
Introduction

This paper is concerned with the exchange of Na

and K between a silicate melt and the A site of co-
existing hornblende, as described by the following

equation:

Na(hornblende) + K(melt) ?

K(hornblende) + Na(melt) (l)

The data on which the discussion is based were ob-
tained by detailed study of the compositions of
phases produced in several rocks of basaltic composi-
tion at 700-lM5'C and P",o = P,",",: 5 kbar (Helz,

1973, 1976). The crystalline assemblages are domi-
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nated by hornblende-rplagioclase below 850"C and

by hornblende-raugite*olivine above 850"C. A
quenched silicate melt was present in all assemblages

anaLyzed.
The compositional data include analyses of 24 co'

existing hornblende-melt pairs, the equilibration

temperatures of which cover the entire temperature

interval (700- l M5 " C). The hornblendes (Helz, 197 3)

range over a large part of the compositional field re-

ported for igneous hornblendes (Deet et al., 1963)'

The melts (Helz,1976) are mostly quartzofeldspathic

but cover a fairly wide range of KrO, NarO, and CaO

contents. The range of temperatures over which

hornblende and tiquid coexist in the present set of
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Abstract

Alkali exchange between the A site of hornblende and a coexisting melt may be described

by the following reaction:

Na (hornblende) + K (melt) € K (hornblende) + Na (melt)

The equilibrium constant of this reaction is:

1"",'[*l^..
where X* and X". are mole fractions of KrO and NazO in the hornblende and melt.

The value of this distribution coefficient has been calculated for 24 coexisting hornblende-

melt pairs produced by partial melting of three basalts at Pr,o = Pror.r : 5 kbar, under con-

trolled oxygen fugacity, at temperatures ranging from 700 to 1045'C. In calculating the ob-

served distribution coefficient (KD), values used for X,. and X". were the cation proportions

of K and Na per 23 oxygens for hornblende, and moles of K and Na per lfi) g of melt. When

plotted against reciprocal temperature, Ko shows a strong positive temperature-dependence,

describable by the equation ln Ko : e4258/T) + 3.25.
The anticipated eflects on Ko of varying pressure and water activity, at constant temper-

ature, are small. The exchange is not affected by variations of NarO and KrO in the bulk

composition or in the melt. The distribution coefficient is aflected by changes in composition

of the hornblende insofar as the changes affect the size of the A site, but this effect can be

calibrated by taking into account variations in the cell volume of the hornblende.

Accordingly, this exchange reaction would seem to be a possible geothermometer for ap-

propriate samples. Given the alkali contents of hornblende and a coexisting melt, and the cell

volume of the hornblende, the temperature at which they equilibrated is determinable to ap-

proximately +50oC.



data would be difficult to duplicate even in a fairly
elaborate "simple" system involving end-member
amphiboles.

Experimental and analytical methods

The starting materials for the hydrothermal melt-
ing experiments described above were powders of a
Picture Gorge tholeiite, the l92l Kilauea olivine tho-
leiite, and the l80l Hualalai alkali basalt, ground to
<200 mesh. Their bulk compositions are shown in
Table l. Each charge contained, in addition to the
basalt powder, enough water to produce a separate
vapor phase at experimental P and L Oxygen fuga-
city during the runs was controlled with either the
quartz-fayalite-magnetite (QFM) or hematite-mag-
netite (HM) bufers. Run temperatures ranged from
678 to 1045'C at Pr,o = P,o,",: 5 kbar, but glass oc-
curs in analyzable amounts from 700-1045"C only.
Further details on the nature of the starting materials
and the experimental methods used are given in Helz
(re73).

The analyses were made on an ARL electron mi-
croprobe operated at 15 kV and a sample current of
0.01 pA. The NarO and KrO contents, in weight per-
cent, for hornblendes and melts are given in Table 2;
most are from Helz (1973, 1976) and are reproduced
here for convenience only. The estimated analytical
uncertainties for NarO and KrO in the hornblendes
are +5 percent of the amount present. The uncer-
tainty in the alkali contents of the glasses is estimated
to be =0.1 weight percent absolute for KrO and +0.2
weight percent absolute for NarO. (This is about +10
percent of the amount present in most cases.) These
uncertainties are for purposes of comparison with

Table l. Chemical analyses of basalts used as starting materials in
these experiments
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1801 Hualalai
a1ka1i basalt

2 . 4 r

1 4 . 9 1

3 , 6 9

9  . 0 9

0 . 1 9

8.  69

9 .  8 6

0 . 9 7

0 . 3 1

9 9 . 5 3

other data; the internal precision of this data set ap-
pears to be considerably better. A description of the
analytical procedures may be found in Helz (1973);
special problems relating to the glass analyses (alkali
determinations, quenching problems) are discussed
in Helz (1976).

Cell parameters for l8 analyzed hornblendes are
given in Table 3. These were made by least-squares
refinement of X-ray powder diffraction data, follow-
ing the method of Appleman and Evans (1973). Most
refinements involve 14-16 fixed-index peaks. How-
ever, certain high-temperature charges (1921-1015,
192l-1000, and l92l-930) contain enough augite to
interfere with many of the smaller hornblende peaks.
These refinements are based on I l-12 peaks only,
and addition of other lines changes the cell parame-
ters markedly. These three refinements are therefore
not strictly comparable to the others, and are prob-
ably somewhat less accurate. Further details of the
methods used here are given in Helz (1973). The er-
rors given in the table are the standard errors as cal-
culated by the program for the final refinement. The
total uncertainty in the cell parameters is about twice
the size ofthese standard errors.

Calculations and results

The equilibrium constant for the reaction de-
scribed by equation I is:

(2)
mell

si02

Tro2

Arzo3

"t203
FeO

I'lnO

Mgo
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Na2 0

K20
p o
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5 0 . 7 1

1 .  7 0

L4.48

4 . 8 9

9 . O 7

0 . 2 2

4 . 6 8

8 . 8 3

3 . 1 6

0 , 7 7

0.  36

9 8 . 8 7

4 9 . 1 1

2 , 5 r

L 2 . 7  4

3 . 2 3

8 ,  4 0

0 .  1 7

10.  31

1 0 . 7 3

r . 9 7

0 ,  4 9

o . 2 7

Picture corge 1921 Ki lauea
tholei i te ol lv ine tholei l te

where X* and X"" would be the mole fractions of K
and Na in the hornblende and melt.

The quantities used for X,, and X" in hornblende
were the proportions of Na and K in the A site of
each hornblende, as taken from its structural for-
mula. The structural formulas were calculated on the
basis of 23 oxygens, with all iron as FeO. The
amount of K* in the A site is equal to the K* in the
structural formula, as K* canlot enter any other site
in hornblende. Na may enter the A site or the IvL
site, however; to the extent that Na(Mo) is significant,
it must be subtracted from total Na before Na(A),
and hence Ko, can be calculated.

