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Abstract. The Al-in-hornblende barometer, which corre- 
lates A1 to' content of magmatic hornblende linearly with 
crystallization pressure of intrusion (Hammarstrom and 
Zen 1986), has been calibrated experimentally under 
water-saturated conditions at pressures of 2.5-13 kbar 
and temperatures of 700-655~ Equilibration of the 
assemblage hornblende-biotite-plagioclase-orthoclase- 
quartz-sphene-Fe-Ti-oxide-melt-vapor from a natural to- 
nalite 15-20 ~ above its wet solidus results in hornblende 
compositions which can be fit by the equation: 

P ( _  0.6 kbar) = - 3.01 + 4.76A1L~l r 2 = 0.99, 

where A1 t~ is the total A1 content of hornblende in atoms 
per formula unit (apfu). AP ~ increase with pressure can be 
ascribed mainly to a tschermak-exchange (fie, 
Mg_ i AlWSi-~t AllY) accompanied by minor plagioclase- 
substitution (pl, Ca_tNaM(4)AlfflSi). This experimental 
calibration agrees well with empirical field calibrations, 
wherein pressures are estimated by contact-aureole baro- 
merry, confirming that contact-aureole pressures and 
pressures calculated by the Al-in-hornblende barometer 
are essentially identical. This calibration is also consistent 
with the previous experimental calibration by Johnson 
and Rutherford (1989b) which was accomplished at higher 
temperatures, stabilizing the required buffer assemblage 
by use of mixed H20-CO2  fluids. The latter calibration 
yields higher A1 t~ content in hornblendes at correspond- 
ing pressures, this can be ascribed to increased edenite- 
exchange (ed, []A-~NaASi_IAlJV) at elevated temper- 
atures. The comparison of both experimental calibrations 
shows the important influence of the fluid composition, 
which affects the solidus temperature, on equilibration of 
hornblende in the buffering phase assemblage. 

Introduction 

Since Hammarstrom and Zen (1986) proposed the empiri- 
cal Al-in-hornblende barometer (Eq. 1), solidus pressures 

of intermediate calcalkaline plutons can be estimated by 
hornblende composition. In this geobarometer pressure 
correlates linearly with AP ~ content of hornblende (Fig. 1) 
buffered by a nine-phase assemblage (Hammarstrom and 
Zen 1986). By enlarging the calibration data set, Hollister 
et al. (1987) found a similar correlation (Eq. 2) with appar- 
ently reduced error. 

P ( _  3 kbar) = - 3.92 + 5.03 A1 to' r 2 = 0.80 (1) 

P ( +  1 kbar) = - 4.76 + 5.64 AP ~ r 2 = 0.97 (2) 

Both empirical calibrations are based on pressures de- 
rived from contact-aureole geobarometry, and the given 
errors represent the scatter of hornblende data. 

The theoretical basis of the Al-in-hornblende barom- 
eter is the phase rule. A tonalite or an amphibole-bearing 
granodiorite, or any similar amphibole-bearing rocks, can 
be described in a ten component system SiO2 - TiO2 - 
A1203 - F e 2 0 3  - F e O  - MgO - CaO - N a 2 0  - 
K20 - I-I20. A tonalite composed of nine phases (horn- 
blende + biotite + plagioclase + orthoclase + quartz 
+sphene + Fe-Ti-oxide + melt + fluid phase) is there- 
fore a trivariant system. The three degrees of freedom can 
be taken as the three intensive variables oxygen fugacity, 
temperature, and pressure. If oxygen fugacity is buffered 
by a second Fe-Ti-oxide or epidote, and temperature is 
close to the nearly isothermal solidus (presence of granitic 
melt), then effectively the only unconstrained variable is 
pressure. Pressure can be correlated to the major com- 
positional variation observed in the minerals of tonalite, 
which is the A1 t~ content of hornblende (Hammarstrom 
and Zen 1986). The A1 t~ variation is ascribed mainly to 
a tschermak-exchange for which a possible buffer reaction 
is 

phlogopite + 2 quartz + 2 anorthite = tremolite 
+ orthoclase + 2 t/r (3) 

(Hammarstrom and Zen 1986; Hollister et al. 1987; 
Reusser 1987). 

