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Abstract. Twenty-two hornblendes separated from am- 
phibolites and granulites of the Grenville Orogen of On- 
tario have been quantitatively analyzed for major and 
minor elements by electron microprobe, for FeO/Fe203 
by wet chemistry, and for H20 by manometric measure- 
ment as H2. Hornblende formulae were calculated on 
the basis of 24 O + OH + C1 + F. Most samples are mag- 
nesio-hornblcndcs, ferroan pargasitic hornblendes and 
ferroan hastingsitic hornblendes, with weight fractions 
of Fc3+/(Fe2++Fe 3+) ranging from 0.15 to 0.50. An 
oxy-amphibole component of 0~5  mol%, with an aver- 
age value of 17 mol%, is obtained for these complete 
analyses. When compared with structural formulae de- 
termined solely from microprobe data, normalization 
based on 13 = Si + Ti + A1 + Fe + Mn + Mg cations pro- 
vides the best approximation to hornblende formulae 
calculated from the complete analyses. Less satisfactory 
agreement is obtained from a normalization scheme 
based on 1 5 = S i + T i + A l + F e + M n + M g + C a ,  while 
worst agreement is obtained from normalization to 
23 oxygens assuming all Fe is Fe z +. NO normalization 
scheme based on microprobe data alone consistently rep- 
licates the measured FeO, F%O3, and H20; accurate 
determination of these values requires complete chemical 
analyses. Ionic solution models previously have been 
proposed to evaluate the activity of CazMgsSi8 
Oz2(OH)2 (aTrem) in hornblende for use in equilibria that 
constrain the activity of H20 (aH2o) in igneous and meta- 
morphic rocks. Application of ionic models to typical 
hornblendes produces low a~rcm (usually < 0.01), conse- 
quently yielding extremely low an2 o. If an oxy-amphi- 
bole component is present, the calculated aTrem and H20 
is further reduced. An oxy-amphibole component of 
25% reduces the calculated H20 activity and that of 
any hydroxyl-amphibole component by 50% below that 
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calculated with simplified assumptions regarding X-on in 
the hydroxyl site (i.e., Xon= 1, or XoH= 1 -  J ( c l - X v ) .  
Thus, methods of amphibole normalizations appear to 
have a substantial effect on calculated amphibole and 
H20 activites. Before quantitative hornblende thermo- 
barometry can be calibrated and applied, the amounts 
of FeO, F%O3 and H20 must be measured in order 
to fully characterize hornblende solid solutions. 

Introduction 

Hornblende is commonly present in many high-grade 
metamorphic rocks, including marie to felsic granulites 
which are generally thought to have equilibrated under 
conditions of PHeO<Ptota I (e.g., Bohlen et al. 1980; Val- 
ley et al. 1983, 1990; Edwards and Essene 1988; Lamb 
and Valley 1988). The composition of hornblende may 
ultimately be used to constrain the metamorphic PH2o 
if accurate formulae and activity-composition ( a -X)  re- 
lations are available for hornblende solid solutions. 
While realistic a - X  models for complex minerals such 
as hornblende have yet to be developed, it is possible 
to determine accurate hornblende formulae if complete 
chemical analyses are available. However, most petro- 
logic studies that include hornblende in calculations of 
phase equilibria are based on hornblende formulae de- 
rived from incomplete electron-microprobe analyses. 

Because hornblendes usually contain some ferric iron, 
as well as ferrous iron and hydroxyl ion, accurate horn- 
blende formulae require accurate measurements or reli- 
able estimates of these ions (Leake 1968). Before elec- 
tron-microprobe analyses became commonplace, horn- 
blende compositions were determined by a variety of 
wet chemical techniques on mineral separates that usual- 
ly included measurement of SiO2, TiO2, A1203, Fe203, 
FeO, MnO, MgO, CaO, Na20, Kz O and H20, in addi- 
tion to measurements of C12 and F2 (e.g., Leake 1968). 
Such analyses of hornblende usually accounted for the 
significant cations and anions, and a formula was calcu- 
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la ted  on the basis  o f  2 4 = O + O H + C l + F  (e.g., Dee r  
et al. 1963). W i t h  the adven t  o f  m o d e r n  e lec t ron  mic ro-  
p robes ,  wet  chemica l  ana lyses  o f  mine ra l  separa tes  have  
become  exceedingly  rare ,  as d a t a  can  be o b t a i n e d  r ap id ly  
wi th  much  less ef for t ;  nea r ly  all  recent  s tudies  r e p o r t  
h o r n b l e n d e  f o r m u l a e  es t ima ted  f rom e lec t ron-micro-  
p r o b e  d a t a  a lone.  A ser ious  s h o r t c o m i n g  o f  the e lec t ron  
m i c r o p r o b e  when used  to ana lyze  complex  O H -  and  
i r on -bea r ing  minera ls ,  such as ho rnb lende ,  is its inab i l i ty  
to  measu re  H 2 0  and  to discern F e  z + f rom Fe  3 +. Never-  
theless,  mos t  e l e c t r o n - m i c r o p r o b e  ana lyses  o f  horn -  
b lende  con t inue  to be pub l i shed  wi th  s t ruc tura l  f o r m u l a e  
r e p o r t e d  on the basis  o f  23 oxygens  as suming  tha t  all 
Fe is Fe 2+ (for careful  d iscuss ions  o f  the  l imi ta t ions  o f  
this  m e t h o d ,  cf. S tou t  1972; R o b i n s o n  et al. 1982). 

In  a recent  expe r imen ta l  s tudy,  Clowe et  al. (1988) 
measu red  the FezO3/FeO ra t io  o f  na tu ra l  amp h ibo l e s  
annea led  a t  750 ~ C in air  a n d  650 ~ C at  1 kbar ,  showing  
tha t  this ra t io  varies  wi th  the fo~ o f  the expe r imen t  and  
is expe r imen ta l ly  reversible.  =['he well k n o w n  reac t ion  
is: 

2 Fe2+(OH)2  (in a m p h i b o l e ) =  
2 Fe 3 + O ( O H )  (in amph ibo l e )  + H2, 

which is a measu re  of.fo~ only  at  f ixed fn~o- A l t h o u g h  
Clowe et al. (1988) d id  no t  de t e rmine  d i rec t ly  the H 2 0  
con ten t s  o f  thei r  amph ibo l e s ,  va r i a t i on  in F % O 3 / F e O  
is re la ted  to c o n c o m i t a n t  va r i a t i on  in O / O H  by the 
above  reac t ion .  However ,  the O H  es t ima ted  in their  am-  
ph ibo les  is l ikely to  have  sys temat ic  e r rors  as the s ta r t ing  
mate r i a l s  were a s sumed  to ca r ry  s to ich iomet r i c  a m o u n t s  
o f  O H ,  and  the a m o u n t s  o f  O H  in the  run  p roduc t s  
were ca lcu la t ed  re la t ive  to the a s sumed  O H  in the s tar t -  
ing mater ia l s .  As  ye t  the  F e / O a / F e O  ra t io  in na tu r a l  
a m ph ibo l e s  c a n n o t  be re la ted  to the  fn2/T at  the t ime 
o f  last  equ i l ib ra t ion  wi thou t  a direct  d e t e r m i n a t i o n  o f  
O / O H  and  a comprehens ive  mix ing  model .  