As discussed by Stout (1972) it can be very diffi-
cult to assign a reasonable Na(M") value without
having FerO, and FeO in the hornblende determined
separately; however, the problem is not severe for the
hornblendes in the present data base. The structural
formulas for these hornblendes, when calculated as
described above, have summations for cations in the
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Table 2. Alkali contents and distribution coefficients for coexisting hornblendes and melts
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Na20 in
Sample horiblende

Kro in
horiblende

Na in
hornblende

K i n
hornblende

Na2O in
meI t

K2O tn
f,e1t

KD 1 " 5

1.  PO-700
2 ,  P C - 1  5 0
3 .  P G - 8 2 5
4.  PG-875
5.  ?G-930
6.  PG-1000

7. ),92t-700
8 .  l 9 2 l - 7 2 5
9 .  L 9 2 t - 7 5 0

10.  I92 I -825
11.  L92r -875
L2,  1921-930
13.  1921-1000
14,  192r -1015
15. r92r-r045

16. 192t-EM-725
r7 .  1921-HM-825
18. r92r-m4-925

19.  1801-725
20.  r801-825
2r .  1801-875
22,  1801-930
23.  r801-970
24,  1801-1000

2 . 0 3
2 , 6 6
2  . 4 5
2 . 7 0
2 , 1 3
2 . 7  2

1  . 4 5
1 .  6 1
1 .  6 5
1  . 9 5
2 . L O
2 , 2 2
2 , 3 0
2 . L 8
L , 9 1

L , 7  3
1 .  8 6
r , 9 7 +

2 . 1 7
2 , 5 9
2 . 5 0
2 , 5 7
2 . 5 7
2 . 5 6

, 6 2
. 4 9

. 4 8

. 4 4
, 7 r

. 4 7

. 5 0

. 4 6

, 4 4
. 4 0
. 5 0

. 4 8

. 4 8

. 4 5

.37+

. 6 6

. 1 4

. 6 9

. 7 1

. 6 6

. 8 3

. 5 9

. 6 2 *

. 7 2

. 8 0

. 4 1

. 4 6
, 4 7

. 6 0

. 6 3
,6 ' l
. 6 3
, 5 6

. 4 8

. 5 9 *

. 7 5

. ' 1 4

. 7 4
, 7 4

. 1 2

. 0 9 4
,097

,092
, 1 4

. 0 8 8

. 0 9 3

. 0 9

.097

. 0 8 2

. o 7  5

. 0 9 6

. 1 0

. 0 9 0

. 0 8 9

. 0 8 3

. 0 6 8

, 1 3
. 1 4

1 1

. 1 6

4 . 2
4 , 2
4 . 3
4 . 3

2 . 4
2 . 4
2  , 4 * *

2 . 6
2 . 7
3 , 0

2 . 8

2 , 6
3 . 0
3 . 4

4 . 4
4 , 5
4 . 5

4 , 6
5 . 0

1 . 8

I . t
1 , 1
1 . 1

2 , 4
2  .0**
I , 2
1 . 0

, 9 6
. 8 9
. 8 4
, 7 L

2 . 4

1 . 0 7

1 1

1 . 8
1 . 8
1 . 8
1 1

.309  - r . r7

. 4 7  4  - 0  . 7  4 7

.662 -0 .4L2 '

. 6 7  4  - 0 , 3 9 4

. 6 9 r  - 0 . 3 7 0

1 . 0 4  + 0 . 0 3 7

. 2 2 3  - 1 . 5 0

. 3 0 7  - 1 . 1 8

, 3 5 0  - 1 . 0 5
, 5 6 0  - 0 . 5 8 0

. 5 4 0  - 0 . 6 1 6

.509 -0 .676

.  7 3 8  - 0 . 3 0 4

. 9 2 0  - 0 . 0 8 3

. 9 6 9  - 0 . 0 3 1

. 3 0 5

. 5 1 8

. 6 0 1

. 4 0 5
, 5 7  r
.659
. 6 6 7
.682
.969

- 1  1 0

- 0 , 6 5 1
- 0 . 5 1 0

- 0 . 9 0 4
- 0  . 3 9 9
-0 .417
- 0 . 4 0 5
- 0 . 3 8 3
- 0 . 0 3 1

*Na in hornblende corrected for Na(MO).

**Values est imated by interpolat ion.

+ c o r r e c t e d  a n a l y s e s ,  s i g n i f l c a n t l y  d i f f e r e n t  f r o n  v a l u e s  r e P o r E e d  i n  H e l z  ( 1 9 7 3 ) '

M,, Mz, and M3 sites falling in the range 4.96-5.14.
As discussed in Helz (1973) this implies that the fer-
ric iron contents of these hornblendes are quite low
(<10 percent of the iron present). Therefore, al-
though there is probably some ferric iron present in

these amphiboles, it has been ignored in calculating
Ko because (l) the Fe(M.) contents (0.00-0.14) are
barely significant analytically and (2) there is no rea-
son to assume Fe(M.) must be exactly zero (see

Goldman and Rossman, 1977).

Table 3. Cell parameters ofhornblendes

9
d ,  A u ,  A c ,  i vo t .  ,  A3

Silple

1 .  P G - 7 5 0
2 .  P G - 8 2 5
3 .  P G - 9 3 0
4 .  P G - 1 0 0 0

5 .  L 9 2 L - 7 0 0
6 .  L 9 2 L - 7 2 5
7 .  L 9 2 r - 7 5 0
8 .  r 9 2 L - A 2 5
9 .  r 9 2 r - 9 3 0

1 0 .  t 9 2 t - 1 0 0 0
1 1 .  1 9 2 1 - 1 0 1 5

1 2 .  I 9 2 l - n 4 - 7 2 5
1 3 .  1 9 2 1 - H M - 8 2 5
L4. I92L-IX1-925

1 5 .  1 8 0 1 - 7 2 5
1 6 .  1 8 0 1 - 8 2 5
r 7 .  1 8 0 1 - 9 3 0
1 8 .  1 8 0 1 - 1 0 0 0

9 . 8 5 9  I  0 . 0 0 2
9 . 8 6 4  i  0 . 0 0 3
9 . 8 6 2  r  0 . O 0 2
9 . 8 9 2  r  0 . 0 0 3

9 . 8 3 5  t  0 . 0 0 5
9 . a 4 7  !  O . O O 2
9 . 8 4 8  t  0 . 0 0 3
9 . 8 4 4  1  0 . 0 0 4
9 . 8 4 4  t  0 . 0 0 2

