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Experimcntal crystallization of synthetic high-alumina quartz tholciite and basaltic andesite glasses at 9- 10 kb 
under conditions of PH20 <Pload demonstrates that sub-silicic clinopyroxene, orthopyroxene and amphibole are 
the near-liquidus phases above 10000 C. Amphibole is the dominant phase at temperatures of about 9600 C and less. 
Calcic plagioclase occurs nearer the solidus. In an andesite composition plagioclase and clinopyroxene are the near­
liquidus phases at 9400 C, joined by orthopyroxene, amphibole and garnet at lower temperatures. Electron micro­
probe analysis of phases crystallizing from the basalt allows calculation of the composition of liquid fractionates 
obtained under the,se conditions. The calculated liquid fractionate compositions follow the calc-alkaline trend and 
demonstrate that the calc-alkaline igneous rock suite may be derived by the fractional crystallization of basalt under 
hydrous conditions at 30-40 km depth (PH,20 <Pload) or alternatively by the partial melting of amphibolite under 
similar conditions. In both cases the crystalline residuum will consist dominantly of amphibole, with subordinate 
clinopyroxene and orthopyroxene, and possibly minor calcic plagioclase and garnet, depending on the degree of 
fractionation. 

1. INTRODUCTION tial melting of mafic material near the base of the 
crust or in the upper mantle (e.g. at 30-40 km 

In the course of an experimental investigation of 
j the origin of the calc-alkaline series, an exploratory 
study of fractional crystallization of basalt, basaltic 
andesite and andesite under hydrous conditions at 
pressures of 9-1 0 kb (PH20 < PJoad) has been car­
ried out. The preliminary results and implications of 
this study are reported in this communication. Pre­
liminary results of an experimental investigation of an 
alternative hypothesis of origin of the calc-alkaline 
'series viz. partial melting of quartz eclogite at depths 
of 100-150 km have already been reported [1]. The 
detailed experimental results and conclusions from 
both investigations will be given in a subsequent long­
er paper. I The hypothesis that the calc-alkaline series may be 
derived by hydrous fractional crystallization or par-

r Present address: Hoffman Laboratory, Harvard University, 
I Cambridge, Mass. 02138, USA. 
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depth) has frequently been referred to in the litera­
ture [2-6] , but so far there have been no experimen­
tal data directly applicable to the testing of this 
hypothesis. Yoder and Tilley [7] conducted pioneer­
ing work on the crystallization of a number of natu­
ral basalt compositions under controlled water vapour 
pressure conditions from 0-10 kb (PH20 =PJoad) 
using a gas apparatus. They demonstrated lowering of 
the liquidi of the compositions with increasingPH20, 
together with a marked increase in the size of the 
field of crystallization of amphibole, but the compo­
sition of the amphibole was not known. The presence 
of such a large field of crystallization of amphibole 
from basalt under these conditions suggests that the 
composition of the amphibole may be a key factor in 
testing the hypothesis for the derivation of calc­
alkaline rocks from a basic parent under hydrous con­
ditions. Accordingly, in the present investigation the 
sequence of crystallization and the composition of the 
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Table 1 
Compositions of synthetic rock mixes used in the experimental work. 

1. High-alumina 
quartz tholeiite 

Si02 52.9 

Ti02 1.5 

AI203 16.9 

Fe203 0.3 .. 

FeO 7.9 .. 

MnO 0.2 

MgO 7.0 

Cao 10.0 

Na20 2.7 

K20 0.6 

100.0 

Mol. 100 MgO 
60.4 

Prop. MgO +(FeO + 0.9Fe203) 

2. Basaltic andesite 

56.4 

1.4 

16.6 

3.0 .. 

5.7 .. 

0.1 

4.3 

8.5 

3.0 

1.0 
--
100.0 

47.7 

3. Andesite 

62.2 .. 

1.1 ... 

17.3 ... 

0.3 .. 

5.9 • 
0.1 
2.4 •• 

5.2 ... 