We r e p o r t  comple t e  chemica l  analyses  o f  22 meta -  
m o r p h i c  ho rnb l endes  tha t  were  s epa ra t ed  f rom amph i -  
bol i tes  and  tona l i t i c  gneisses.  The  h o r n b l e n d e  fo rmu lae  
de t e rmined  on the basis  o f  24 = O  + O H +  C I +  F are  
c o m p a r e d  to f o r m u l a e  ca lcu la ted  us ing  e lec t ron-micro-  
p r o b e  d a t a  a lone.  The  c o m m o n  m e t h o d  o f  no rma l i z ing  
m i c r o p r o b e  d a t a  to 23 oxygens  while a s suming  tha t  all  
Fe is Fe z+ is shown to have  large  sys temat ic  errors ,  
and  m o r e  re l iable  ca t ion  n o r m a l i z a t i o n  schemes are  sug- 
gested.  Moreove r ,  based  on the inferred OH,  F ,  C1, and  
O occupanc ies  in the  O H  sites o f  the  hornb lendes ,  we 
conc lude  tha t  H 2 0  act ivi t ies  ca lcu la ted  f rom h o r n b l e n d e  
equi l ib r ia  m a y  be gross ly  in e r ror  even i f  the accuracies  
o f  the  so lu t ion  mode l s  for  h o r n b l e n d e s  can  o therwise  
be improved .  

Analytical techniques 

The hornblendes examined in this study initially were purified for 
a geochronological investigation using organic heavy-liquid, mag- 
netic-separation, and hand-picking techniques (Cosca et al. 1991). 
Based on optical evaluation, the purity of the mineral separates 
was judged to be >99%. In a few samples, mineral inclusions 
of quartz, plagioclase or ilmenite were identified with the aid of 

backscattered electron imaging, but they constitute < 1% of the 
total volume of sample. 

Electron-microprobe analyses 

Quantitative electron-microprobe analyses were performed on pol- 
ished grain mounts of the separated hornblendes. Wavelength-di- 
persive analyses were obtained using the Cameca CAMEBAX elec- 
tron microprobe at the University of Michigan. Standard operating 
conditions consisted of a focused electron beam, an accelerating 
potential of 15 kV, and a sample current of 10 nA. the following 
well-characterized standards were used for the analyses: fluor-to- 
paz (F), Irving Kakanui hornblende (Na and Mg), Ingamells al- 
mandine (A1 and Si), synthetic alforsite (C1), Gotthard adularia 
(K), ANU wollastonite (Ca), synthetic geikielite (Ti), ANU rho- 
donite (Mn) and synthetic ferrosilite (Fe). Counting times were 
set to 30 s for major elements, and up to 50 s for minor elements. 
Raw data were corrected for atomic number, absorption, and fluo- 
rescence using Cameca (PAP) software. 

Analyses of ferric iron contents 

The Fe2+/Fe 3+ ratios were determined for the hornblende sepa- 
rates following the procedures of Wilson (1955). Ammonium meta- 
vanadate was added to the hornblende to oxidize all FeO to Fe203, 
and the amount of FcO in the sample was determined indirectly 
by measuring the amount of oxidant reduced. Approximately 0.1 g 
of NH4VO3 was added to 0.2 g of hornblende and dissolved over- 
night in approximately 1(I ml of concentrated HF. To this solution 
30 ml of 10 N H2SO4, 10 ml of Ba-diphenylaminesulphonate indi- 
cator, and approximately 250 ml of saturated H3BO 3 solution were 
added. The amount of V 5 + remaining in solution was determined 
by titrating this solution with a calibrated solution of ferrous am- 
monium sulphate, and the amount of FeO in the hornblende was 
calculated from mass balance. The amount of Fe203 was calculated 
from the difference between the total iron as determined on the 
electron microprobe and the FeO as determined by wet chemical 
methods. Replicate analyses of FeO were perforemd on all samples 
with a precision of + 2 5 %  of the amount present. 

Alternatively, the amounts of Fe 2 + and Fe 3 + could have been 
obtained on bulk samples of hornblende with Mossbauer spectro- 
scopy (e.g., Hawthorne 1983). Spear (1982) gave comparisons of 
FeO and Fe203 obtained by Mossbaucr methods and stoichiomet- 
rie estimates that are in fair agreement. Unfortunately, given the 
multiplicity of possible sites containing Fe z+ and Fe 3+, and the 
serious overlaps among the Mossbauer absorption peaks, horn- 
blende is not an ideal mineral for Mossbauer measurements. Addi- 
tional tests of independently analyzed hornblendcs are needed be- 
fore Mossbauer spectroscopy should be accepted as yielding accu- 
rate measurements of total FeO and F%O3 in hornblende. 

Water and D/H determinations 

The H20 content and 6D value of each hornblende was determined 
using a hydrogenqsotopc-extraction line at the University of Utah 
following the general technique of Friedman (1953). A small 
amount of hornblende (ca. 0A g) was first dried under vacuum 
at 100~ to remove adsorbed (non-structural) water, and then 
it was fused under vacuum to liberate all structural water. The 
structural water was collected and reduced to H2 over uranium 
metal at approximately 800 ~ C (Bigeleisen et al. 1952). The amount 
of H2 was measured with a standardized Hg manometer and the 
D/H ratios measured by standard mass-sepctrometry techniques. 
The precision of H20 determinations for this study, based on repli- 
cate analyses, is +_2%. This method is greatly preferred over the 
traditional method of analysis which involves fusion and trapping 
of released H20 (Penfield 1894), because part of the OI] released 
from hornblende upon heating is driven off as H2. The H2 would 
not be trapped unless first thoroughly oxidized by a flux such 
as PbO or PbCrO4, but such oxidants are not always used even 
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Table 1. Hornblende analyses including measured FeO, Fe2Oa, H2O and D/H ratios 

FA86-1 FA8610 FA86-3 FA86-6 FKL-6 HL8610 HL8611 HL862C HL86-3 HL86-6 MIN863 

SiO2 40.94 44.60 41.70 41.45 41.79 40.88 42.37 42.80 45.18 44.85 43.67 
TiO2 2.69 0.62 1.43 2.56 2.00 1.05 0.97 0.59 0.74 0.33 1.00 
A1203 13.28 11.58 10.07 11.56 12.87 11.34 11.76 11.80 9.63 11.38 11.02 
Fe203 3.14 3.83 5.65 3.19 3.89 6.61 5.66 6.74 4.84 5.96 3.79 
FeO 13.14 14.62 15.13 14.74 12.99 18.11 11.44 11.24 12.51 9.68 14.24 
MnO 0.27 0.29 0.31 0.18 0.15 0.59 0.32 0.72 0.38 0.34 0.35 
MgO 10.01 9.03 8.38 8.92 10.17 5.23 10.30 10.07 1 10.90 11.45 9.27 
CaO 10.57 11.77 11.74 11.50 11.28 10.95 11.30 11.69 11.41 11.61 11.79 
Na20 3.12 1.34 1.61 1,53 2.06 1.68 2.09 1.49 1.52 1.40 1.37 
K20 1.04 0.11 1.66 1.88 1.31 1.35 1.22 1.12 0.42 0.25 1.52 
H20 1.43 1.87 1.46 1.45 1.43 1.69 1.74 1.88 2.02 1.98 1.71 
F2 0.05 0.08 0.35 0.40 0.18 0.12 0.35 0.18 0.05 0.22 0.31 
C12 0.46 0.06 0.52 0.27 0.02 0.01 0.31 0.02 0.01 0.01 0.13 
O=F2 0.02 0.03 0.15 0.17 0.07 0.05 0.15 0.07 0.02 0.09 0.13 
O=C12 0.10 0.01 0.12 0.06 0.00 0.00 0.07 0.00 0.00 0.00 0.03 