9 . 8 6 7  t  0 . 0 0 2
9 . A 7 2  !  O . O O 5

9 . 8 5 4  I  O . O O 3
9 . 8 5 6  1  0 . 0 0 3
9 . 8 5 3  I  0 . 0 0 4

9 . 8 6 I  t  0 . O O 3
9 . 8 7 2  l  0 . 0 0 5
9 . 8 6 6  1  0 . 0 0 2
9 . 8 8 5  i  0 . 0 0 3

1 8 . 1 0 5  !  0 . 0 0 4
r 8 . l 0 l  r  0 . 0 0 9
I 8 . 0 8 9  I  0 . 0 0 7
1 8 . 0 8 5  l  0 . 0 0 5

1 8 . 1 0 0  r  0 . 0 1 0
1 8 . 0 8 5  r  0 . 0 0 7
1 8 . 0 5 8  r  0 . 0 0 7
1 8 . 0 7 1  J  O . 0 0 6
1 8 . 0 6 4  1  0 . 0 0 6
1 8 . O 5 8  t  0 . 0 0 8
1 8 . 0 7 9  I  O . 0 r 4

1 8 . 0 8 5  t  0 . 0 0 8
1 8 . 0 5 0  1  0 . 0 0 7
1 8 . 0 2 2  l  0 . 0 I 3

1 8 . 0 9 3  1  0 . 0 0 8
1 8 . 0 8 8  1  0 . 0 1 0
1 8 . 0 5 8  r  0 . 0 0 6
1 8 . 0 9 8  1  0 . 0 0 8

5 . 3 1 0  r  0 . 0 0 1
5 . 3 r 5  r  0 . 0 0 2
5 .  3 1 0  I  0 . 0 0 r
5 . 3 2 1  !  O . O O 2

5 . 3 0 4  r  0 . 0 0 2
5 . 3 0 0  1  0 . 0 0 2
5 . 2 9 7  r  0 . 0 0 1
5 . 3 1 2  i  0 . 0 0 1
5 . 3 0 7  !  0 . 0 0 r
5 . 3 1 6  I  0 . 0 0 2
5 . 3 3 5  r  0 . 0 0 4

5 . 3 0 6  1  0 . 0 0 3
5 . 3 0 9  t  0 - 0 0 1
5 . 3 1 6  1  0 . 0 0 2

5 . 3 0 4  !  0 . 0 0 3
5 . 3 1 8  t  0 . 0 0 3
5 . 3 0 9  r  0 . 0 0 1
5 . 3 2 4  !  O . O O 2

I 0 4 " 5 7 '  1  I '
1 0 5 " 1 '  !  2 '

1 0 4 0 5 9 '  t  t '
I 0 5 "  1 3 '  1  2 '

1 0 4 0 5 1 '  1  2 '
1 0 4 " 5 4 ' !  !  I '
r o 4 0 5 2 ' ,  !  2 ' ,

1 0 5 " 2  |  1  I '
r o 5 0 0 '  1  1 '

L O 4 0 5 7 ' ,  !  2 ' ,

1 0 5 ' 8 '  1  3 '

L O 4 6 5 7 '  !  2 ' ,

1 0 5 ' 3 '  I  r '
r n q o ? r  t  ? l

ro4"49'  !  2 ' ,
1 0 5 0 6  |  1  3 '
I 0 5 " 8 ' |  t  I '
104 ' 58 ' !  1  2  |

9 1 5 . 9  !  O - 2
9 1 6 . 7  l  0 . 3
o l q  1  +  n  2

9 L 9 . 7  !  O . 4

9 I 2 . 5  !  O . 4
9 1 2 . 0  l  0 .  3
9 1 0 . 4  t  0 . 3
9 1 2 . 5  1  0 . 3
9 1 1 . 4  !  O . 2
9 1 5 . 0  !  0 . 3
9 1 9 . r  1  0 . 6

9 t 2 . 6  !  O . 4
o l ,  ?  +  n  ,
o l t  a  +  n  (

9 L 4 . 9  !  O . 4
9 1 6 . 9  1  0 . 6
9 r 3 . 1  I  0 . 2
9 2 0 . t  !  o . 4
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Therefore, Na(M.) has been calculated as 2.00 -
Ca - Fe(M.). Most of the hornblendes contain
Na(M.) values of 0.10 or less, which has been ig-
nored as being analytically insignificant. For these
hornblendes X*, is equal to the total Na content of
the hornblende, shown in Table 2. Two hornblendes
(PG-750 and l80l-725) contain 0.t7 and 0.24
Na(M.) respectively. For these two, X*. : total Na -
Na(M.) (see Table 2).

For the melt, X*, and X* in equation 2 were taken
as the mole proportions of Na or K per 100 g of melt.
This in effect assumes that all sites in the melt occu-
pied by alkates are equivalent.

With these values, the quantity on the right side of
equation 2 was calculated for the 24 hornblende-
melt pairs, and is designated K" in this paper. Ko is
an observed distribution coefficient; it equals the
equilibrium constant lK" (eq)l if the experimental as-
semblages have indeed equilibrated.

The results are shown in Figure l: ln Ko increases
from -1.3t to 0.0 as temperature increases from 700
to l045oc.If one wishes to fit all of these points to a
single line, the best least-squares fit is:

ln KD: e42s8/T) + 3.2s (3)

This is the dashed line in Figure l.
Two alternative methods of calculating X*" and

K" have also been tried. The first involves correcting
total Na for Na(l\d.) in all hornblendes. The eflect of

I t ' o '
Fig. l. The distribution coefficient for the exchange of K and Na

between hornblende and melt, as ln Ko, plotted against reciprocat
temperature. The dashed line fitting the data has the equation ln
KD : e4258/T) + 3.25.It appears in Figs. 4, 5, and ? as a solid
line. Circles : l92l hornblende-melt pairs; crosses : l92l-HM
pairs; squares: Picture Gorge pairs; triangles: l80l pain. These
symbols are the same in Figs. l-3.

this is to shift the array of points in Figure I up
slightly. The least-squares linear fit in this case is:

ln Ko : (-4039/T) + 3.10 (4)

Second, one can estimate the maximum effect on KD
of FerO, in hornblende by equating Fe(M.) to zero,
and then calculating X*. : total Na - Na(M.). This
shifts the points up still further, those at high temper-
atures (930'-1045"C) being more strongly affected
than the low-temperature ones. The resulting least-
squares linear fit is:

ln Ko : e4566/T) + 3.7t (5)

Note that in this case the slope is appreciably steeper
than in equations 3 and 4. The effect of ignoring fer-
ric iron in the hornblendes of the data base is thus to
underestimate the actual dependence of Ko on tem-
perature.