3.3·· 
2.3·· 

100.1 

41.0 

• Denotes chemically determined content (E. Kiss, A.N.U., analyst). 
.. Denotes content determined by electron microprobe analysis. 

crystallizing phases (obtained using the electron mi­
croprobe) in quartz tholeiite, basaltic andesite and 
andesite compositions have been determined for con­
ditions of PH20 < PIoad (such conditions are consid­
ered geologically more probable than PH20 = Pload 
at depths of 30-40 Ian in the lower crust or upper 
mantle). These results have then been used to deter­
mine quantitatively the composition of liquid frac­
tionates obtained from a parent basic compositi6n. 

2. EXPERIMENTAL 

The experimental work has involved use of the 
same series of synthetic glass compositions described 
previously [1] . The compositions are given in table 1. 
Oxidation states and iron contents have been checked 
by chemical analysis (E. Kiss, A.N.V., analyst). The 
glasses have been su bjected to pressures of 9-10 kb 
at temperatures of 800-10000 C in a piston-cylinder 
high pressure apparatus similar in design to the one 
described by Boyd and England [8,9] . The high 
pressure experimental techniques involved have been 
described fully elsewhere [10], with the exception 
that in these hydrous runs undried pressure cell com­
ponents without boron nitride sleeves have been used, 

and the sample is packed into a thin walled platinum 
tube (0.004 in. wall thickness) with about 1 mgm of 
water. The tube is then crimped but not sealed. The 
runs have been conducted for 1-8 hr. At the conclu­
sion of a run the sample has been examined by opti­
cal, X-ray and, in selected cases, electron microprobe 
techniques. The procedure results in uncon trolled 
hydrous conditions during the experiment, with 
PH20 undoubtedly less than Pload' The water present 
caused a lowering of the liquidus by about 2000 C and 
the probable PH20 causing this effect would be from 
2-5 kb. The exact value is not known. A pressure 
correction of -1 0% has been applied to the nominal 
load pressure, to allow for friction and inlperfect 
pressure transmission in the furnace assem blies [11]. 
The experimental method is not ideal because of 
some iron-loss to the platinum sample capsules during 
the long experiments, and also because of the uncer­
tainty of PH20 on the sample, but it is adequate for 
this exploratory investigation. An empirical correc­
tion for the iron-loss effects based upon a comparison 
of measured Fe/(Fe+Mg) crystal-liquid partition co­
efficients in an additional series of runs carried out in 
graphite capsules, in which no iron was lost, has been 
applied. It can be demonstrated that this correction 
adequately compensates for the iron loss. 
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3. ANALYTICAL PROCEDURE 

Direct quantitative analysis of amphibole, pyroxene 
and plagioclase crystals has been carried out using an 
electron microprobe. Prepared synthetic glasses of 
approximate amphibole, pyroxene and plagioclase 
compositions have been used as standards. Because of 
similarity in composition between standards and un­
knowns no correction procedures have been followed. 
The accuracy of analysis obtainable is sufficient for 
the purpose of indicating fractionation trends of ma­
jor elements under certain P-T conditions, which is 
the main aim of this experimental project. 

4. RESULTS 

In the high-alumina quartz tholeiite composition 
clinopyroxene is the liquidus phase at about llOOoC 
and it is joined by orthopyroxene and amphibole at 
lower temperatures. Amphibole is the dominant phase 
at temperatures of about 9600 C and less. Orthopyrox­
ene is only present in minor quantities. Plagioclase 
joins the ferromagnesian phases at about 9200 C. Ac­
cessory pseudo-brookite (?) needles are also present. 

I A similar sequence of crystallization is observed in the 
basaltic andesite, and again amphibole is the domi-

I nant phase below 960°C. Plagioclase is present at 
I 9000 C. In contrast to these two compositions where 

plagioclase does not appear until temperatures are 
well below the liquidus, in the andesite composition 

j under hydrous conditions at 10 kb, plagioclase and 
I clinopyroxene are the near-liquidus phases at 9400 C. 
I These phases are joined by garnet, amphibole, ortho­
I pyroxene and accessory pseudo-brookite (?) by 

9000 C. A few runs conducted on the high-alumina 
quartz tholeiite using graphite capsules showed a 
similar sequence of crystallization to the runs in 
platinum capsules, but due to the difficulty in achiev-

I ing equivalent PH20, there are different degrees of 
crystallization in graphite and platinum capsule runs 
at corresponding temperatures. 