Sum 100.01 99.75 99.75 99.41 100.06 99.55 99.60 100.26 99.58 99.35 100.01 

62Hsuow --96 --80 --102 --86 --65 --95 --95 --86 --84 --81 --80 

Table I (continued) 

MIN864 MR86-1 MR865A MR86-8 PSM4-1 SSA-10 SAS-13 SSA-4 SSA-5 SSA-7 SSA-8 

SiO2 44.53 41.07 38.71 42.90 44.17 42.84 42.65 42.38 41.95 42.46 42.08 
Ti02 0.91 2.17 0.99 0.64 1.11 1.80 1.41 0.75 0.72 1.04 1.93 
A1203 10.15 12.96 10.43 11.52 11.45 11.25 12.69 14.41 11.59 13.12 12.10 
Fe203 6.10 3.99 7.49 8.14 3.88 4.15 5.26 4.10 6.41 4.96 4.25 
FeO 11.31 14.88 23.83 9.14 12.92 12.63 8.83 12.29 14.16 11.36 14.55 
MnO 0.33 0.09 0.62 0.40 0.26 0.26 0.31 0.26 0.47 0.25 0.17 
MgO 10.40 8.16 1.09 10.60 10.15 10.49 12.26 9.60 8.49 9.92 8.76 
CaO 11.59 11.62 10.28 11.52 11.11 11.65 11.63 11.99 11.46 11.53 11.42 
Na20 1.48 1.63 1.83 1.70 1.80 1.52 1.57 1.30 1.65 1.27 1.51 
K20 1.21 1.87 1.96 1.46 0.43 1.48 1.73 1.21 1.59 1.06 1.69 
H20 1.78 1.49 1.78 2.11 1.64 1.44 1.41 1.88 1.68 1.86 1.49 
F22 0.15 0.08 0.33 0.16 0.05 0.29 1.04 0.14 0.42 0.16 0.25 
C12 0.08 0.02 0.15 0.08 0.47 0.15 0.02 0.11 0.02 0.04 0.03 
O = F :  0.06 0.03 0.14 0.07 0.02 0.12 0.44 0.06 0.18 0.07 0.11 
O = C12 0.02 0.00 0.03 0.02 0.11 0.03 0.00 0.02 0.00 0.01 0.01 

Sum 99.92 99.99 99.35 100.29 99.31 99.80 1 0 0 . 3 6  1 0 0 . 3 3  100.44 98.95 100.11 

(~2HsMow --59 --88 --83 --82 --84 --88 --68 --58 --63 --62 --94 

in modifications of thc Pcnficld method (Fairbairn 1951; Shapiro 
and Brannock 1956). Furthermore, the Penfield method requires 
2 gm of sample, which increases the likelihood of analyzing an 
impure separate. Other comparisons with the techniques used here 
suggest that the Penfield method is far less precise (JR O'Neil 
personal communication 1990). 

Analytical results 

Chemical  and  isotopic analyses of  the hornb lendes  in- 
c luding  measured  FeO, Fe203,  H 2 0 ,  and  D / H  rat ios 
are shown in Table 1. The e lec t ron-microprobe  da ta  rep- 
resent average compos i t ions  based on  at  least ten indi-  
v idual  analyses. The amphibo le  formulae  in Tables 2-5  
were genera ted  with the Minfi le  p r o g r a m  of  Afifi and  
Essene (1989). There  is no  s ignif icant  compos i t iona l  
var ia t ion  between cores and  rims of  these hornb lendes  

based on  e lec t ron-microprobe  analyses of  elements with 
Z > 8. The fo rmulae  in  Table 2 were normal ized  on the 
basis of 24 = O + O H  + CI + F using the measured  FeO, 
Fe2Oa a nd  H 2 0 .  Fol lowing the t e rminology  of  Leake 
(1978) mos t  of  the hornb lendes  are magnes io -horn -  
blendes,  fe r roan  hast ingsit ic  hornb lendes ,  and  ferroan 
pargasi t ic  ho rnb lendes  ; their weight fract ions of  FezO3/ 
( F e O + F % O 3 )  range f rom 0.15 to 0.50, reveal ing that  
ferric i ron is indeed at s ignif icant  levels in these horn-  
blendes (Fig. 1). A considerable  oxy-hornb lende  compo-  
nen t  is present  in some of  the hornblendes ,  where as 
much  as 25% of  the O H  site is occupied by O (Table 2). 
While  the possibil i ty of  grain  to grain var ia t ions  or zon-  
ing in the oxy-amphibo le  con ten t  of  an  indiv idual  horn-  
blende sample c a n n o t  be tested with bu lk  analyt ical  tech- 
niques,  the optical  propert ies  of  oxy-amphibo le  are sig- 
n i f icant ly  at  var iance  with the equiva len t  unoxid ized  and  
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Table 3. Structural formulae calculated on the basis of 23 O - 0 . 5  (F + C1) 

FA86-1 FA8610 FA86-3 FA86-6 FKL-6 HL8610 HL8611 HL862C HL86-3 HL86-6 MIN863 

Calculated F%O3, FcO", H20 b, and adjusted total 

Fez03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FcO 15.97 18.06 20.21 17.61 16.50 24.06 16.53 17.31 16.86 15.03 17.65 
H20 1.85 1.95 1.64 1.70 1.91 1.84 1.73 1.89 1.97 1.90 1.80 
Total 100.12 99.44 99.35 99.35 100.16 99.04 99.02 99.60 99.04 98.67 99.72 

T sites 

Si 6.16 6.69 6.47 6.34 6.27 6.44 6.44 6.47 6.79 6.69 6.60 
A1 1.84 1.31 1.53 1.66 1.73 1.56 1.56 1.53 1.21 1.31 1.40 

MI, 2, 3 sites 

A1 0.51 0.73 0.31 0.42 0.54 0.54 0.55 0.57 0.49 0.69 0.57 
Ti 0.30 0.07 0.17 0.29 0.23 0.12 0.11 0.07 0.08 0.04 0.11 
Fe 3 + 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 2+ 1.91 2.14 2.54 2.23 1.94 3.02 1.97 2.00 1.94 1.69 2.19 
Mn 0.03 0.04 0.04 0.02 0.02 0.08 0.04 0.09 0.05 0.04 0.04 
Mg 2.24 3.02 1.94 1.97 2.27 1.23 2.36 2.27 2.44 2.55 2.09 

M4 site 

Fe 0.10 0.13 0.08 0.03 0.13 0.15 0.13 0.19 0.18 0.19 0.04 
Ca 1.70 1.88 1.92 1.88 1.81 1.85 1.84 1.81 1.82 1.81 1.91 
Na 0.19 0.00 0.00 0.09 0.06 0.01 0.03 0.00 0.00 0.00 0.04 