Hollister et al. (1987) emphasized that for pressures in 
the range of ~ 2-15 kbar the solidus of water-saturated 
tonalite is approximately independent of temperature 
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Fig. 1. AI t~ in hornblende as function of pressure. Lines of all 
calibrations, in which hornblende is in equilibrium with bio- 
tite + plagioclase + orthoclase + quartz + sphene + Fe-Ti-ox- 
ide + melt + vapor, are drawn for the pressure range of each calib- 
ration. Solid lines are the field calibrations by Hammarstrom and 
Zen (1986) and Hollister et al. (1987), error bars are _+ 3 kbar and 
+ 1 kbar respectively. Dotted lines are the experimental calibrations 

with errors of + 0.5 kbar and +_ 0.6 kbar 

[2.5 kbar ,  685~ 6 kbar ,  650~ 15 kbar ,  630~ Piwinski i  
(1968); L a m b e r t  and  Wyll ie  (1974); Whi tney  (1975); H u a n g  
and  Wyll ie  (1986)]. A premise of the Al - in -hornb lende  
b a r o m e t e r  is tha t  the t empera tu re  of ho rnb lende  equili- 
b r a t i on  was in the vicinity of the sol idus (and therefore 
a pp rox ima te ly  cons tan t  for the invest igated pressure 
range) because  ho rnb lende  is expected to equi l ibra te  as 
long as mel t  is present,  and  because  or thoc lase  is only 
s table close to the solidus. In  any case f lu id-sa tura t ion  of 
melts,  which is ques t ionable  at  t empera tu res  far above  the 
solidus,  cer ta inly occurs  on the solidus, as far as anhy-  
d rous  mafic phases such as garne t  or  c l inopyroxene  are 
unstable.  

The requi rements  of a low-var iance  assemblage  being 
present limit the appl ica t ion  of the Al- in-hornblende baro-  
meter,  but  also offer the advan tages  that:  (1) because 
ho rnb lende  equi l ibra tes  in the presence of melt  close to 
the solidus,  the sol idif icat ion dep th  of an intrusion,  or  the 
equi l ib r ium pressure  of a m a g m a  chamber  before e rup t ion  
po ten t ia l ly  is defined by the Al - in -hornb lende  barometer ;  
(2) the app l i ca t ion  of the Al - in -hornb lende  b a r o m e t e r  
does no t  require  the use o f -  up to now - inadequa te  
act ivi ty  models  for hornblende .  

The  present  s tudy is in tended:  (1) to ca l ibra te  experi-  
menta l ly  the Al - in -hornb lende  ba rome te r  under  water-  
sa tu ra ted  condi t ions;  (2) to reduce the uncer ta in ty  of em- 
pir ical  field ca l ibra t ions;  (3) to give further  in format ion  on 
the exchange vectors  act ing in hornblende;  (4) to show by 
compar i son  with the work  of Johnson  and Ruther ford  
(1989a, b) the impor t ance  of t empera tu re  and Xco2 in the 
fluid phase  for the Al - in -hornb lende  barometer .  

Experimental procedure 

Starting material 

A Bregaglia tonalite (REF-PR, Reusser 1987) which equilibrated at 
6 kbar (using the Hammarstrom and Zen calibration 1986) and 
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Table 1. Starting material bulk compositions (wt%). Tonalite: REF- 
PR (Reusser 1987), granodiorite: AU7 (Ulmer 1982) 

Tonalite Granodiorite 

SiOa 58.95 66.66 
TiO2 0.71 0.40 
A1203 16.80 15.92 
FeaO3 2.36 1.81 
FeO 3.75 1.65 
MnO 0.11 0.11 
MgO 3.15 1.58 
CaO 6.48 4.43 
Na20 2.83 2.49 
K20 2.42 2.63 
PzO5 0.23 0.12 
H20 1.11 0.79 
Total: 98.93 98.66 

an amphibole-bearing granodiorite (AU 7, Ulmer 1982) from the 
Adamello intrusion were used for the experiments (Table 1). The 
samples were ground to a grain size of < 10 gm. 4 wt% of a meta- 
morphic high-alumina amphibole (P J8, 17.0 wt% A1203, Table 3) 
was added to test equilibration of amphibole rims. For runs at 
P < 7.0 kbar an additional 4 wt% ofa tschermakitic tremolite (TR4, 
5.0 wt% A1203, Table 3) was added so that the equilibrium A1 
content was bracketed in most runs. Temperature-reversals were not 
possible due to the amount of melt necessary to permit reaction. 