Discussion

The data of Figure I show that reaction I is very
strongly temperature-dependent. At low temper-
atures potassium is concentrated in the melt relative
to hornblende, but as temperature increases to
1050'C the distribution coefficient approaches one. It
is not clear from the present data whether Ko will
continue to increase as temperature increases further,
with hornblende becoming enriched in K relative to
the melt, or whether the distribution of alkalies will
be random (K" : l) at all higher temperatures.

The question arises as to why this exchange reac-
tion should be so temperature-dependent. There are
two factors which may contribute. The first is that
there may be intrinsic differences in structure be-
tween hornblende and liquid, which lead to differen-
tial changes in the alkali sites in each phase as tem-
perature increases. To evaluate this effect we would
need values for the enthalpies of the melt and the
hornblendes, and the enthalpy of fusion of the horn-
blende; this information is not available.

In addition, non-ideal mixing of alkalies within ei-
ther hornblende or melt would add to the overall en-
tropy of the reaction. The work of Burnham (1975)
suggests that mixing of K and Na in these quartzo-
feldspathic melts may be ideal. However, because of
the large size difference between K* and Na*, solid-
solution series involving the substitution K C Na
frequently have substantial positive volumes of mix-
ing or a miscibility gap in the middle of the series.
This is seen in the micas (Eugster et al., 1972;
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Blencoe, 1977) and feldspars (Tuttle and Bowen,
1958; Orville,1967).

The hornblende structure is apparently less suscep-
tible to collapse as Na* substitutes for K*: at least, no
excess volume effects were observed in the (K'Na)
richterite series (Huebner and Papike, 1970). How-
ever, in hornblende the A site is distorted in shape.
Because of this distortion, and the large difference in
ionic radius, Na* and K* occupy slightly different
positions in the A site (Papike et al., 1969). The pres-
ence of two different A sites will increase the entropy
ofthe exchange reaction by adding a configurational
entropy term; however, since neither this nor the first
effect can be evaluated rigorously, the relative impor-
tance of the two is unknown.

Whatever the precise reason for the strong temper-
ature-dependence of this reaction, it may be possible
to use it as an empirically-based geothermometer,
without complete thermodynamic analysis. Most
other silicate exchange reactions which have been
proposed as geothermometers involve the exchange
of Mg and Fe between two crystalline phases. An-
other, the plagioclase geothermometer, involves ex-
change of Na* and Ca2*, balanced by Sio* and Al3*,
between feldspar and liquid. Reaction I is simpler
than these reactions for several reasons:

(l) Both Na and K are of fixed valence, unlike
iron. Thus changes in oxidation state have no direct
effect on rKo; electron microprobe analyses of horn-
blende and melt can often be used to calculate Ko, ei-
ther directly or with minor corrections, without a
separate determination of multiple valence states.

(2) Na and K are much more similar chemically
than Fe and Mg, as measured by, e.8-, their electro-
negativities.

(3) Only one crystalline site is involved in the ex-
change: the l2-fold A site in hornblende. Most other
proposed geothermometers involve either multiple
sites in one or both phases, or coupled substitutions.

Nevertheless, in spite of these simplifying factors,
it seems probable from Figure I that other factors be-
sides temperature control K'. Two complexities are
immediately apparent:

(l) The shapes of the curves connecting horn-
blende-melt pairs from each bulk composition are S-
shaped, suggesting that temperature-dependence is
not linear.

(2) The curves for different basalt compositions are
displaced from each other, implying that a composi-
tional effect of some sort influences K" at constant
temperature.

Therefore. before reaction I can be considered

useable as a geothermemeter, we must know what

other factors besides temperature are affecting K"

and whether their effects can be calibrated. Possible

factors include: variations in melt composition and

hornblende composition; pressure; and water activ-

ity.

Compositional fficts

As noted above, there is some compositional con-

trol on K,. at constant temperature K" (PC; = 6"

(1801) > K' (lg2l). However, for these three basalt

compositions, this is a second-order effect, only

slightly larger than the ll-16 percent uncertainty in

Ko, related to the analytical uncertainties in NarO

and K'O.
Hornblende and melt both vary in composition

throughout the temperature range involved (700-

t045"C); furthermore, many other phases are present

in each assemblage, so the number of potential vari-

ables may appear to be very large. However, from

the form of reaction l, it can be seen that K" is af-

fected only by the relative energies associated with

the A site in hornblende and the alkali sites in the

melt. Thus compositional control of Ko must corre-

late with changes in hornblende composition or melt

composition. As melt composition changes, other

phases may become stable (e.g., plagioclase, augite).

However, K" will be affected only to the extent that

melt structure changes as melt composition changes:

the presence or absence of other phases will not af-

fect Ko directly.

It is hetpful, in resolving what compositional fac-

tors are controlling Ko, that the variation of K" vs. l/

T is nonlinear, because most oxide components in

hornblende and liquid do vary linearly with temper-

ature in these experiments (Helz, 1973, 1976). Nei-

ther the shape ofthese curves nor their sequence (PG

> l80l > l92l) can be explained by variations in

NarO or KrO in the bulk compositions of horn-

blendes or the melts, for example. The compositional

parameter whose behavior as a function of temper-

ature most resembles that of K" is the Mg/(Mg + Fe)

ratio of hornblende, shown in Figure 2. When one

compares Figures I and 2, it appears that K" is in-

versely related to variations in Mg/(Mg + Fe) in

hornblende. In particular, the dip in rKo values be-

tween 875-970"C coincides with the peak Mgl(Mg +

Fe) values in these hornblendes. However, other as-

pects of hornblende composition besides the Mg/

(Mg + Fe) ratio must also be affecting Ko. For ex-
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This contouring suggests that one can calibrate the
effect of hornblende composition on Ko in terms of
the volume of the unit cell; that is, the combination
of a K" value and the cell volume of the hornblende
uniquely determines the temperature at which the
particular hornblende-melt pair coexists.

Estimated fficts of pressure and water activity on Ko

If the melt is more compressible than hornblende,
the larger cation (K*) will be enriched in hornblende
as pressure increases, shifting equation I to the right
and increasing K". The equation describing the effect
of a change in pressure on the molar free energy (A@
of a reaction at constant temperature is:

aAG ^_-jp : av

where AZis the change in molar volume of the reac-
tion. For equation l, the change in molar volume can
be written:

A,V: (V*nor- Z*"n',) - (V*^o,- Z*"-o,) e)

Although ideally one would like to know the efect of
an infinitesimal change in K/Na onZfor complex
hornblendes or melts otherwise constant in composi-
tion, such information is not available. However, mo-
lar volumes are available for certain end-member
compositions: Na-richterite and K-richterite (Hueb_

TEMPERATURE, OC

Fig. 2. Mgl(Mg+Fe) in hornblende vs. temperature. Large
dashes connect l92l-HM data. Small dashes are used as in Fig. 7
(Helz, 1973,p.275).

ample, hornblendes having higher I2Ti + A(VI)
contents tend to have lower Ko values, for a given
Mgl(Me + Fe) ratio [compare the 192l-1000 and
180l-1000 hornblende Ko values ys. their composi_
tions (Helz, 1973)1.

