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Abstrcut. A comparison has been made between the' average compositions of the granites in 
the Variscan, Caledonian, and Alpine orogenic belts of western Europe. Their respective com. 
positions lie near the isobaric minima in the system Q-Or-Ab-HzO for successively highrf 
water pressures, whereas metamorphic facies series indicate that the thrce orogenic belb< 
developed under successively lower geothermal gradients. These relationships are consistent 
with an origin of the granitic magmas by partial melting hi the crust. 

Introduction 

The study of facies series in regional metamorphism has shown that a different ther· 
mal regime has prevailed in different orogenic belts (Miyashiro, 1961 ; Winkler, 1967). 
In some areas high temperatures have been attained under low pressures, iIidicat· 
ing a high geothermal gradient, whereas in other areas equally high temperatures 
have only been attained under much higher pressures, indicating a low geothermal 
gradient. It may therefore be predicted that the temperatures necessary to initiate 
melting would be reaohed at different crustal levels in different orogenic belts, and 
that melting would therefore take place under different total pressures. It is possible 
that the magmas produced by partial melting would reflect these differences in 
pressure in their composition, and in order to test this possibility the author has 
calculated the average composition of the granitic magmas in three contrasting 
orogenic regions. These are the Variscan orogenic belt of western EUI;ope, the 
Caledonian orogenic belt of the British Isles, and the Alpine orogenic belt of the 
Alps. 

Miyashiro (1961) distinguished between three principal series of facies in meta­
morphic belts: the low pressure andalusite-sillimanite type, the intermediate 
pressure kyanite-sillimamte type, and the high pressure jadeite. glaucophane type. 
From the stability relationships of their characteristic minerals it may be inferred 
that these facies sori(;S originated undor high, intermediate, and low geothet;mal 
gradients respectively (Winkler, 1967; Richardson, 1970). The three orogenic 
belts studied have been chosen to represent, as far as possible, each of these types 
of metamorphism. In the Variscan orogenic belt, Zwart (1967) has shown that. 
regional metamorphism is predominantly of low pressurc type. The Caledonian 
orogenic belt is Miyashiro's type example of the intermediate prcssure facies 
series, although lower pressure mineral assemblages (Buchan type) are found in a 
limited area. It is not so easy to find an example of the high pressure type, as it is 
one of the characteristics of snch metamorphic belts that they rarely contain 
grallit.ic intrusions. The Alpine orogenic belt of the Alps has been chosen as thc 

. ~ 

~. 

I 

i 
~ , 

Clllel 

Tho 

oroge 
{GriIi 
tical. 

A 
intnls 
assum 
secane 
norms 
l'/l,te tl 
llssochl 
easier' 
Or+.A 
in the 

I 

I 

compal 
entecll:. 

In ( 
Q--Or, 
effect, e 

\ 
lowest I 

and Wj 
further; 
constittt 
willl'ef(~ 

! 

\ 
l'he AL'rt 

I 

As a ba\ 
litel'aturt 
examine~ 

The \t 
areas fro\, 
Massif C4 
and the t 
va,;,oan\ 

\' 



~Jlal Gradient 
,-.gmas in Orogenic Belts 

Ji London 

average compositions of the granites . 
. z western Europe. Their respective co: 
-:-~r-Ab-H20 for successively higher 
llldlCate that th~ three qrogenic belts 

. ,ents: These relatlOnships are consistent 
:mg In the crust. 

......lBm has shown that a different ther­
~"s(Miyashiro, 1961; Winkler, 1967). 
--llled under low pressures, indicat. 
~ r areas equally high temperatures 
.sures, indicating a low geothermal 
ven:per~tures necessary to initiate 
ds m different orogenic beIts, and 

~_erent total pressures. It is possible 
."ould reflect these differences in 

.cst this possibility the author lIas 
._liic magmas in three contrastina 
~.::ric belt of western Europe, tIl: . 
J. the Alpine orogenic belt of the 

.Jrincipal series of facies in meta­
-llllanite type, the intermediate 
. dss~e ~adeite-glaucophane type. 
-lBtlC nnnerals it may be inferred 
. -ermediate, and low geothermal 
~on, 1970). The thrce orocrenic 
~s possible, each of these types 