A site 

Ca 0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.08 0.02 0.05 0.00 
Na 0.72 0.39 0.48 0.37 0.54 0.50 0.59 0.44 0.44 0.40 0.36 
K 0.20 0.02 0.33 0.37 0.25 0.27 0.24 0.22 0.08 0.05 0.29 
Sum 0.92 0.42 0.85 0.74 0.79 0.77 0.83 0.74 0.54 0.50 0.35 

Anion sites 

O 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 
OH 1.85 1.94 1.69 1.74 1.91 1.94 1.75 1.92 1.98 1.89 1.82 
F 0.03 0.04 0.17 0.19 0.08 0.06 0.17 0.08 0.02 0.11 0.15 
C1 0.12 0.02 0.14 0.07 0.01 0.00 0.08 0.00 0.00 0.00 0.03 

All Fe assumed as FeO 
b Calculated lu normalized formula 

h y d r a t e d  a m p h i b o l e  (Deer  et  al. 1963). The  fa i lure  to  
de tec t  obv ious  va r i a t ions  in the  ex t inc t ion  angle  and  in 
p l e o c h r o i s m  is the re fo re  cons i s ten t  wi th  l i t t le  zon ing  in 
the  o x y - a m p h i b o l e  con ten t .  The  o x y - h o r n b l e n d e  con-  
tents  in d i f ferent  h o r n b l e n d e s  a p p e a r  to  reflect  or ig ina l  
va r i a t i ons  in the  o x i d a t i o n  e n v i r o n m e n t  in which  these 
va r ious  h o r n b l e n d e s  equ i l i b ra t ed  du r ing  m e t a m o r p h i s m .  
The  a m o u n t  o f  o x y - h o r n b l e n d e  c o m p o n e n t  p resen t  in 
these samples  suggests  t ha t  the  s ignif icant  o x y - h o r n -  
b lende  subs t i tu t ions  obse rved  a n d / o r  expec ted  in ext ru-  
sive env i ronmen t s  ( P o p p  et  al. 1990) also occur  in me ta -  
m o r p h i c  env i ronment s .  

The  6D values  o f  the ho rnb l endes ,  expressed  re la t ive  
to S t a n d a r d  M e a n  Ocean  W a t e r  (Cra ig  1951) va ry  be-  
tween --58%o to -119%o.  However ,  the  two samples  
wi th  the  lowest  6D values ,  F A 8 6 - 3  ( - 1 0 2 )  and  M R 8 6 -  
5A ( - 1 1 9 )  have  s igni f icant ly  h igher  t o t a l - i r on  con ten t s  
and  F e / M g  ra t io s  than  the average,  suggest ing tha t  their  
s igni f icant ly  lower  6D values  resul t  f r om f r ac t i ona t i on  
effects assoc ia ted  wi th  Fe for  M g  subs t i tu t ions .  The  riD 
values  o f  the r e m a i n i n g  samples  range  f rom - 5 8 % 0  to 
-96%0,  typ ica l  o f  m e t a m o r p h i c  hornb lendes .  There  is 
no h y d r o g e n  i so top ic  evidence for  p o s t - m e t a m o r p h i c  ex- 

change  wi th  D - d e p l e t e d  meteor ic  waters  tha t  cou ld  have  
m o d i f i e d  the  F e 3 + / F e  2§ and  wa te r  con ten t s  o f  these 
hornb lendes .  

Hornblende normalization schemes 

The  t a sk  o f  genera t ing  a mine ra l  f o r m u l a  f rom an  elec- 
t r o n - m i c r o p r o b e  analysis  o f  h o r n b l e n d e  is c o m p l i c a t e d  
by  at  least  two u n k n o w n s ,  the  H 2 0  con ten t  a n d  the 
F e O / F e 2 0 3  ra t io .  M o s t  h o r n b l e n d e  analyses  de t e rmined  
by  e lec t ron  m i c r o p r o b e  are  r epor t ed  on  an  a n h y d r o u s  
basis  wi th  all  i ron  as FeO.  C o r r e s p o n d i n g  mine ra l  for-  
mu lae  usua l ly  are  p resen ted  on a basis  o f  23 oxygens ,  
a l t h o u g h  this ca lcu la t ion  ignores  the k n o w n  subst i tu-  
t ions  o f  O for O H  and  o f  Fe 3 § for  Fc 2 § in h o r n b l e n d e  
( R o b i n s o n  et al. 1982). Some  es t imate  o f  FeO,  Fe203  
and  H 2 0  mus t  be m a d e  i f  accura te  h o r n b l e n d e  fo rmu lae  
are  to be ob ta ined .  

In  o rde r  to tcst  the  va l id i ty  o f  the  n o r m a l i z a t i o n  o f  
h o r n b l e n d e  to 23 oxygens  we have  reca lcu la ted  the  for-  
mu lae  f rom the d a t a  in Table 1 on the basis  o f  23 oxy-  
gens [ - - 1 / 2 ( F + C 1 ) ]  a s suming  all Fe as Fe  2+ (Table  3). 
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Table 3 (continued) 

MIN864 MR86-1 MR865A MR86-8 PSM4-1 SSA-10 SSA-13 SSA-4 SSA-5 SSA-7 SSA-8 

Calculated FezO3, FeO ", H20 b, and adjusted total 

Fe203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 16.80 18.47 30.56 16.46 16.41 16.36 13.56 15.98 19.93 15.82 18.37 
H20 1.90 1.93 1.62 1.88 1.86 1.81 1.52 1.92 1.75 1.90 1.85 
Total 99.43 100.04 98.40 99.24 99.14 99.76 99.94 99.96 99.87 98.49 100.04 

T sites 

Si 6.70 6.25 6.40 6.49 6.63 6.45 6.34 6.32 6.43 6.42 6.38 
A1 1.30 1.75 1.60 1.51 1.37 1.55 1.66 1.68 1.57 1.58 1.62 

M1, 2, 3 sites 

A1 0.50 0.57 0.43 0.55 0.65 0.45 0.56 0.86 0.52 0.76 0.54 
Ti 0.10 0.25 0.12 0.07 0.13 0.20 0.16 0.08 0.08 0.12 0.22 
Fe 3 + 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe z+ 2.02 2.32 4.22 2.09 2.16 2.06 1.69 1.99 2.56 2.00 2.32 
Mn 0.04 0.01 0.09 0.05 0.03 0.03 0.04 0.03 0.06 0.03 0.02 
Mg 2.33 1.85 0.13 2.14 2.13 2.26 2.56 2.03 1.78 2.10 1.90 

M4 site 

Fe 0.09 0.03 0.14 0.15 0.14 0.10 0.16 0.10 0.16 0.14 0.08 
Ca 1.87 1.89 1.82 1.85 1.79 1.88 1.85 1.90 1.84 1.86 1.85 
Na 0.04 0.08 0.04 0.00 0.07 0.02 0.00 0.00 0.00 0.00 0.06 

A site 

Ca 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.02 0.04 0.01 0.00 
Na 0.39 0.40 0.55 0.50 0.45 0.43 0.45 0.38 0.49 0.37 0.38 
K 0.23 0.36 0.41 0.28 0.08 0.28 0.33 0.23 0.31 0.20 0.33 
Sum 0.62 0.76 0.96 0.80 0.53 0.71 0.79 0.63 0.85 0.58 0.71 