Thus K" is affected by variations in hornblende
compositions, and furthermore there is no one com-
positional parameter to which all of the observed
variation in Ko can be related. However, perhaps the
most important difference between the Na* and K*
ions is sLe. Therefore it seems reasonable to hypoth_
esize that variation in hornblende composition at
constant temperature affects Ko because it afects the
size of the A site: more magnesian hornblendes or
hornblendes with higher concentration of *3 and +4
cations in the octahedral sites tend to have smaller
unit cells, overall. The smaller unit cells would tend,
other things being equal, to favor Na* rather than K*
in the A site.

In order to test this hypothesis, cell parameters
were obtained for 18 experirnentally-produced horn_
blendes. The correlation between the volume of the
unit cells and Ko, at constant temperature, is quite
good. Figure 3 shows the data of Figure l, with the
cell volumes from Table 2 beside the Ko values of the
corresponding hornblendes, plus one data point from
Table 5. The superimposed contours show the way
K" varies with temperature at constant cell volume.

€  o o o

+
f

{

(6)

- o m

0 7  0 8  0 9  r o  t l

i ^ ' o '
Fig. 3. Compositional data from Fig. l. The numbers beside

some of the points are the volumes of the hornblende unit cells,
taken from Table 3. The contours indicate the approximate
variation of Ko with temperature at constant cell volume. The
asterisk denotes a hornblende-melt pair produced in the l92l
basalt at 1000'C, 8 kbar (Table 5, Col. 3), with its cell volume of
9t  1.8A3.
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Table 4. Kp values for some hornblende-melt pairs produced in other experimental studies

Star t ing
Mater la l

Pressure
(kb)

Tempera ture  \  n( "c )  "2 -
Ko 1 " 5Buf fe r

Used

Holloway and Burnham
(L912)

Green and Ringwood
(  1968)

CawEhorn  e t  a I .
( 1 9 7 3 )

A l len  e t  a l . * *
(197s)

Mysen and Boettcher
( 1 9 7 5 )

1921 K l lauea
o l iv lne  tho le i i te

5 y r r L r r c L r e

quar tz  tho le i i te

a lka l i  basa l t
basa l t i c  andes i te

Mt .  Hood
andes l te

sp ine l  therzo l i te
( B )

garnet  therzo l i te
(D)

4 . 9 0
5 . 2 0

9
9
9

5
5

13
l3

15

l5

875
999

920
960

r040

1001
96L

900
920

1050

1100

0 .  6 0
o  5 7

?

?

1 . 0
1 . 0

1 . 0
1 . 0

1 . 0

1 . 0

NNO
NNO

None
None
None

NNO
NNO

NNO
HM

HM

None

. 7 r 9  - . 3 3 0

. 3 9 5 *  - . 9 2 9

. 5 7 L  - . 5 6 0

.281  -1 .269

. 1 5 9  - . 2 7 6
L . 2 0 6  + . 1 8 7

. 8 1 3 *  - . 2 0 1

. 1 0 9 *  - . 3 4 4

. 7 8 1 x  - . 2 3 9

. 6 8 9  - . 3 7 2

+t  +1
* Ind ica tes  amphibo les  fo r  wh ich  I$  i s  sens t t i ve  to  assumed Fe 

- /Fe  -  
ra t io '

* *The g lass  ana lyses  presented  by  A l len  eE a l .  have very  low Na2O conten ts ,  p robab ly  because oE

vo la l i l i za t ion  o f  Na2O under  t i re  p robe-Eem.  The a lk ; l i  con t6n ts  o f  Ehese were  reconsErucEed

approx imte ly  by  ca l -u la t ing  modes and de temin ing  a lka l ies  by  d i f fe rence,  us ing  phase and

bu lk  compos i t ions  presented  by  A l len  e t  a l .  and the  ne thods  descr ibed in  He lz  (1976) .

ner and Papike, 1970) and NaAlSirO' glass and
KAlSi,O, glass (Robie and Waldbaum, 1968). Put-
ting these values in equation 6 gives:

Av : (277 .48-273.93) - (l l6.s-l 10. l)

: -2.85 cm3,/mole

With this value for [V, the effect on Ko at a given
temperature may be calculated using the equation

d l n K  L V
dP RT

Assuming LV is -2.85 cm3, and T : 1300"K, the
change in ln K is 0.027 per kilobar. A pressure in-
crease of 5 kbar, for example, would shift the line in
Figure I up 0.l4log units. Alternatively, if one used
the line in Figure I for hornblendes actually formed
at l0 kbar, the estimated temperatures would be
about 600 too high. Since the uncertainty in the mi-
croprobe analyses produces an uncertainty of +40-
50" in temperature, it will probably be difficult to see
the effect ofpressure on KD unless very large pressure
contrasts are involved.

The molar volumes used for the melts are those of
the dry glasses at STP; these are not the same as the
volumes would be for hydrous melts at T and P.
However, unless K-bearing glasses behave differently
from Na-bearing glasses as f, P, and HrO content

change, the difference between the molar volumes of
the two should be of the same sign and order of mag-
nitude as that obtained here. Let us further assume
that variations in dH,o have no effect on the crystal
structure of hornblende, so long as a",o is high
enough to stabilize hornblende. If this is true, varia-
tion in a",o will affect equation I only to the extent
that it either changes the relative compressibilities of
hornblende and melt or changes the way K and Na
mix in the melt. Such effects are likely to be small for
the range of a",o values over which hornblende is
stable.

These conclusions, that pressure should shift this
exchange reaction to the right, and that this effect
should be small, are in good agreement with the ob-
servations of Cawthorn (1976). Cawthorn reports
that hornblendes in extrusive rocks tend to be some-
what more sodic, relative to bulk-rock composition,
than hornblendes from intrusive rocks, but the effect
is barely visible given the scatter in the data. A shift
in this same direction' was observed by Nicholls

' Both Cawthorn (1976) and Nicholls (1974) calculated the ratio

tA"l /tlto"l
I X" lno,/ I Xx l-"rr

which is l/Ko as defined in this paper.

(8)
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3 4 5
1921 1921 si l  car los

in Table 4 were calculated using the same conven-
tions observed in Table 2 and Figures I and 3, that is,
all iron in the hornblende was taken as FeO, and
Na(Mo) was corrected for only where it exceeded
0.10 cations per 23 oxygens. The results are plotted
with my data in Figure 4.