Experimental techniques 

Experiments at P > 7.0 kbar were carried out with a single stage 
22 mm diameter piston cylinder with a NaC1 assembly similar to 
that of Mirwald et al. (1975). The top piston was electrically isolated 
from the bomb by celluloid tape. A pyrophyllite ring, which includes 
at its top a graphite disc, was located immediately below the piston 
to prevent salt extrusion. The chromel-alumel thermocouple was 
held by a crushable alumina tubing, its welding point was covered by 
an alundum-based cement. The assembly shows 3.5% friction calib- 
rated against Jd-Ab-Qz at 600~ (Hays and Bell 1973). Pressure in 
the salt cell is assumed to be accurate to + 0.4 bar (Holland 1980; 
Jenkins et al. 1985). The large diameter of the piston cylinder 
permitted simultaneous loading of three different bulk compositions 
(quartz-diorite or tonalite +glass, tonalite, amphibole-bearing 
granodiorite) in each experiment. Three 2.3 mm O.D. Ag~oPdso 
capsules, no longer than 4 mm were packed together with a nickel- 
bunsenite buffer and water in a 5.4 mm O.D. Au capsule. The 
presence of both buffer phases was controlled after each experiment. 
During the experiments the maximum distance from thermocouple 
to the sample did not exceed 4 ram. Temperature is believed to be 
accurate within _+ 5 ~ 

Experiments with P < 7.0 kbar were performed in Nimonic 
cold-seal vessels pressurized with argon. Oxygen fugacity was buf- 
fered at NNO (nickel-nickel oxide) by double-capsule techniques. 
Pressure was measured with a Heise-gauge which is accurate to 
+ 20 bars, T is within + 3 ~ 

All experiments were carried out as crystallization experiments 
at Ptot = PH2o with 15-18 wt% H20. Temperature was held at 
>__ 720~ for more than 30 h and slowly reduced ( < 5~ to a tem- 

perature 15-20~ above the solidus, where the experiment was held 
for more than 280 h (Table 2). Oxygen fugacity was buffered to 
)TNO because most tonalites contain magnetite ( + ilmenite), which 
define an fo2 above QFM (quartz-fayalite-magnetite) and below HM 
(hematite-magnetite). Variation of fo~ within this range was found to 
have no effect on AI~~ by Johnson and Rutherford (1989). Experi- 
ments were considered to be technically successful when the gold 
capsule contained water at the end of a run. 
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Table 2. Run conditions 

Run PH2o Tz ~ T~q Hours Starting Seeds Run products of tonalite 
(kbar) (~ T~q material 

R14 16.0 650 427 To, Gd PJ8, Alto Amp, 
R08 14.0 800 ~ 645 309 To, Gd - Amp, 
R26 14.0 650 360 To, Gd PJ8, Alm Amp, 
R10 13.0 750 ~ 655 313 To, Gd, Dio PJ8 Amp, 
R13 11.5 750--+ 655 295 To, Gd, Dio PJ8 Amp, 
R07 9.5 725 --+ 655 296 To Amp, 
R12 7.5 750 ~ 655 280 To, Gd, Dio PJ8 Amp, 
R28 6.0 720 --* 665 480 To, ToG, Gd PJS, TR4 Amp, 
R29 4.5 720 --+ 680 500 To, ToG, Gd PJ8, TR4 Amp, 
R30 3.5 730 --+ 690 504 To, ToG, Gd PJ8, TR4 Amp, 
R31 2.5 750 ~ 700 504 To, ToG, Gd PJ8, TR4 Amp, 

phe, ep, plag, qz, gar, sph, apa, op, melt? 
phe, ep, plag, qz, op, melt 
phe, ep, plag, qz, apa, op, melt 
bt, ep, plag, qz, or, sph, apa, op, melt 
bt, ep, plag, qz, or, sph, apa, op, melt 
bt, ep, plag, qz, sph, apa, op, melt 
bt, ep, plag, qz, or, sph, apa, op, melt 
bt, ep, plag, qz, sph, apa, op, melt 
bt, plag, qz, or, sph, apa, op, melt 
bt, plag, qz, or, sph, apa, op, melt 
bt, plag, qz, or, sph, op, melt 

All runs water saturated and buffered at NNO (nickel-nickel oxide). Granodiorite shows the same run products except for absence of epidote, 
and presence of orthoclase also at 6.0 and 7.5 kbar. To, tonalite REF-PR; ToG, 50% REF-PR + 50% synthetic glass of same composition; Gd, 
granodiorite AU7; Dio, quartzdiorite. P J8, high alumina amphibole; TR4, tschermakitic tremolite; Alto, synthetic almandine. Amp, amphibole; 
bt, biotite; phe, phengite; pla9, plagioclase; qz, quartz; or, orthoclase; gar, garnet; sph, sphene; apa, apatite; op, opaques. Ti, initial temperature; 
T~q, equilibrium temperature 