Anion sites 

O 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 
OH 1.91 1.96 1.79 1.90 1.86 1.82 1.51 1.91 1.80 1.91 1.87 
F 0.07 0.04 0.17 0.08 0.02 0.14 0.49 0.06 0.20 0.08 0.12 
Cl 0.02 0.00 0.04 0.02 0.12 0.04 0.00 0.03 0.00 0.01 0.01 

All Fe assumed as FeO 
~' Calculated from normalized formula 

The  HzO conten t s  o f  ho rnb lendes  p resen ted  in Table 3 
were ca lcu la ted  assuming  O H  = 2 - F - C 1 .  W h e n  com-  
pa r ing  the f o r m u l a e  p resen ted  in Tables 2 and  3, the 
a m o u n t  o f  fe r rous  i ron  is ove re s t ima ted  on  a 23 an ion  
basis  by  21 85%,  which  p r o d u c e s  ser ious  er rors  in the 
ca lcu la t ed  M g / F e  2+ rat ios .  M a n y  o f  these ho rnb lendes  
have  excess oxygen  in the O H  site, r equ i r ing  no rma l i za -  
t ion  to m o r e  than  23 oxygens  i f  a n i o n  n o r m a l i z a t i o n  
is used. Once  e l e c t r o n - m i c r o p r o b e  analyses  o f  amph i -  
boles  are  n o r m a l i z e d  to 23 oxygens ,  there  is no un ique  
m e t h o d  to es t imate  the  F e O / F e 2 0 3  ra t io ,  as convers ion  
o f  FeO to Fe203  increases  the moles  o f  oxygen  by  ha l f  
o f  the moles  o f  Fe 3 + tha t  arc  infer red  to be present .  
The  resu l tan t  inaccurac ies  will  p rec lude  accura te  ca lcula-  
t ions  o f  KD re la t ions  involv ing  M g / F e  2§ be tween  ho rn -  
b lende  and  o the r  f e r r o m a g n e s i a n  silicates using e lec t ron-  
m i c r o p r o b e  analyses  a lone  (cf. G r a h a m  and  Powell  
1984). In  o rde r  to o b t a i n  a m o r e  accura te  es t imate  o f  
Fe 2 +/Fe  3 + ra t ios  in ho rnb l ende ,  two a l te rna t ive  ca t ion-  
n o r m a l i z a t i o n  schemes have  been  cons idered .  

One  a p p r o a c h  to ca lcu la t ing  h o r n b l e n d e  fo rmu lae  
f rom e l e c t r o n - m i c r o p r o b e  d a t a  is ba sed  on a f ixed sum 
of  ca t ions  (e.g. S tou t  1972; R o b i n s o n  et al. 1982). W i t h  

this technique  it is a s sumed  tha t  a specif ied n u m b e r  o f  
ca t ions  are s to ich iomet r ic  for  a given mine ra l ;  this p ro -  
cedure  is widely  used t o d a y  for  no rma l i z ing  mine ra l  for-  
mulae  f rom e l e c t r o n - m i c r o p r o b e  d a t a  for  m a n y  minera l s  
inc luding  garnets ,  c l inopyroxenes ,  f e ldspars  and  magne -  
tites. F o r  hornb lendes ,  the c rys t a l log raph ic  site prefer-  
ences for  mos t  c o m m o n  e lements  have been de t e rmined  
by  X - r a y  s t ruc ture  ref inements ,  which  ind ica te  site pref-  
erences o f  Si > A1 > Fe  3-- > Ti in t e t r ahed ra l  sites, A1 > 
T i > F e 3 + > F e 2 + > M g > M n > C a  in the  M1,  M2,  and  
M3 sites, C a > N a > F e  2§ in the M 4  site, and  K > N a  
in the  A site (cf. H a w t h o r n e  1983). Because X - r a y  d a t a  
indicate  tha t  the t e t r ahedra l  and  M1,  M2,  M3 and  usual -  
ly the M 4  sites in ho rnb l endes  are  filled (i.e., have  no  
vacancies)  a minera l  f o r m u l a  m a y  be ca lcu la ted  based  
on f ixed-ca t ion  occupanc ies  in these sites. N o r m a l i z a t i o n  
o f  ca lc ium a mph ibo l e s  on  the basis  o f  a f ixed n u m b e r  
o f  oc t ahedra l  and  t e t r ahedra l  ca t ions  satisfies mos t  crys-  
ta l -chemica l  re la t ions .  

H o r n b l e n d e  f o r m u l a e  no rma l i z e d  to 13 = Si + Ti + 
A I + F e + M n + M g  in the T, M1,  M 2  and  M3 sites are 
shown in Table 4. This  p r o c e d u r e  necessar i ly  excludes 
any Fe 2+, M n  or  M g  f rom the M 4  site a n d  any  Ca  



Table 4. Structural formulae calculated on the basis of Si + Ti + A1 + + Fe + M n  + Mg = 13 

FA86-1 FA8610 FA86-3 FA86-6 FKL-6 HL8610 HL8611 HL862C HL86-3 HL86-6 MIN863 

Calculated" FezO3, FeO, H20, and adjusted total 

FezOa 3.25 3.87 2.51 0.87 4.10 4.32 4.05 5.93 5.69 6.07 1.43 
FeO 13.05 14.58 17.96 16.83 12.80 20.17 12.89 11.97 11.74 9.57 16.36 
H20 1.87 1.96 1.65 1.71 1.93 1.87 1.75 1.92 2.00 1.93 1.81 
Total 100.46 99.85 99.62 99.44 100.59 99.50 99.45 100.23 99.64 99.31 99.87 

T sites 

Si 6.11 6.62 6.43 6.33 6.21 6.37 6.38 6.38 6.69 6.59 6.58 
AI 1.89 1.38 1.57 1.67 1.79 1.63 1.62 1.62 1.31 1.41 1.42 

M1, 2, 3 sites 

A1 0.45 0.65 0.26 0.41 0.46 0.45 0.46 0.45 0.37 0.56 0.54 
Ti 0.30 0.07 0.17 0.29 0.22 0.12 0.! ! 0.07 0.08 0.04 0.11 
Fe 3+ 0.46 0.43 0.25 0.10 0.46 0.51 0.46 0.66 0.63 0.67 0.16 
Fe z+ 1.53 1.81 2.36 2.15 1.59 2.63 1.62 1.49 1.45 1.18 2.06 
Mn 0.03 0.04 0.04 0.02 0.02 0.08 0.04 0.09 0.05 0.04 0.04 
Mg 2.23 2.00 1.93 2.03 2.25 1.21 2.31 2.24 2.41 2.51 2.08 

M4 site 

Ca 1.69 1.87 1.94 1.88 1.79 1.83 1.82 1.87 1.81 1.83 1.90 
Na 0.31 0.13 0.06 0.12 0.21 0.17 0.18 0.13 0.19 0.17 0.10 

A site 

Na 0.59 0.26 0.42 0.33 0.39 0.33 0.43 0.30 0.25 0.23 0.30 
K 0.20 0.02 0.33 0.37 0.25 0.27 0.23 0.21 0.08 0.05 0.29 
Sum 0.79 0.28 0.75 0.70 0.64 0.70 0.66 0.51 0.33 0.28 0.59 