These I I additional hornblende-melt pairs were
produced in a variety of bulk compositions, at tem-
peratures ranging from 875"-1100"C, and pressures
of 5 to 15 kbar. Nine have Ko values which fall
within the range of Ko values observed in the present
study, or only slightly outside, while two have Ko's
much lower than those of any pairs produced in this
study. When one considers the analytical difficulties
involved, plus the considerable variations in bulk
composition, water activity, and oxygen fugacity
among the different sets of experiments, this level of
agreement between the various data sets is quite
good. It confirms both the general accuracy of the
analytical data, and the dominant role of temper-
ature in controlling the value of rKr. By contrast, a
pressure effect is not evident: hornblendes formed at
9-15 kbar are not systematically offset from those
produced at 5 kbar. Some compositional effects can
be seen in Figure 4, however. The three hornblendes
from andesites all fall above the best-fit line for the
basalt data, while two hornblendes from peridotites
fall below it. This general pattern agrees with the evi-
dence from the present study, that the single most
important chemical variable controlling Ko is the
Mg/Fe ratio of hornblende.

One of the two Ko values which fall well below the
rest of the data in Figure 4 is for a hornblende-melt
pair produced in the l92l Kilauea basalt at 5 kbar,
1000"C (Holloway and Burnham, 1972).In order to
determine why this one pair has such a low Ko value,
Dr. J. R. Holloway provided four experimental
charges from the set described by Holloway and
Burnham (19'72) for analysis. Data for these horn-
blende-melt pairs, plus data for a fifth charge made
using the basanite from San Carlos, Arizona, are pre-
sented in Table 5. The analytical and X-ray methods
used are the same as previously described. Two of
these charges (Cols. 3 and 4, Table 5) were analyzed
earlier (Holloway and Burnham, 1912); the others
have not been analyzed before.

The results in Table 5 generally fit well with the
data from Table 2. Most hornblende-melt pairs from
the l92l Kilauea tholeiite plot together, and the pair
from the San Carlos basanite plots with the data
from the relatively iron- and alkali-rich picture

Table 5. Chemical analyses, structural formulas (23 oxygens) and
cell parameters for hornblendes, with alkali contents of mexisting
melts and distribution coefficients for hornblende_melt pairs, from

experimental charges provided by J. R. Holloway

I
S ta r t rng  I92 I

na ter ia l

P r e s s u r e ,  k b  5 . 1 o
Tmpera ture ,  oC 

fOOl
' "ao  '57

2
1 9 2  t

4 - 9 5
999

5 1

7 . 8 0  1  9 6  5
9 5 5  1 0 5 0  l o o o
. 5 1  . 6 0  1 . 0

S i 0 2

T i O 2

A t 2 o 3

FeO

ho

Mgo

CaO

N a 2  O

K 2 o

SM

: l  .  ] 8 .  o o

Afv i

T i

b

Mg

S m

K

S N

I , A

B

w o r m e , A 3

Alkal ies in
coexist ing nelt :

N a 2 O
K2o

4 I 1  4 3 6
3 . 4 6  2  - a 2

1 2 . 6  I 2 . 4
1 2 . 3  7 2 . 2

. r 4  . 1 8
1 3 . 6  1 4  3
I 0 . 8  9 . 9 4

2  2 5  2 . 1 0
. 5 1  4 7

9 1  - 4  9 8 - 0

4 2  - 4
2  . 1 1

1 2  . 3
] 3 . 0

t6
1 2 9
f r . 6

2 . f l
. 5 2

9 1  . A

4 0 . 1

1 4 .  l
1 4  - 9

. r 7
f t 1

9 . 3 1
2 - 1 9

- 4 1

9 1  - 6

2 . O 3 4

. 4 0 6

. 5 8 5
1 . 8 5 4

. 4 2 2
2 - 4 6 I
5 .  3 5 9

r . 4 9 4
. 6 3 2
. 0 8 9

2  - 2 I A

4 0 . 2
3 . 3 5

r 1  4
t r . 5

. 1 0
1 4 . 1
1 1 . 9

2 . 6 3
I . 2 I

9 1  - O

6 . O 3 0
r . 9 7 0

. o52

. 3 7 8
I . 4 4 I

.  0 1 3
3 . 2 8 3

1 . 9 1 5
1 6 5

. 2 3 2
2 . 9 r 2

6 - 1 6 2  6 . 3 4 6  6 - 2 6 I
1  8 1 8  \ . 6 5 4  L . 1 3 9

. 3 5 7  . 4 1 3

. 3 8 5  . 3 0 9
I  5 2 0  1 . 4 8 5

.  o I 8  A 2 2
2  - 9 9 5  3 .  I 0 2
5 - 2 7 5  5 . 3 9 f

. 4 0 2

. 3 0 8
1 . 6 0 6

. o 2 0
2  . 8 3 9
5  - r 1 4

I .  7 1 0  1 , 5 5 0  I  8 3 6
. 6 4 5  . 5 9 3  . 6 0 4
. 0 9 6  . 0 8 7  . 0 9 8

2  4 5 I  2 - 2 3 A  2  5 3 A

9 . 8 0 3  9 . a 2 0  9 . 8 5 1
1 0 . 0 0 3  1 0 . 0 0 2  1 0 . 0 0 4

1 8 . 0 7 4  1 8 . 0 6 7  1 8 . 0 5 4
1 0 . 0 f 3  1 0 . 0 0 7  1 0 . 0 1 2

s  . 3 0 3  5 .  3 0 8  5  3 1 4
1 0 . 0 0 8  r 0  0 0 2  1 0 . 0 0 3

t o a " q l '  t o 4 . 5 0 '  1 0 5 . 1 '
+ 1 !

9 0 8 . 4  9 1 0 . 3  9 1 1 . 8
1 0  9  1 0 . 3  1 0 . 5

2 - 4  2 - 9  3 . 0
I - 2  I . 2  I . f 1 . 0

K D  . 4 5 3

l n  K D  - . 1 9 2

. 5 4 ] . 6 6 1  . 1 2 a

- . 6 1 5  - - 4 0 4  - . 3 1 7

1 6
3 . 8

-923

- . o 8 0

(1974), but he reported it to be large. The small effect
calculated above assumes hornblende composition is
constant except for K/Na. As discussed above, Ko is
affected by other changes in hornblende composition,
which might occur as pressure increases. Such pres_
sure-induced changes in other aspects ofhornblende
composition might contribute to the large pressure
effect reported by Nicholls (1974), and may be pres-
ent in Cawthorn's data as well.