Analytical methods, normalisation and nomenclature 

A Cameca SX50 microprobe with 5 crystal spectrometers was used 
for analyses. To minimize the excitation volume the beam was set to 
12 kV and 20 hA. A beam size of 2 ~tm was used to prevent the 
electron beam from affecting the sample during the total counting 
time of 96 seconds. Twelve elements were measured with variable 
counting times of 10 s (Si, AI, Ca, Na, K), 24 s (Fe, Mn, Ti, Cr, Cl) 
and 48 s (F). Data were processed with PAP-correction (Pouchou 
and Pichoir 1984), which is an enhanced ZAF correction procedure. 
Amphibole rims grew to a maximum width of 10 #m, and were 
clearly identifiable in electron-backscatter and X-ray-element-distri- 
bution images. For each experiment amphibole rims, always in 
contact with melt, including both amphibole seeds and tonalitic 
amphiboles were analyzed (Fig. 2). 

Amphibole compositions were normalized by assuming: (1) fixed 
Fe3+/(Fe 3+ + Fe 2+) ratio of 0.30 and 23 oxygens (Table 3, calcu- 
lations); (2) Z c a t i o n s - C a - N a - K = 1 3 .  The Fe3+/(Fe 3+ 
+Fe  2+) of 0.30 is based on M6ssbauer-spectroscopy analyses of 
hornblendes from the tonalite starting material (Reusser 1987). An 
Fe3 +/(Fe 3+ + Fe 2+) of 0.2, as suggested by Clowe et al. (1988), would 
not effect the A1 t~ content of amphiboles. Only amphibole composi- 
tions which result in similar formulas from both normalisation (1) 
and (2) were considered valid. 

Even if, according to Leake (1978), experimental amphiboles are 
magnesio hornblende (2.5-7.5, 14.0 kbar), tschermakitic hornblende 
and ferroan pargasitic hornblende (7.5-9.5kbar), tschermakite 
(11.5-13.0 kbar), and magnesio kataphorite (16.0kbar), the term 
hornblende is employed for all amphiboles used for calibration or 
application of the Al-in-hornblende barometer. Exchange vectors in 
the text are always emphasized. 

1 7  , �9 , [ �9 , , i �9 , , i , , , i , , , i , �9 �9 i , , , i , , �9 

o ~  

1 5  " 

b t  o u t  Ae~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  " :  . . . . . . . . . . . . . . . . . . . .  ~"  . . . . .  " - ~ E I  . . . . . .  

" ~ "  1 3  

r~ 9 
L Z  ~# 

e~ in  . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5 

3 

. . , i , , , I . , , I , , , I , . . I i i , i . . . i . . . 

. 6  1 . 0  1 . 4  1 . 8  2 . 2  2 . 6  3 . 0  3 . 4  3.8 

AI (tot) 

Fig. 2. AI l~ in amphiboles vs pressure. Amphiboles are equilibrated 
just above the water-saturated solidus. Arrows indicate the develop- 
ment of hornblende rims from initial amphibole composition at 
three selected pressures. Data points for each pressure include rims 
from low-alumina amphibole seeds (open circles, TR4), from high- 
alumina amphibole seeds (filled circles (crosses in Figs. 3, 4): PJ8) 
and from tonalite hornblende (triangles). The stars represent an 
experiment in which the conditions of Johnson and Rutherford's 
calibration were reproduced. Note that above 13 kbar biotite is not 
stable and therefore the buffering reaction for A1 t~ changes 

Results 

A1 t~ calibration 

The nine-phase  assemblage  hornb lende  + biot i te  + pla-  
g ioclase  + o r thoe lase  + qua r t z  + sphene  + magne t i t e  + 
melt  + H z O  was equi l ibra ted  in the pressure range 
2.5-13 k b a r  at  t empera tu res  15-20~ above  the solidus 
(Table 2). The requi rements  of the Al - in -hornb lende  baro-  
meter  were fulfilled, .except for the occasional  absence of 
orthoclase.  In  the g ranod ior i t e  or thoclase  was present  in 
all exper iments  from 2.5 to 13 kar,  but  it was not  a lways 
present  in the tonal i te  (i.e. at 6.0 and  9.5 kbar)  from the 
same experiment .  However ,  because the A1 ~~ conten t  of 
ho rnb lende  was essential ly the same in bo th  bulk  com- 
pos i t ions  of any given exper iment ,  and  because of melt  
compos i t ions  high in or thoc lase  componen t ,  it is assumed 
that  the melts  in the tonal i te  at 6.0 and 9.5 k b a r  were 
near ly  sa tu ra ted  with respect  to orthoclase.  

