
above the curves in the diagrams given by these authors. The other cordierites 
of table vii, however, are much richer in iron, and on the basis of the diagrams 
of Shibata and Winehell they should have negative axial angles of about 45-50 ~ 
The analyses can all be closely matched by analyses of negative cordierite, and 
the total variation ranges of the oxides are roughly the same in both cases. The 
optically positive cordierites show a tendency to have lower refractive indices 
and birefringence than negative types of similar MgO: FeO ratio, and Folinsbee 
(1941b) suggests that this is due to a low alkali and high alkali-earth content 
in the positive types. However, it seems rather unlikely that an increase in 
alkali-content would have the effect of raising the indices and birefringenee in 
a ferromagnesian mineral like cordierite, and from an examination of the avail- 
able data the writer cannot agree with this suggestion. A comparison of the 
analyses E and F, which have very similar FeO: MgO ratios, points rather in the 
opposite direction, but the low water-content of analysis E is perhaps the deciding 
factor in this case. Folinsbee has suggested that the variation of the optic axial 
angle may largely depend on the content of alkalis and lime, and gives diagrams 
to show that the optic axial angle decreases with increase of alkalis and with 
decrease of lime. He finally obtains a curve showing a marked decrease of optic 
axiM angle with increase of NanO+K20--CaO. When analyses D and F of 
table VII are plotted on this diagram, it is found that their axial angles are 
25-30 ~ too high, and in view of the small number of points plotted, and the fact 
that they are considerably scattered, the shape of the curve depends almost 
entirely on one isolated point at the alkali-rich end. The writer considers that 
the data are insufficient for determination of the true relations. 

I t  appears, then, that no single replacement series can account for the anomalous 
variation of the optic axial angle. There are so many variables in the cordierite 
formula that the scarcity of complete and reliable analyses makes it impossible 
to solve the problem at present. 1 

The writer wishes to thank Professor C. E. Tilley for advice and criticism. The 
work was carried out at the Department of Mineralogy and Petrology, Cambridge, 
during the tenure of a Carnegie Research Scholarship. 
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