Comparison with other experimental data

There are relatively few other experimentally-pro_
duced hornblende-melt pairs for which analyses are
reported in the literature; data for some of these are
summarized in Table 4. The distribution coefficients
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0 7  0 8  0 9  l o  l l

l -x t  o'

Fig. 4. Distribution coefficients calculated for hornblende-melt pairs from other experimental studies, superimposed on the data of

Fig. t lindicated as small dots). Symbols for data from Table 4 are: solid circles: Holloway and Burnham (1972); solid squares : Green

and Ringwood (1968); solid triangles : Cawthorn et al. (1913); open squares : Allen a aI. (1975); open circles : Mysen and Boettcher

(1975). Data points from Table 5 are indicated by asterisks.
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Gorge and Hualalai basalts. Again, no pressure effect
is evident in comparing data from 5 and 8 kbar runs.

However, there is a large range in Ko values for
hornblende-melt pairs produced in the l92l Kilauea
tholeiite at 1000"C. This variation cannot be the re-
sult of changes in bulk compositiont it must be pro-
duced by variations in hornblende and/or melt com-
position. The hornblendes having Ko values falling
below the general distribution of data all have rela-
tively high Mg/Fe ratios, plus moderate to high Ti +
AI(VD contents. Therefore, they would be expected
to have relatively small cell volumes and low K" val-
ues, as previously hypothesized.

The cell refinements in Table 5 confirm this hy-
pothesis of the correlation between hornblende com-
position, cell volume, and K". In fact there is a very
good correlation between K" and cell volume for all
six hornblendes produced at 1000"C for which cell
parameters are available (Table 5, Cols. l, 2, 3; plus
the l92l-1000, l80l-1000 and PG-1000 hornblendes
from Tables 2 and3). The new data thus confirm the
importance of the cell volume of hornblende as a sec-
ondary control on Ko at constant temperature.

Another factor may contribute to the relatively low

Ko's observed for the hornblendes in Cols. I and 2 of
Table 5, however. Because of their low CaO contents
they contain appreciable Fe or Na in the IvL site, and
hence Ko is very much dependent on the (unknown)
FerO, content of the hornblende. This brings up the
question of the extent to which one can do without a
separate FerO. determination in calculating K".
There are several categories of hornblendes for
which the amount of FerO, will have relatively little
effect on Ko. They are:

(l) hornblendes in which the Mn site is filled with
Ca(Ca: 1.8 or more);

(2) hornblendes in which Fe(Mo) is small (<0'10)
even when the structural formula is calculated with
all iron as FeO;

(3) hornblendes in which the sum Ca+Na+K is
equal to or greater than 3.00 (l'.e., the Mo and A sites
are completely filled with these three cations).
For hornblendes in these categories, it is not neces-
sary to know the ferric iron content in order to calcu-
late K.; a microprobe analysis is sufficient.

As discussed earlier, the hornblendes of Table 2
fall mostly in categories I arrd 2. (The exceptions are
the l92l-1015 and l92l-1045 hornblendes.) In Table
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5, those in Cols. 1,2, and 4 are sensitive to assumed
FerO, content, as are the four hornblendes marked
by asterisks in Table 4. The effect of recalculating Ko
with sone ferric iron in all hornblendes would be to
raise Ko for these hornblendes relative to the Ko val-
ues for the other hornblendes in Figure 4. In no case
does this shift weaken any of the conclusions drawn
above; in some instances it would strengthen them.

In summary, experimental data from other sources
are in good agreement with the results of this study.
The exchange of Na and K between hornblende and
fiquid is controlled chiefly by temperature. pressure
effects are not evident in the data in Figure 4. Sec-
ondary shifts in Ko are produced by variations in
hornblende composition, but these can apparently be
explained in terms of varying hornblende cell vol-
ume, and calibrated so that the combination of Ko
and cell volume determines temperature uniquely.
Finally, although for certain kinds of hornblendes
one must know FerO./FeO in order to calculate the
A-site occupancy, there are many types of horn-
blendes for which a microprobe analysis will be suf-
ficient.

Applications

It appears that the exchange reaction shown in
equation I may have some promise as a geother-
mometer. Data needed to apply this geothermometer
include analyses of hornblende and a coexisting liq-
uid, and the cell volume of the hornblende. For
hornblende-melt pairs with Ko values and cell vol-
umes lying within the range of contours shown in
Figure 3, it should be possible to determine the tem-
perature of coexistence to perhaps r-50"C. Extrapo-
lation of the data to higher temperatures or to larger
or smaller cell volumes will introduce larger absolute
uncertainties.

Natural assemblages to which this geothermome-
ter might be most easily applied are those containing
either (l) hornblende in contact with fresh glass or
(2) hornblende phenocrysts in a more rapidly
quenched groundmass. For natural samples, there
may be additional sources of error beyond the uncer-
tainties in the microprobe analyses and the cell re-
finement. These include such problems as (l) the
presence of zoning in hornblende, (2) lack of direct
contact between hornblende and glass, (3) post-
quenching changes in glass or groundmass chemistry,
and (4) in the absence of glass, difficulty in determin-
ing the composition of the groundmass, where it dif-
fers from the whole-rock composition.

This exchange reaction can also be used in other
ways. Given a temperature, known or estimated, it
can be used to test for equilibrium between a known
hornblende and known melt composition, and thus
perhaps to distinguish between xenocrystic and cog-
nate hornblende. Alternatively, for a given temper-
ature, the exchange reaction can be used to predict
the K/Na ratio of the melt which would be in equi-
librium with a particular hornblende at that temper-
ature. This application might be particularly inter-
esting for hornblendes from differentiated plutonic
rock series, in which the succession of rock composi-
tions may, because of crystal accumulation, di-ffer
somewhat from the liquid line of descent.

Two examples of the possible use of this exchange
reaction follow.

Hornblende-glass pairsfrom Salt Lake Crater, Oahu
Figure 5 shows data on hornblende-glass pairs

from two partially melted xenoliths from Salt Lake
Crater, Oahu. All analyses were made using an ARr
Etvtx electron microprobe operated at 15 kV, with a
sample current of 0.01 pA. The conventions used in
calculating hornblende structural formulas, Ko, etc.
were identical to those used in Figure l. Temper-
atures were calculated using equation 3, which was
assumed to continue linearly above the present limits
of the experimental data.