Amph ibo l e  r ims were analyzed  (Table 3) and  found to 
have the same compos i t ion  in bo th  amph ibo le  seeds and  
in the tonal i te  hornblende .  The to ta l  A1 content  varies 
l inear ly with pressure in the range from 2.5 to 13 k b a r  
(Figs 1, 2). Linear  regression of  the da t a  points  from eight  
different pressures yields 

P(_+ 0.6 kbar)  = - 3.01 + 4.76A1 t~ r 2 = 0.99 (4) 



Table 3. Selected analyses of initial and experimental amphibole compositions (Ton. = tonalite amphibole) 

Experimental amphiboles Ton. Amphibole seeds 
P (kbar) 2.5 3.5 4.5 6.0 7.5 9.5 11.5 13.0 14.0 16.0 RPR PJ8 TR4 
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SiO2 47.59 46.11 4 6 . 0 0  4 5 . 4 4  4 4 . 9 0  42.63 42.56 4 0 . 5 2  4 5 . 0 6  47.56 42.33 41.86 55.70 
TiOz 1.11 1.17 0.76 0,78 1.23 1.21 0.44 0.97 0.79 0.69 1.18 0.35 0.16 
CrzO3 0.00 0.05 0.04 0.00 0.00 0.00 0.01 0.02 0.00 0.02 0.00 0.00 0.07 
A1203 6.67 7.66 9.19 10.86 13.37 14.68 17.83 19.22 15.09 14.55 11.33 16.96 4.94 
FezO 3 5.40 5.39 5.74 5.02 5.07 5.22 4.85 5.48 4.73 4.47 6.09 5.93 0.10 
FeO 11.34 11.31 12.05 10.55 10.65 10.96 10.18 11.50 9.94 9.38 12.80 12.46 0.22 
MnO 0.36 0.43 0.24 0.20 0.40 0.23 0.56 0.19 0.24 0.19 0.46 0.17 0.06 
MgO 12.49 11.38 10.23 10.82 10.18 9.02 8.86 6.86 9.42 8.80 9.77 7.51 23.15 
CaO 10.89 11.40 10.85 11.4,7 10.00 10.30 10.74 9.57 8.83 6.76 11.85 10.46 13.69 
Na20 0.91 1.13 1.36 1.42 1.58 1.74 1.76 2.22 3.56 4.88 1.28 1.49 0.45 
K20 0.65 0.76 0.95 0.77 1.01 1.00 0.91 0.77 0.58 0.64 1.36 0.45 0.13 
F - 0.12 0.19 - 0.17 0.00 0.13 0.00 0.12 0.06 0.00 - 0.35 
C1 - 0.13 0.05 - 0.06 0.00 0.02 0.01 0.00 0.02 0.13 0.02 
H20 2.03 1.92 1.92 2.04 1.97 2.02 2.00 2.03 2.02 2.06 2.00 2.03 2.05 
Total: 99.45 98.88 99.48 99.37 100.55 99.01 100.80 99.41 100.35 100 .05  100.46 99.67 100.94 