Anion sites 

O 21.95 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 
OH 1.85 1.94 1.70 1.74 1.91 1.94 1.75 1.92 1.98 1.90 1.82 
F 0.03 0.04 0.17 0.19 0.08 0.06 0.17 0.08 0.02 0.10 0.15 
C1 0.12 0.02 0.13 0.07 0.01 0.00 0.08 0,00 0.00 0.00 0.03 

Table 4 (continued) 

MIN864 MR86-1 MR865A MR86-8 PSM4-1 SSA-10 SSA-13 SSA-4 SSA-5 SSA-7 SSA-8 

Calculate& FezO3, FeO, I - I 2 0  , and adjusted total 

Fe2Oa 2.96 0.89 3.94 4.60 4.46 3.20 4.89 3.29 4.87 4.37 2.66 
FeO 14.13 17.67 27.02 12.33 12.40 13.48 9.16 13.02 15.55 11.89 15.98 
H20 1.92 1.93 1.64 1.91 1.88 1.83 1.55 1.93 1.78 1.92 1.86 
Total 99.74 100.13 98.82 99.73 99.61 100.09 100.46 100.30 100.38 98.95 100.32 

T sites 

Si 6.65 6.23 6.33 6.42 6.56 6.40 6.26 6.27 6.35 6.35 6.33 
AI 1.35 1.77 1.67 1.58 1.44 1.60 1.74 1.73 1.65 1.65 1.67 

M1, 2, 3 sites 

A1 0.44 0.55 0.34 0.45 0.56 0.38 0.46 0.79 0.42 0.66 0.48 
Ti 0.10 0.25 0.12 0.07 0.12 0.20 0.16 0.08 0.08 0.12 0.22 
Fe 3+ 0.33 0.10 0.51 0.52 0.50 0.36 0.54 0.37 0.55 0.49 0.30 
Fe z+ 1.77 2.24 3.68 1.54 1.54 1.69 1.12 1.61 1.97 1.49 2.01 
Mn 0.04 0.01 0.09 0.05 0.03 0.03 0.04 0.03 0.06 0.03 0.02 
Mg 2.32 1.85 0.27 2.37 2.25 2.34 2.68 2.12 1.92 2.21 1.97 

M4 site 

Ca 1.86 1.89 1.80 1.85 1.77 1.86 1.83 1.90 1.86 1.85 1.84 
Na 0.14 0.11 0.20 0.15 0.23 0.14 0.17 0.10 0.14 0.15 0.16 

A site 

Na 0.28 0.37 0.38 0.34 0.29 0.30 0.28 0.27 0.34 0.21 0.28 
K 0.23 0.36 0.41 0.28 0.08 0.28 0.32 0.23 0.31 0.20 0.32 
Sum 0.51 0.73 0.79 0.62 0.37 0.58 0.60 0.50 0.65 0.41 0.60 

Anion sites 

O 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 
OH 1.91 1.96 1.79 1.90 1.86 1.82 1.52 1.91 1.80 1.91 1.87 
Fc 0.07 0.04 0.17 0.08 0.02 0.14 0.48 0.06 0.20 0.08 0.12 
C1 0.02 0.00 0.04 0.02 0.12 0.04 0.00 0.03 0.00 0.01 0.01 

Calculated from normalized formula 



Table 5. Structural formulae calculated on the basis of Si + Ti + A1 + Fe + Mn + Mg + Ca = 15 

FA86-1 FA8610 FA86-3 FA86-6 FKL-6 HL8610 HL8611 HL862C HL86-3 HL86-6 MIN863 

Calculated" Fe203, FeO, HzO, and adjusted total 

l~'e 2 O 3 0.00 0.40 0.92 0.00 0.00 0.00 0.00 2.29 0.47 1.30 0.00 
FeO 15.97 17.70 19.38 17.61 16.50 24.06 16.53 15.25 16.44 13.87 17.65 
H20 1.53 1.95 1.64 1.56 1.82 1.83 1.68 1.91 1.97 1.91 1.73 
Total 99.79 99.48 99.45 99.20 100.07 99.03 98.98 99.84 99.09 98.81 99.64 

T sites 

Si 6.24 6.68 6.46 6.38 6.29 6.44 6.45 6.43 6.78 6.67 6.62 
A1 1.76 1.32 1.54 1.62 1.71 1.56 1.55 1.57 1.22 1.33 1.38 

M1, 2, 3 sites 

A1 0.62 0.73 0.29 0.47 0.58 0.55 0.56 0.52 0.48 0.66 0.59 
Ti 0.31 0.07 0.17 0.30 0.23 0.12 0.11 0.07 0.08 0.04 0.11 
Fe 31 0.00 0.05 0.11 0.00 0.00 0.00 0.00 0.26 0.05 0.15 0.00 
Fe 2+ 1.76 2.10 2.46 2.16 1.90 3.02 1.95 1.80 2.24 1.58 2.15 
Mn 0.03 0.04 0.04 0.02 0.02 0.08 0.04 0.09 0.05.. 0.04 0.05 
Mg 2.27 2.02 1.94 2.05 2.28 1.23 2.34 2.26- 2.44 2.54 2.10 

M4 site 

Fe 0.27 0.11 0.05 0.10 0.18 0.15 0.16 ~ 0.11 0.17 0.15 0.09 
Ca 1.73 1.89 1.95 1.90 1.82 1.85 1.84 1.89 1.83 1.85 1.91 

A site 

Na 0.92 0.39 0.48 0.46 0.60 0.51 0.62 0.44 0.44 0.40 0.40 
K 0.20 0.02 0.33 0.37 0.25 0.27 0.24 0.21 0.08 0.05 0.29 
Sum 1.12 0.41 0.81 0.83 0.85 0.78 0.86 0.65 0.52 0.45 0.69 

Anion sitcs 

O 22.44 22.00 22.00 22.21 22.14 22.01 22.07 22.00 22.00 22.00 22.10 
OH 1.55 1.94 1.69 1.61 1.83 1.93 1.71 1.92 1.98 1.89 1.75 
F 0.03 0.04 0.17 0.19 0.08 0.06 0.17 0.08 0.02 0.11 0.15 
C1 0.12 0.02 0.14 0.07 0.01 0.00 0.08 0.00 0.00 0.00 0.03 

Table 5 (continued) 

MIN864 MR861A MR865A MR868A PSM4-1 SSA-10 SSA-13 SSA-4 SSA-5 SSA-7 SSA-8 

Calculated" Fe203,  FeO,  H20, and adjusted total 

Fe203 0.00 0.00 0.00 0.44 0.00 0.00 0.16 0.58 1.08 0.20 0.00 
FeO 16.80 18.47 30.56 16.07 16.41 16.36 13.42 15.46 18.96 15.65 18.37 
H20 1,85 1.80 1,57 1.89 1.74 1.78 1.52 1.92 1.76 1.90 1.75 
Total 99.37 99.91 98.35 99.29 99.02 99.72 99.96 100.02 99.98 98.51 99.94 

T sites 

Si 6.72 6.28 6.42 6.49 6.66 6.46 6.33 6.32 6.41 6.42 6.40 
A1 1.28 1.72 1.58 1.51 1.34 1.54 1.67 1.68 1.59 1.58 1.60 