1 
15. ANALYTICAL DATA 

Analyses of clinopyroxene, orthopyroxene, am­
phibole and plagioclase from runs on the high-alumina 

... ·0 . ., ., . '-

quartz tholeiite are given in tables 2- 4. The pyrox­
enes show high alumina content in tetrahedral co­
ordination and correspondingly low silica contents. 
The amphiboles correspond to aluminous edenitic 
horn bien des with a significant alumina con tent in 
tetrahedral co-ordination and a low silica content. 
Since H20 could not be analyzed using the electron 
microprobe, the structural formula has been calcu­
lated on an anhydrous basis. The Mg/(Mg + Fe) ratio 
is significantly lower in the amphibole than in the co­
existing pyroxenes. The plagioclase crystallizing well 
below the liquidus is noteworthy for its high anorthite 
content, when compared with plagioclases crystallizing 
from a similar basalt under dry conditions [12] . 

In summary the important features of these experi­
mental results are the large field of crystallization of 
sub-silicic amphibole, subordinate crystallization of 
aluminous sub-silicic pyroxenes and, nearer the soli­
dus, crystallization of calcic plagioclase from the ba­
saltic composition. Similar crystallization occurs in 
the basaltic andesite. 

6. CALCULATION OF FRACTIONATION TRENDS 

Knowing the compositions of the crystallizing 
phases, and estimating their proportions, the composi­
tion of the residual liquid fractionates can be calcu­
lated, and the fractionation trends determined. There 
is a significant amount of iron loss to the platinum 
capsules in the 4-8 hour wet runs (e.g. an average loss 
of about 2.3% FeO, iron calculated as FeO). This re­
sults in crystallization of phases possessing higher 
100 Mg/(Mg + Fe) ratios than would have occurred in 
runs without iron loss, and in turn affects the calcu­
lated fractionation trends. Appropriate corrections 
have been applied for this loss as discussed previously 
(section 2) thus yielding the true fractionation trend. 
The corrections have been verified by analyses of 
pyroxenes and amphiboles from runs in graphite cap­
sules where no iron loss occurred. 

The calculated residual liquid compositions are 
given in table 5. These liquids show marked silica and 
alkali enrichment, and also some alumina enrir.hment 
in the early stages. The 100 Mg/(Mg + Fe) ratio ob­
tained for varying degrees of crystallization follows 
that of the calc-alkaline trend, showing only minor 
iron enrichment relative to magnesium. The slight 
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Table 3 
Electron microprobe analyses of amphiboles from selected wet runs on the high-alumina quartz tholeiite composition. 

~ v r- a-
10 kb 10 kb 9 kb 9 kb 10 kb 10 kb 10 kb ... o-:r-: .... 10 kb 

r- ..... 
920°C 960°C 10400 C 10400 C 960°C 920°C 940°C 920°C 

Conditions of run 
71 hr 4 hr 4 hr 4 hr 4 hr 7t hr 6 hr 5t hr 

'" \JET WET WET WET WET WET WET WET 
~ N N \0 

N~M 
v ..... v 

Runs conducted in platinum capsules Analyses adjusted for iron loss 
Runs conducted in 
graphite capsules 

~ Co-existing phases cpx·,opx, cpx ., cpx ., cpx ., cpx ., cpx *, opx, cpx *, opx, cpx,opx, ~ v"' ..... 
-< ~...;vi plag • opx opx • opx ... opx plag • Illt mt v ..... v 

I Si02 40.5 40.8 39.8 39.3 40.2 39.9 40.0 40.2 
Ti02 2.9 2.8 3.9 3.8 2.8 2.9 3.0 3.1 

" AI203 15.8 14.4 15.8 15.6 14.2 15.6 14.8 15.4 ::> ~~~ 
"j ..... '" <'"I FeO 10.0 8.2 7.6 9.8 10.6 12.6 9.4 9.8 r- N 

MgO 13.1 14.9 14.9 13.7 13.6 11.6 12.9 12.1 
CaO 12.4 11.7 12.0 11.8 1l.5 12.2 11.6 11.8 