Si 7.011 6.876 6.825 6.691 6.521 6.323 6.160 5.988 6.511 6.818 6.330 6.187 7.514 
Ti 0.122 0.131 0.085 0.087 0.134 0.135 0.048 0 . 1 0 7  0 . 0 8 6  0.074 0.133 0 .039  0.016 
Cr 0.000 0 . 0 0 6  0 . 0 0 5  0 . 0 0 0  0 . 0 0 0  0.000 0.001 0.002 0 . 0 0 0  0.002 0.000 0 .000  0.008 
A1 Iv 0.988 1.124 1.175 1.309 1.478 1.677 1.840 2.012 1.489 1.182 1.670 1.813 0.486 
A1 vl 0.169 0.223 0.432 0.576 0.811 0.888 1.202 1.337 1.081 1.276 0.327 1.141 0.299 
Fe 3 + 0.599 0.605 0.641 0.557 0 . 5 5 4  0.583 0.528 0.609 0.515 0.482 0.686 0 .660  0.010 
Fe 2+ 1.398 1.411 1.496 1.299 1.293 1.359 1.233 1.421 1.201 1.125 1.600 1 .540 0.025 
Mn 0.045 0.054 0 . 0 3 0  0 . 0 2 5  0 . 0 4 9  0.029 0.069 0 . 0 2 4  0.029 0.023 0.058 0.021 0.007 
Mg 2.743 2.530 2 . 2 6 2  2.374 2.203 1.994 1.911 1.510 2.029 1.880 2.178 1 .654 4.655 
Ca 1.719 1.821 1.726 1.810 1.555 1.637 1.665 1.515 1.368 1.038 1.899 1.656 1.978 
Na M4 0.204 0 . 1 8 0  0 . 2 7 4  0 . 1 9 0  0.394 0.363 0.324 0 . 4 6 7  0 . 6 3 2  0.962 0.101 0 .288  0.002 
Na  A 0.056 0.146 0.118 0 . 2 1 6  0 . 0 5 2  0.136 0.169 0 . 1 7 0  0 . 3 6 6  0.395 0.270 0 .139  0.116 
K 0.123 0.145 0.180 0.145 0 . 1 8 6  0.189 0.168 0 . 1 4 6  0 . 1 0 8  0.117 0.259 0 .085  0.022 
F 0.056 0.089 0.080 0.000 0.060 0 . 0 0 0  0 . 0 5 5  0.027 0.000 0.149 
C1 - 0.032 0.012 - 0.016 0.000 0.005 0 . 0 0 3  0 . 0 0 0  0.005 0.032 - 0.005 
OH 2.000 1.912 1.899 2.000 1.904 2.000 1.935 1.997 1.945 1.968 1.968 2.000 1.846 

Fe M4 0.078 0.000 0 . 0 0 0  0.000 0.051 0.000 0.012 0 . 0 1 8  0 . 0 0 0  0.000 0.000 0 .055  0.020 
XMg 0.662 0.642 0.602 0.646 0.630 0.595 0.608 0.515 0.628 0.626 0.576 0.518 0.995 

All runs water-saturated and buffered at NNO. Amphiboles are normalized for fixed Fe 3 +/(Fe 3 + + Fe 2 + ) ratio of 0.30 and 23 oxygen pfu (see 
text). XMg = Mg/(Mg + Fe 2 +) 

S tandard  deviat ion of the entire data set is + 0.19 kbar  
(2a). The unexpectedly high squared correlat ion coeffic- 
ient o f r  2 = 0.99 was also obta ined by Johnson  and Ruthe- 
rford (1989b) in their experimental  calibration. Even with 
na tura l  data, Hollister et al. (1987) found a high correla- 
t ion coefficient of r 2 = 0.97 by regression of hornlende 
analyses from nine different plutons. The experimental  
cal ibrat ion yields also good correlations for A1TM and A1 w, 
and systematic variat ions for Ca, Na, and for the Fe-Mg 
ratio, but  not  for other chemical parameters  such as K, Ti, 
Mn,  F, C1. 

Tschermak - exchange 

The simpliest expression for ff:-substitution is 
Mg_ xAlVIAlWSi_ 1. To include all tschermak-type substi- 
tut ions on the octahedral  sites of amphibole,  it is neces- 
sary to extend the previous expression to (Mg, Fe z+, 
MnZ+)_ l  (Fe 3+, A1 vl) AlWSi_l and  to correct for ti-sub- 
s t i tut ion (ti = TiV~MgWAlV2z) which removes 2 A1 v~ for 
each Ti in the formula unit. 

The octahedral  vs tetrahedral  a lumina  (Eq. 5) and  the 
(2Ti + Fe a + + A1 v~) vs A1TM (Eq. 6) are regressed using 

least-squares fits, regressions of A1 iv, A1 v~, and 
(2Ti + Fe 3 + + A1 vI) vs pressure are plotted in Fig. 3. The 
small deviat ion of the slope (Eq. 6) from the ideal value of 
one demonstrates  that  more than  80% of a lumina  is 
incorporated through a tschermak-substitution into the 
amphibole  structure. The intercepts, much closer to the 
ideal value of zero in Eq. 6 than  in Eq. 5 show the import-  
ant  cont r ibut ions  of Fe 3 + and Ti to the tschermak-ex- 
change. 

A1 vl = - 1.07 + 1.21A1TM r 2 = 0.88 (5) 

2Ti + Fe 3+ + A1 vl = - 0.11 + 1.12A1TM r 2 = 0.91 (6) 

With high A1 t~ t~:-substitution becomes selective with 
respect to M g -  Fe 2§ and A 1 -  Fe 3§ This selectivity 
results because Mg is preferentially replaced by A1, where- 
as the Fe t~ content  of the hornblendes  do not  vary 
particularly. As a consequence,  Mg/(Mg + Fe TM) is nega- 
tively correlated with pressure, a behavior  which can also 
be inferred from the data of Johnson  and  Rutherford 
(1989b). 