M1, 2, 3 sites 

A1 0.52 0.61 0.46 0.54 0.70 0.46 0.55 0.85 0.50 0.75 0.57 
Ti 0.10 0.25 0.12 0.07 0.13 0.20 0.16 0.08 0.08 0.12 0.22 
Fe 3+ 0.00 0.00 0.00 0.05 0.00 0.00 0.02 0.06 0.12 0.02 0.00 
Fe 2+ 1.99 2.27 4.06 1.90 1.87 1.95 1.52 1.84 2.30 1.84 2.20 
Mn 0.04 0.01 0.09 0.05 0.03 0.03 0.04 0.03 0.06 0.03 0.02 
Mg 2.34 1.86 0.27 2.39 2.28 2.36 2.72 1.97 1.93 2.23 1.99 

M4 site 

Fc 0.13 0.09 0.18 0.13 0.20 0.11 0.15 0.08 0.12 0.13 0.14 
Ca 1.87 1.91 1.82 1.87 1.80 1.89 1.85 1.92 1.88 1.87 1.86 

A site 

Na 0.43 0.48 0.59 0.50 0.53 0.44 0.45 0.38 0.49 0.37 0.45 
K 0.23 0.36 0.42 0.28 0.08 0.28 0.33 0.23 0.31 0.20 0.33 
Stun 0.66 0.84 1.01 0.78 0.61 0.72 0.78 0.61 0.80 0.57 0.78 

Anion sites 

O 22.08 22.18 22.06 22.00 22.00 22.03 22.00 22.00 22.00 22.00 22.09 
OH 1.86 1.84 1.73 1.90 1.76 1.79 1.51 1.91 1.80 1.91 1.78 
F 0.07 0.04 0.17 0.08 0.02 0.14 0.49 0.06 0.20 0.08 0.12 
C1 0.02 0.00 0,04 0.02 0.12 0.04 0.00 0.03 0.00 0.01 0.01 

" Calculated from normalized formula 
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Fig. 1. Plots of amphiboles analyzed for this study on the diagram 
of Leake (1978). MH, magnesio-hornblende ; TH, tschermakitic 
hornblende; EH, edenitic hornblende; PH, pargasitic hornblende; 
t'TH, ferroan pargasitic hornblende; FP, ferroan pargasite; MHH, 
magnesian hastingsitic hornblende; HH, hastingsitic hornblende 

from the M1, M2, or M3 sites. The molecular propor-  
tions of  OH and the equivalent weight percent H 2 0  were 
calculated assuming OH = 2 -  C1-- F, and the Fe 2 +/Fe 3 + 
ratios were estimated from charge balance. Comparison 
of  these foianulae with those presented in Table 2 indi- 
cates good agreement in measured vs calculated FeO 
and in the distributions of  elements, but  poor  agreement 
in measured vs estimated H20.  The differences between 
the formulae in Tables 2 and 4 are due mainly to excess 
O inferred to occupy the OH sites in some samples. 
The  13 cation normalization procedure excludes the pos- 
sibility of  Fe 2 § substitution in M4, which may be signifi- 
cant in highly subcalcic hornblendes that coexist with 
cummingtonite or hypersthene. 

An alternative normalization procedure was per- 
formed with the electron-microprobe data on the basis 
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of 1 5 - - S i + T i + A l + F e + M n + M g + C a  in T, M1, M2, 
M3 and M4 (Table 5). The formulae calculated on a 
15 cation basis agree less satisfactorily with those pre- 
sented in Table 2 than formulae calculated on the basis 
of  13 cations due to substitution of  Na in M4 for some 
samples, although the differences are relatively small for 
these hornblendes as they are not highly subcalcic (Ta- 
ble 2). Because Na is excluded from the normalizing 
base, the sum of  the remaining small cations is overesti- 
mated by an amount  directly proport ional  to the actual 
amount  of  Na in M4. In some cases, 15 cation normal- 
izations of  hornblendes lead to an excess positive charge, 
which necessitates an apparent O substitution for OH 
in the hydroxyl site in order to maintain charge balance 
(Table 5). 

Although the 15 cation normalization scheme is wide- 
ly thought to provide an upper limit to the amount  of  
ferric iron (Stout 1972; Robinson etal .  1982; Spear 
1982), this cannot be the case when a significant oxy- 
amphibole component  substitutes in hornblende. No ca- 
tion-based scheme can be used to detect the difference 
between Fe / +OH and Fe 3 +O in hornblende, because the 
amount  of  iron and the total charge is the same in both 
cases. The only limit that can be placed on ferric iron 
is when no hydroxyl ion is left to be converted to oxygen 
or when all ferrous iron is oxidized to ferric iron. This 
little-appreciated inference is equally applicable to cation 
normalizations of  other amphiboles, allanites, chlorites, 
clay minerals, hoegbomites, illites, micas, pumpellyites, 
staurolites, vesuvianites, i.e., all hydroxyl-bearing miner- 
als that may contain both fcrric and ferrous iron. 

The differences between normalization schemes can 
be viewed by comparison with the formulae presented 
in Table 2. For elements other than Fe, the cation-site 
assignments from the various normalization schemes 
yield relatively small differences. However, significant 
differences in the estimated Fe2+/Fe 3+ ratios are ob- 
tained in the different procedures. Figure 2 is a plot of  
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the amount  of  FeO determined by titration vs the 
amount  of  FeO calculated from each of  the normaliza- 
tion schemes outlined above. Similarly, a plot of  mea- 
sured vs calculated Fe203 is presented in Fig. 3. Al- 
though not in perfect agreement, the results presented 
in Figs. 2 and 3 indicate that fairly reasonable estimates 
of  FeO and Fe203 may be obtained after normalization 
on the basis of  13 small cations. All normalizations tend 
to underestimate the amount  of  Fe203 and to overesti- 
mate the amount  of  FeO (Figs. 2, 3), but the best nor- 
malization scheme for estimating Fe2+/Fe 3+ ratios of 
these amphiboles is based on 13 small cations (Fig. 4). 
In contrast, there is no systematic reltionship between 
measured and calculated H 2 0  contents from the differ- 
ent normalization schemes, although the estimates of  
H 2 0  are generally higher than measured values. The 

poor  agreement suggests that H 2 0  contents of  horn- 
blendes should not be estimated from electron-micro- 
probe data alone even if F2 and C12 are analyzed and 
that the H 2 0  content of  hornblende should only be de- 
termined by direct measurement. 

Ef fec t s  on a H.o ca lcu la t ions  

Hornblende should be useful in constraining the an2o 
especially in rocks metamorphosed to the granulite fa- 
cies, which are generally believed to have formed under 
relatively " d r y "  (i.e., Pi~2o < Psolia) and fluid-absent (i.e., 
Pfluld<Psoud) conditions. However, the occurrence in 
many granulites of  OH-, F-, and/or  Cl-bearing minerals, 
such as hornblende or biotite, indicates the presence of  
some fluid components locked up in the solids during 
metamorphism. The activities of fluid components buf- 
fered by the coexisting solids are essential in constraining 
the former presence or absence of a fluid phase and 
the formation of  a melt phase in granulites. Unfortunate- 
ly, accurate estimates of  the activities of  major fluid spe- 
cies are difficult to obtain in most igneous or metamor- 
phic rocks. 