..., . Na20 2.5 2.7 2.9 2.9 2.7 2.5 2.0 1.8 
::> ~~~ K20 0.4 0.2 0.2 0.4 0.4 0.3 0.3 ... N<'"Iv 0.4 

v ..... v -- - -- -- -- -- -- --
97.6 95.9 97.1 91.7 96.0 97 .7 94 .0 94.5 

100 Mg 
70.3 76.4 77.8 71.4 69.6 62.1 71.0 68.8 

10 
Mg+ Fe 

~ ..... "'v 
-. ccivi~ 

I <'"I ..... V Structural formulae - calculated on 'dry' basis of 23 (0) since H20 content could not be determined 

i { S· 5.932 6.025 5.802 5.790 6.002 5.909 6.288 6.039 
-. z ~I 2.068 1.975 2.198 2.210 1.998 2.091 1.712 1.961 
0 O<'"lr-
..j "<i-DO-: r 0.659 0.531 0.5 16 0.498 0.500 0.631 1.029 0.766 

<'"I"'" V 
T 0.320 0.311 0.427 0.422 0.314 0.323 0.354 0.350 

Y F~ 1.209 1.013 0.927 1.208 1.324 1.561 1.236 1.231 
Mg 2.862 3.281 3.239 3.011 3.029 2.561 3.024 2.710 

~ <'"IN'" 

Z {~ 
1.945 1.851 1.874 1.862 1.840 1.936 1.954 1.899 

'I r--:o\ro\ 0.709 0.861 0.820 0.829 0.781 0.717 0.610 0.524 r- ..... 
0.074 0.075 0.037 0.037 0.075 0.075 0.060 0.058 

z 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
n y 5.05 5.14 5.ll 5.14 5.17 5.08 5.64 5.06 '1 r-O<'"l 
'I ";o"<i z 2.73 2.79 2.73 2.73 2.70 2.79 2.62 2.48 v"'" v 

i 
, • Denotes co-existing phasc analyzed. 

0 
') ..r a- r-
... "";,,,;..c 

-0 v"'" v 
'" enrichment of iron relative to magnesium would have The most significant feature of this experimental N 
>. 
c;; been decreased if the experiments had not been investigation at 9-10 kb under hydrous conditions c .. 

carried out under such reducing conditions, since wherePH20 <Pload, is that the amphiboles and ... ~ 
=! v\OO .. 

under more oxidising conditions a significant amount pyroxenes are subsilic, so that ex traction of these ... r-: .... o ..c 
Po. <'"I _ '" 
OJ) 

j of iron in the trivalent state may be taken into the phases provides a very efficient means of enriching 
.~ 

amphibole and pyroxene structures. For example liquid fractionates in silica. Thus the residuum in -
'x 
'" amphiboles and pyroxenes from plutonic and effusive eqUilibrium with a liquid of basaltic andesite compo-Q 

r ci. 
(j 

members of the calc-alkaline series contain a signifi- sition will consist of approximately equal proportions '" 
~ 0 B ... 

' cant amount of ferric iron ([(100 Fe203)/ of pyroxene and amphibole. However, amphibole and ~ OJ) 0) .. 0 

~to.U c:: 
~ 8 (FeO + Fe203)] ranges from 15.7- 48.6 for amphi- subordinate pyroxene will form the residuum in equi-

* boles and from 19.1 - 32.8 for clinopyroxenes librium with a liqUid of andesite composition (the 
[13-16]). 

I 

I 
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Table 4 
Electron microprobe analysis of plagioclase from a wet run 

on the high-alumina quartz tholeiite composition. 

Conditions of run 

Co-existing phases cpx ., opx, amph • 

Si02 
Al203 
CaO 
Na20 
K20 

Mol. Prop . 

Or 
Ab 
An 

.. Denotes co-existing phase analyzed . 
•• Denotes calculated content. 

52.9·· 
30.0 
13.9 

3.9 
0.1 

100.8 

0.6 
33.4 
66.0 

residuum will be approximately 45% by weight of the 
initial basalt). Finally amphibole, pyroxene, plagio­
clase and possibly minor garnet will constitute the 
residuum when dacitic and rhyodacitic liquids are ex­
tracted. 

The alumina content of the liquids is high when 
compared with the content normally found in mem­
bers of the calc-alkaline series. This is attributed to 
the fact that the experiments have been conducted on 
a high-alumina basaltic composition. If a basalt with 
an alumina content of about 14% had been used then 
the alumina enrichment in the early stages, caused by 
the separation of pyroxenes and amphibole, would 
probably have resulted in compositions corresponding 
to basaltic andesite and andesite with alumina con­
tents of 16-17%. Continued fractionation would in­
volve plagioclase so that the alumina content of the 
liquid would then decrease. 