Above 13 kbar  biotite and orthoclase are no longer 
stable and equi l ibr ium (3) no longer buffers t~-exchange; 
therefore at this pressure amphibole  composi t ion  differs 
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Fig. 3. A1 ~v and A1 w of experimental hornblendes (symbols as in Fig. 
2), linear regression for data from 2.5 to 13 kbar, normalized for 23 
oxygens and Fe z +/Fe '~ = 0.30. Dotted line represents regression for 
(2Ti + Fe 3+ + AI vl) vs pressure. Linear regressions of data nor- 
malized to 23 oxygens with Fe 3 +/Fe t~ = 0.20 shows approximately 
the same slopes and correlation coefficients, whereas normalization 
with 2 cations-Ca-Na-K = 13 results in significantly lower correla- 
tion coefficients for Eqs. 5, 6 and an increased slope of Eq. 6 with 
respect to Eq. 5 

significantly from the trend between 2.5 and 13 kbar. 
Results obtained above 13 kbar and analyses of possible 
buffer reactions for amphibole will be presented elsewhere. 

M ( 4.)- and A-sites 

Because of the dependence of M(4)- and A-site-occupancy 
estimates on the normalization scheme used in determin- 
ing amphibole formulas, the actual substitution mechan- 
ism must be deduced by considering coupled substitu- 
tions. The rate of A1TM increase is slightly lower than the 
(2Ti + Fe 3+ + A1 w) increase from 2.5 to 13 kbar (Eq. 6) 
as equal amounts of A1TM and (2Ti + Fe a + + A1 vj) are 
incorporated by fie-exchange. This decrease coincides 
with: (1) a decrease of Ca content; (2) an increase of Na 
content (Fig. 4). These small, but significant, changes 
in amphibole chemistry reflect an increasing amount 
of plagioclase-exchange (pl = 91aucophane - if:, gl 
= Ca_ 1NaM(4)Mg_ 1A1 vl = Mg_ 1AlVISi _ 1A1TM 
+ Ca_ 1NaM~4)AI~ISi), with the result that the increase in 
Na with pressure is mainly due to Ca replacement on the 
M(4)-site (Brown 1977; Spear 1980). If the decrease in Ca 
content was compensated by Fe z+, the additional Na 
would necessarily occupy the A-site, and a relatively high- 
er increase of A1TM than (2Ti + Fe 3 § + A1 vI) would result, 
but this is not observed. Therefore variation of Ca and Na 
are best described by p/-exchange on M(4)-site and an 
insignificant variation of A-site occupancy. 

Discussion 

,Johnson and Rutherford (1989b) calibrated the Al-in- 
hornblende barometer (Eq. 7) using a mixed CO2-H20- 
fluid phase.  The effect of a CO2-H20 fluid is to shift the 
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Fig. 4. Ca and Na content in experimental amphiboles vs pressure 
(symbols as in Fig. 2) 

fluid-saturated solidus and the phase-stability-fields to 
higher temperatures (Swanson 1979; Bohlen et al. 1982 
and references therein). Therefore, the Al-in-hornblende 
barometer phase assemblage was stable in Johnson and 
Rutherford's experiments at 780-740~ and pressures 
from 2 to 8 kbar. 

P(_+ 0.5 kbar) = - 3.46 + 4.23A1 t~ r 2 = 0.99 (7) 

Eq. 7 describes the Alt~ relationship at temper- 
atures approximately 90 ~ higher than those for Eq. 4 and 
yields higher A1 t~ at corresponding pressures 

t o t  = AAlskbar= +0.40  apfu), or (AA12 kbar + 0.24 apfu, tot 
lower pressures at corresponding A1 t~ (APA~,o,=~.3 = 
1.1kbar, APAI .... 27 = 2.1 kbar), respectively. The higher 
A1 t~ in the hornblendes of Johnson and Rutherford co- 
incides with increased alkalies (Fig. 5) which occupy the 
A-site since Ca contents are slightly higher in their calib- 
ration at ~ 750~ than in this study at ~ 660~ There- 
fore the effect of higher temperatures is mainly to increase 
edenite-substitution (Spear 1981a; Graham and Nav- 
rotsky 1986). The requirements resulting from the theoret- 
ical basis of the Al-in-hornblende barometer were fulfilled 
for both the present experimental calibration at 
Ptot = Pmo, and that of Johnson and Rutherford at 
Ptot = Pco2 + Pu2o, but the different temperatures of cal- 
ibration result in two different equations for A1 t~ as 
a function of pressure. 