Xenolith RHSL-I contains a primary assemblage
of clinopyroxene > garnet > ilmenite, biotite, horn-

| x r o '

Fig. 5. Hornblende-melt distribution coefficients and oxide
geothermometer data for assemblages in two xenoliths from Salt
Lake Crater, Oahu, Hawaii. Vertical lines indicate the presence of
a magnetite-ilmenite pair, giving the temperature shown;
horizontal lines indicate the presence of a homblende-melt pair.
Only the assemblage from RHSL-I contains all four phases.

l4OO 115 l20O I
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blende, and pyrrhotite, with many interstitial pockets
of melt. The melt pockets have second-generation
minerals crystallizing from them. The data are from
a single pocket, containing the assemblage horn-
blende, aluminous clinopyroxene, olivine, spinel, il-
menite, magnetite, and glass. The Fe-Ti oxide pair
gives Z: l070oC,log./o, : -10.1 (Buddington and
Lindsley, 1964). The hornblende-melt alkali distri-
bution ratio is ln KD: 0.010, giving a temperature of
l045oc, using equation 3 only. The two temperatures
differ by only 25"C, which is quite good agreement
considering that no cell volume correction can be
made.

Xenolith 109426/3 contains the primary assem-
blage clinopyroxene : hornblende > orthopyroxene,
garnet, ilmenite. [t contains a few pockets and vein-
lets of glass plus secondary crystals, the glass being in
contact with euhedral hornblende. In the center of
the xenolith, as cut, is an area of texturally similar in-
terstitial material, in which the glass has completely
crystallized. This area contains a magnetite-ilmenite
pair, whose compositions give Z: 995oC, log /o, :
-12.1. The hornblende-glass assemblages contain il-
menite only, so no direct correlation between the
oxide geothermometer and K" can be made. How-
ever, the oxide pair probably records a near-solidus
or subsolidus temperature: the glassy interstitial areas
should have quenched from higher temperatures.

The upper stability limit of hornblende is approxi-

mately I160'C when P",o ( P,o,., (Millhollen and

Wyllie, 1974). Therefore, the maximum range of

plausible Ko values for the hornblende-melt pairs in

109426/3 is fixed at both ends. Figure 5 shows that

the K, values, even without a cell volume correction,
give temperatures in the range 1060o-1215"C, all

well above the oxide temperature, and not signifi-

cantly higher than the upper stability limit of horn-

blende as determined by Millhollen and Wyllie.

Figure 6 shows the apparent quenching temper-

ature of the hornblende-melt pairs from xenolith

109426/3 plotted against the distance of each pair

from the holocrystalline interstitial patch in the cen-

ter of the cut. Apparent temperature rises steadily

from the core to the present edge of the xenolith,

where the xenolith is coated with the host nepheli-

nite. This systematic variation suggests that the dif-

ferences in temperature within this data set are sig-

nificant and that they are recording differences in

quenching rate, as the fastest quench should have oc-

curred in the outermost part of the xenolith, while

the interior cooled more slowlY.
The data from both xenoliths suggest that temper-

atures for the hornblende-melt reaction do indeed

quench in, providing that the quench is fast enough

to produce a glass. That is, although glasses may be

altered deuterically or by weathering, there is no

E

Drstance lrom magnetrte{menite oair  ( in cm)

Fig. 6. Apparent temperatures for hornblende-melt pairs from xenolith 109426/3 plotted against distance of the pair from the

subsolidus magnetite-ilmenite pair. Horizontal error bars indicate the uncertainty in the distance measurement. Vertical bars show the

uncertainty in absolute temperature produced by analytical uncertainty and phase inhomogeneity. Relative compositions, and hence

relative temperatures, ale known much more precisely'



HELZ: HORNBLENDE-MELT ALKALI EXCHANGE

later exchange of alkalies between hornblende and
glass merely because of physical proximity.

Hornblende-rock pairsfrom the Sierra Nevada

One of the few published studies which includes
cell refinement data as well as rock and hornblende
analyses is that of Dodge et al. (1968) on hornblendes
from some of the granitic rocks of the central Sierra
Nevada batholith. Although plutonic rocks are not
ideal material to which to apply this exchange reac-
tion, this data set offers a unique opportunity to illus-
trate the size of the cell-volume correction for horn-
blendes from felsic bulk compositions.

In calculating K" and temperature values for these
hornblende-rock pairs, the following conventions
were used: (l) K and Na in the hornblende structural
formulas given by Dodge et al. (1968) were used for
& and X". in hornblende. (2) The K/Na of the melt
was assumed to be that of the whole-rock analysis.,
(3) K" was then calculated and temperature esti-
mated using equation 3, which corresponds to the
straight line shown in Figure 7. (4) The "temper-
atures" were then corrected for hornblende composi-
tional effects by moving to the appropriate cell-vol-

2 Most of these rocks have compositions near that of the granitic
minimum-melting composition, so they cannot be very far from
melt compositions.

ume contour at constant Ko. (Note that some of the
cell-volune contours shown in Fig. 7 have been ex-
trapolated to lower temperatures.)

Two features of these results are particularly in-
portant:

(l) The cell volumes of the hornblendes from gra-
nitic rocks are systematically higher than those from
basalts, as would be predicted from earlier dis-
cussion.

(2) The cell-volume correction is large.
The first feature confirms that the cell-volume cor-

rection will be necessary in applying this potential
geothermometer to hornblendes from granitic com-
positions. The second suggests it would be desirable
to supplement the data base of Tables 2 and 3 with
data for hornblende-melt pairs frorr experiments on
rocks with granodioritic compositions, in the range
700-850"c.

However, the present data base should be suf-
ficient to make semiquantitative corrections for horn-
blendes from granitic rocks, as shown in Figure 7.
When this is done for the Sierran samples, the tem-
peratures are consistently lower than those calculated
using equation 3, commonly 100-200oC lower. Also,
the range in apparent temperatures is greatly re-
duced, from 1030-700oC to 780-670'C. \,fslting ex-
periments on Sierran rocks (Piwinski and Wyllie,
1967) at P,o,.r : 2 kbar suggest that melting begins at

o t  o !  o t  
+ t ' '  

l o  l l

Fig. 7. Sodium-potassium distribution coefficients for hornblende-rock pairs of different ages from the Sierra Nevada batholith,
showing efect ofcell-volume correction on estimatcd temperature. Solid contours are from Fig. 3; dashed contoum are extrapolations.



675-705"C under those conditions, but that the rocks
are completely melted only at 900-1000oC. Crystalli-
zation at lower water contents would not raise the
solidus, unless another gas species (COr?) were pres-
ent, but would raise the liquidus temperatures con-
siderably. As noted above, the best estimates for
hornblende-melt equilibration temperatures for the
Sierran samples of Dodge et al. (1968) lie in the
range 780-670oC. These temperatures, if they are
even approximately correct, are near-solidus temper-
atures. This imptes that the hornblendes now present
in these rocks may not have compositions quenched
in from near-liquidus conditions, but re-equilibrated
with whatever melt was present until the rocks were
mostly crystallized. This seems very reasonable for
rocks produced by slow cooling at moderate con-
fining pressures.
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