7. APPLICATION OF RESULTS TO THE ORIGIN 
OF THE CALC-ALKALINE IGNEOUS ROCK 
SUITE 

These experimental results and calculated frac­
tionation trends suggest that the calc-alkaline igneous 
rock suite may be derived by the fractional crystalli-

-

zation of a hydrous basalt at 30- 40 km depth under 
conditions of PH20 < PJoad, or alternatively by the 
partial melting of an amphibolitic lower crust at simi­
lar depths and water pressure conditions. In both 
cases the crystalline residuum will consist dominantly 
of amphibole, with subordinate clinopyroxene and 
orthopyroxene, and possibly calcic plagioclase and 
garnet, depending on the extent of fractional crystalli­
za tion or partial mel ting. 

In the first case the required PH20 conditions may 
be obtained in ~ basalt magma at 30-40 km depth in 
such areas as continental margins and island arcs. It 
might be postulated that the ultimate source of the 
water was the hydrosphere, and that it was introduced 
into the mantle by a sinking limb of a convection cell 
containing some hydrated rocks, as in the hypothesis 
of 'sea-floor spreading' [17] . This, in turn, migh t ex­
plain the association of calc-alkaline rocks with a 
particular tectonic environment. The basalt magma 
may be derived by direct partial melting of the mantle 
at 30- 40 km depth (in which case a high-alumina 
basalt would be expected [18]), or it may have been 
derived at greater depth and subsequently rose to a 
depth of 30-40 km before being contaminated with 
water and undergoing fractional crystallization under 
hydrous conditions (in this case the parent basalt may 
be an olivine tholeii te or an alkali basal t type [1 9] ). 
The overall composition of the calc-alkaline suite re­
sulting from such fractional crystallization will vary 
to some extent, depending on the parent basaltic com­
position and on the depth at which the process takes 
place. 

The crystalline residuum will be comparatively 
poor in alkalies and similar to an alkali-poor olivine 
tholeiite. Under appropriate P- T conditions subse­
quent to the fractional crystallization, the residuum 
may lose its water content and over a long period of 
time transform to eclogite [20, 10] . The work of 
Ringwood and D. H. Green demonstrated that such 
a composition transformed to eclogite more readily 
than other basalts. If the transformation takes place 
then the residuum may subsequently sink into the 
mantle because of its high density (- 3.6 g/cm3). In 
this way no volume problem arises regarding the crys­
talline residuum resulting from the derivation of the 
calc-alkaline series from the fractional crystallization 
of a parent basalt. 

In the second case it is envisaged that the calc-

J 
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Table 5 
Calculated compositions of liquid fractionates and crystalline residua derived from the high-alumina quartz tholeiite 

at 9-10 kb under wet conditions *. 

Pressure 

Temperature 

Nature and estimated 
% of crystals extracted 

Liquid fractionate 

Si02 
Ti02 
AI203 
Fe203 
FeO 
MnO 
MgO 
Cao 
Na20 
K20 

Mol. Prop. 

100 MgO 
MgO + FeOtot 

CIPW norm 

Qz 
Or 
Ab 
An 
Cor 
Diop 
Hyp 
Mt 
11m 

Crystal residuum 

Si02 
Ti02 
Al203 
FeO 
MgO 
CaO 
Na20 
K20 

Mol. Prop. 