The A1 t~ variation in hornblende crystallized in the 
specified assemblage of the Al-in-hornblende barometer 
was suggested to be the result of the edenite-buffer reac- 
tion (Blundy and Holland 1990), t remol i te+alb i te  
=4quar t z  + edenite, which is a potential geother- 
mometer (Shido and Miyashiro 1959; Engel and Engel 
1962; Spear 1981a). This substantial criticism of the ba- 
rometer is extensively discussed by the comments of Ham- 
marstrom and Zen, Johnson and Rutherford, and Poli 
and Schmidt (all 1992) on Blundy and Holland (1990). 
Here it should be reemphasized that because of the iso- 
thermal character of both the present and Johnson and 
Rutherford's experimental calibrations, any temperature 
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Fig. 5. Total alkalies (Na + K) and Ca + Na + K of experimental 
hornblendes vs pressure (open symbols, this calibration;full symbols; 
Johnson and Rutherford 1989b). If the same amounts of Fe MC41 are 
assumed in both experimental calibrations, Ca + Na + K gives 
a normalization-independent estimate of A-site occupancy 

effect in each particular calibration is excluded a priori. 
The hornblende compositions obtained in each calib- 
ration show that: (1) the variation in A-site occupancy, 
which is the only unequivocal parameter  in the amphibole 
formula to determine the amount  of ed-substitution, is 
small (Table 3, Fig. 5; Table 2 Johnson and Rutherford 
1989b); (2) the large A1TM increase is related to an A1 w 
increase of similar extent. Therefore the A1 t~ variation in 
each particular calibration is mainly a result of t~-ex- 
change, whereas the difference between the two experi- 
mental calibrations can be mainly explained by the 
mostly temperature dependent e~-exchange. 

Thomas and Ernst (1990) report that in their experi- 
mental calibration of the Al-in-hornblende barometer  (at 
750~ 6-12 kbar, Pn2o = P to t )  orthoclase and quartz oc- 
curred as stable phases. This does not agree with previous 
experimental work (Lambert and Wyllie 1974; Whitney 
1975; Naney 1983; reviews by Wyllie 1977; and Green 
1982). Perhaps either the large grain size (100 ym) used by 
Thomas and Ernst permitted metastable orthoclase and 
quartz to persist, or in the piston cylinder apparatus, 
thermal gradients (Leistner 1979), resulting from the long 
capsule lengths (11.4 ram) used by Thomas and Ernst, 
may have created conditions such that orthoclase and 
quartz were stable at the cold end of the capsules while 
amphibole compositions were measured at the hotter end. 
It seems unlikely that the assemblage needed to buffer A1 t~ 
in hornblende could have been stable at 750~ 6-12 kbar  
and the difficulties of calibration discussed by Thomas 
and Ernst may have been the result of disequilibrium 
within their capsules. 

Conclusions 

The agreement of the field calibrations of the Al-in-horn- 
blende barometer, for which pressures were estimated 
from the contact-aureole of the investigated plutons, and 
the present experimental calibration is strong evidence 
that in these types of intermediate granitoids: (1) horn- 
blende equilibration continues until and ceases at the wet 

solidus; (2) significant subsolidus reaction, which would 
cause a change in A1 t~ content of hornblende and 
therefore a discordance of pressures calculated by contact- 
aureole and by Al-in-hornblende barometry, is of minor 
importance. Explicitly it should be noted, that the cessa- 
tion of hornblende equilibration at the solidus cannot be 
explained by the lack of melt in the subsolidus range. 
Experimental studies (Apted and Liou 1983; Spear 1981b; 
D. Jenkins, personal communication) showed that am- 
phibole in fluid-saturated systems is quite reactive also in 
the subsolidus range. The more probable explanation is 
that after solidification of the plutons the released fluid 
escaped rapidly and a "dry" unreactive system remained. 
The AP ~ content of fully buffered magmatic hornblende 
can be used to determine an intrusion depth within the 
pressure range from 2.5-13 kbar  with a precision of 
+_ 0.6 kbar. However the pressure calculated from horn- 

blende composition is indirectly also a function of fluid 
composition as has been shown by comparison with the 
experiments of Johnson and Rutherford (1989b), and con- 
sequently any indications of a CO2-bearing fluid should 
be carefully considered. 
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