Investigations aimed at constraining fluid composi- 
tions in high-grade rocks have relied on phase equilibria 
involving biotite (e.g., Bohlen et al. 1980; Phillips 1980; 
Edwards and Essene 1988) or amphibole (e.g., Phillips 
1980; Valley et al. 1982; Ghent  1988; Lamb and Valley 
1988). For granulite facies assemblages containing tre- 
molitic amphiboles, several reactions have been applied 
that constrain H 2 0  activity during metamorphism (e.g., 
Valley et al. 1982, 1983, 1990; Ghent  1988; Lamb and 
Valley 1988). However, for granulites containing horn- 
blende rather than tremolite, a reduced Ca2MgsSi 8 
O22(OH)2 activity (aTrem) must be calculated from a 
hornblende analysis if the same equilibria are to be ap- 
plied. Unfortunately,  no measured a - X  relations are 
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as yet available for calcic amphiboles, and the ionic mod- 
els that have thus far been proposed are extremely sensi- 
tive to composition (Ghent 1988). As a result, attempts 
to constrain H20 activities using equilibria applied to 
most natural assemblages with hornblende yield unrea- 
sonably low values and highly imprecise results (e.g., 
Phillips 1980; Ghent 1988; Lamb and Valley 1988; Val- 
ley et al. 1990). Ionic solution models applied to horn- 
blende compositions are, in addition, highly sensitive 
to F, C1, and O substitutions in the OH site. For in- 
stance, if an ionic solution model of the form a~rrem-- 
(X A) (XMa4-)2 /yM1,2,3~5 (XTi)8 (X'oH)2 (e.g., Powell 1975) \z. Mg ] 
or if a locally charge balanced model such as (X~) 

M4 2 (yM1,3h3 ()(Ca) \1,  Mg / (XMMM2) 2 (Xon) 2 (e.g., Essene 1989) is used 
for hornblende, substitution of F, C1, and O in the hy- 
droxyl site may significantly reduce the calculated aTrem 
and aH2o. To illustrate these effects and their influence 
on calculated H20 activity based on an ideal ionic solu- 
tion model of O H -  F -  C1-O exchange for hornblende 
(and biotite), the measured hydroxyl-site occupancies of 
hornblendes from this study are plotted for hornblende 
together in Fig. 5 with similarly characterized horn- 
blendes from the literature. Substitution of 25 tool% O 
and/or F for OH is common in hornblende (Fig. 5). For 
an ideal OH-site mixing model, substitution of 25% F + 
C1 + O for OH decreases the calculated H20 activity by 
50%. Substitution of greater O for OH (Fig. 5) may 
indicate lower H20 activity, although late oxidation of 
hornblende will also decrease the HzO content and in- 
crease the F%Oa/FeO ratio concomitantly (Deer et al. 
1963). Conversely, inclusion of more hydrous alteration 
products such as chlorite will increase the apparent H20 
content of an impure separate. Quantitative microana- 
lytical techniques such as ion-microprobe or laser-Ra- 
man analysis on a more routine basis could minimize 
such problems and could also be used to evaluate zoning 
of OH. Nonetheless, determination of such substitutions 
in optically pure bulk samples is still important especial- 

ly if hornblendes are seen to be unzoned by optical and 
microprobe observations. 

Substitutions of F and C1 in hornblendes may be eval- 
uated by electron-microprobe analysis, but the H20 con- 
tent is generally estimated by assuming that OH (+ F + 
C1) fully occupies the hydroxyl site. The substitution 
of O for OH is difficult to evaluate without direct mea- 
surements of H20, FeO, and Fe2Oa contents. Therefore, 
even when reliable solution models eventually become 
available for hornblendes, direct determination of H20 
will still be necessary to document the presence of oxy- 
gen in the hydroxyl site if hornblende is to be used for 
precise calculations of H20 and hydroxyl-amphibole ac- 
tivities. 

Implications for hornblende thermobarometry 

Hammarstrom and Zen (1986) proposed an empirically 
derived barometer involving the A1 content of horn- 
blende solid solutions, which has recently become widely 
used in studies of granitic rocks (e.g., Hollister et al. 
1987; Ague and Brimhall 1988; Anderson 1988; Barton 
et al. 1988). Hollister et al. (1987) empirically recalibrat- 
ed this barometer based on additional comparisons with 
other field-based barometers. Johnson and Rutherford 
(1989) and Rutter et al. (1989) measured the pressure 
dependence of the A1 content in hornblendes with experi- 
mental calibrations, which yield somewhat different 
pressures than the empirically based equations of Ham- 
marstrom and Zen (1986) and of Hollister et al. (1987). 
Blundy and Holland (1990) sharply criticize the horn- 
blende barometer suggesting that the emperical correla- 
tions between total aluminum in igneous hornblende and 
pressure may instead reflect variations in granitoid soli- 
dus temperatures with pressure. Because none of the 
above calibrations of the '~ barometer" are 
thermodynamically based, the possible effects of variable 
ferric iron and/or oxy-substitutions in hornblendes for 
this barometer are difficult to evaluate. If the serious 
shortcomings of the hornblende barometer (e.g., Blundy 
and Holland 1990) can be overcome, the levels of Fe3+/ 
Fe 2+ and O/OH should be estimated or measured in 
the natural and synthetic hornblendes on which the ba- 
rometers are based so that variations in these substitu- 
tions can be incorporated in the barometric calibrations. 
Hornblende barometry is related to the tschermakite ex- 
change, which has been approximated by the total alu- 
minum in hornblende (Hollister et al. 1987). As a first- 
order approximation, ferric iron could be added to total 
aluminum or tetrahedral A1 alone could be used, assum- 
ing that ferri-tschermakite would have the same effect 
as tschermakite. In addition, the effects of variable PH2o 
and of solid solutions in the coexisting minerals 
(especially biotite and K-feldspar) should be explicitly 
considered for this barometer. Hornblende barometry 
needs to be reevaluated using a specific solid-solid reac- 
tion while including complete chemical analyses of parti- 
cipating phases and realistic mixing models for horn- 
blendes (and biotites or other hydrous phases if used 
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in such calculations).  These will no t  be easy tasks to 
accomplish.  

G r a h a m  and  Powell (1984), Nabelck  and  Lindsley 
(1985), K o h n  and  Spear (1989, 1990) and  Blundy  a nd  
Hol l and  (1990) evaluated var ious other  hornb lende-  
bear ing  equi l ibr ia  as potent ia l  thermometers  and /o r  ba-  
rometers.  These empirical  ca l ibra t ions  yield reasonable  
apparen t  tempera tures  and  pressures over restricted P -  
T ranges of  appl icat ion.  However,  in none  of  the horn-  
blende the rmobaromete r s  was the effect of  the " h i d d e n "  
subst i tu t ions  involv ing  Fe 3 +/Fe 2 + and  O / O H  evaluated 
in ho rnb lende  (and biotite). In  add i t ion  to the serious 
difficulties current ly  engendered  by inadequa te  so lu t ion  
models,  any thermobarometry involving complex hydrox- 
yl-bearing silicates, such as hornblende and biotite, cannot 
be viewed as fully quantitative until such substitutions are 
measured and their UTfects evaluated. 
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