100 MgO 
MgO + FeO 

Initial liquid 

52.9 
1.5 

16.9 
0.3 
7.9 
0.2 
7.0 

10.0 
2.7 
0.6 

100.0 

60.4 

9 kb 

10400C 

18% cpx 
5%amph 
2%opx 
1% ilm 

55.9 
0.8 

19.4 
0.4 
7.2 
0.3 
4.4 
7.8 
3.3 
0.8 

100.3 

50.9 

5.5 
4.8 

27.9 
35.7 

2.4 
21.9 

0.6 
1.5 

44.8 
2.5 
9.7 
9.1 

14.6 
16.6 

1.0 
0.04 

98.34 

74.2 

10 kb 

9600C 

18% cpx 
25%amph 

2%opx 
1% ilm 

59.7 
0.4 

20.2 
0.5 
5.8 
0.3 
2.1 
6.7 
3.4 
0.9 

100.0 

37.5 

14.4 
5.4 

28.8 
33.2 

1.4 

15 .3 
0.7 
0.8 

43.0 
2.7 

12.3 
10.1 
12.9 
13.8 

1.8 
0.2 

--
96.8 

69.5 

10 kb 

nooc 
18% cpx 
32% amph 

3% plag 
2% opx 
1% ilm 

64.5 
0.1 

19.9 
0.7 
3.7 
0.4 
2.0 
3.9 
3.6 
1.0 

99.8 

45.3 

25.3 
5.9 

30.5 
19.3 
5.8 

12.1 
1.0 
0.2 

42.7 
2.7 

14.2 
11.2 
11.0 
14.8 

1.9 
0.2 

98.7 

63 .7 

487 

* The orthopyroxene analysis obtained at 10400C, 9 kb has been used in calculations for other experimental run s since it cou ld 
not be analyzed in these runs. Since only 2% of orthopyroxene is extracted, any variations in its composition will not seriou sly 
affect the compositions of the liquid fractionates or crystalline residua. Also 1 % of ilmenite is ex tracted as part of the cry stal­
line residua. This is because an acoessory iron-titanium rich opaque mineral phase occurred in the experimental runs in graphite 
capsules where no iron loss took place. This phase could not be analyzed quantitatively and as a tirst approximation for these 
calculations was taken as ilmenite. 
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alkaline series is derived from the mantIe as the result 
of a two-stage process. In the first stage large piles of 
basalt of overall saturated composition develop in the 
earth's crust in such areas as island arcs and continen­
tal margins. Limited access of water to the basalt pile 
results in formation of amphibolite in the lower re­
gions. The water content of the amphibolite may be 
of the order of 1 %. Subsequent heating of this amphi­
bolite, due to renewed or continued volcanic activity 
from the mantIe may result in partial melting taking 
place. The pressures at which such partial melting 
takes place may be as high as 10 kb, corresponding to 
the base of the crust and water vapour pressure is 
likely to be less than the load pressure. The experi­
mental work described in this paper indicates that 
the residual phases from such melting will consist 
mainly of amphibole with subordinate clinopyroxene 
and possibly calcic plagioclase and garnet, depending 
on the degree of partial melting. As in the first case 
the initial overall composition of the parent basic ma­
terial and the temperature and depth at which partial 
melting occurs will be important factors in determin­
ing the composition of the derived calc-alkaline mag­
mas. Similarly the residuum may transform to eclogite 
and sink into the mantle. 

This second case is essentially a complementary 
two-stage model to that proposed in a previous paper 
(viz. the partial melting of a sinking quartz eclogite at 
100-150 km depth [1]). Both models involve deriva­
tion of the calc-alkaline suite by a two-stage magmatic 
process, incorporating in the first stage large scale 
extrusion of saturated basaltic magma in the earth's 
crust. The su bsequent history of this basal t pile, 
whether it remains dry and transforms to eclogite, or 
whether water has access changing it to amphibolite, 
determines whether the calc-alkaline suite is produced 
according to the eclogite melting model [1] or by 
melting of amphibolite as outlined in this paper. Both 
models explain the derivation of the calc-alkaline suite 
in areas where no sialic material occurs and so pro­
vide a mechanism for continental evolution from an 
undersaturated upper mantle. 

Because of the sub-silicic nature of the residual 
phases (aluminous amphiboles, pyroxenes and possi­
bly minor garnet and calcic plagioclase) hydrous frac­
tional crystallization of a basaltic magma or partial 
melting of amphibolite at about 30-40 km depth 
provides a highly efficient way of deriving intermedi-

.;.'~'" 

ate to acidic compositions from a basic parent. Thus 
in the derivation of andesite magma the mass ratio of 
residual phases to andesite magma produced is ap­
proximately unity. In contrast in models involving 
fractional crystallization of low pressure phases (e.g. 
from crystallization of dry basal t) the mass ratio of 
crystalline material to magma would be two or more, 
even under idealized conditions. 
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