. Zwart (1967) has shown that 
pressure type. The Caledonian ' 

~e intermediate pressure facies f 
:5 (Buehan type) are found in Il I 

the high pressure type, as it is 
Jolts that they rarely contain 

_e Alps has been chosen as the 

.f 

I 
I 

f 
I 

1 

f 

I 
I 
1 
1 

Geothermal Gradient and Composition of Granites in Orogenic Belts 187 

nearest approach to a high pressure belt which actually contains some granites. 
The metamorphism in the Pennine Alps is considered by Miyashiro (1961) to 
be of intermediate-high pressure type, but according to Winkler (1967) the regional 
metamorphism in the Alps represents the highest-pressure facies series whichc~n 
be formed by dynamo-thermal metamorphism. The metamorphic belts quoted by 
Miyashiro as examples of the high pressure type do not contain any granites. 

Calculation of tho A vorago Compositions of the Granites 

The sampling principles underlying the calculation of the average compositions 
were a.s follows. 

Definition of the Target Population 

The target population consisted initially of all the granitic rocks present in the three 
orogenic belts. Actual sampling was necessarily limited to the available population 
(Griffiths, 1967), i.e. those individual granite sampl~s for which published analy­
tical data are available. 

A first step in defining the target population was to confine the study to 
intrusive granites; i.e. those for which a magmatic origin could reasonably be 

. assumed. No analyses of migmatitic granites or granitic gneisses were used. A 
second step was to limit the compositions of the granites studied to those whose CIPW 
norms showed Q + 01' + Ab ~ 80 %. Some such limitation was necessary to sepa­
rate the granites from the intermediate and basic rocks with which they are often 
associated, and a chemical limitation was considered to be more satisfactory and 
easier to apply than a petrographic one. The permitted range of normative Q + 
01' + Ab of 80-100 % is sufficiently large to include the majority of rocks described 
in the ~terature as granites, while being sufficiently narrow to enable a realistic 
comparison to be made between their compositions and the compositions repres­
ented by the experimentally investigated system Q-Or-Ab-H20. 

In order to interpret the compositions of the rocks in terms of the system 
Q-Or-Ab-H20, the analyses were recalculated to Q+Or+Ab=100%. In 
effect, since these three normative constituents approximately correspond to the 
lowest melting-temperature fraction of granitic rocks (Winkler, 1967; Piwinskii 
and 'Wyllie, 1970), the comparison of recalculated Q, 01' and Ab represents a 
further limitation of the target population to the minimum melting-temperature 
constituents of the granites. Subsequent references to normative Q, 01' and Ab 
will refer to the norms recalculated to Q + 01' + Ab = 100 % . 

The Available Population 

As it basis for this comparison, a thorough search was made of the geological 
literature of all the relevant countries, several thousand chemical analyses were 
examined, and the CIP'V norms of many of them were calculated. 

The Variscan oi'ogenic bclt presents considerable sampling problems. The 
areas from which data have been drawn arc south-west England, Brittany, the 
Massif Central of France, tho Pyrenees, Alps, Vosges, Black Forest, Harz Mts., 
and the Bohemian massif. In some of these areas there are also granites of pre­
Variscan age, and in the Alps there are also post-Variscan granites. The geological 
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literature was carefully examined to ensure that as far as possible no graniteH 
formed other than during the Variscan orogeny were included in the compilation, 
and a few granites of dubious age were omitted. The Variscan data will be listed 
in detail elsewhere (Hall, 1971). 

The Caledoniail orogenie belt is relatively straightforward, and there is no 
problem of distinguishing Caledonian from non-Caledonian granites. The data 
on these granites has previously been summarised by the author (Hall, 1969) but 
some modifications have been made to bring the data into line with the sampling 
plan described here, and additional new analyses have been taken into account. 

Th;'Alpine orogenic belt of the Alps is the most difficult to sample on account of 
the small number of granitic intrusions which are present. An Alpine age has been 
assigned to a number of calc-alkaline intrusions along the length of the south em 
Alps from Traversella in the west to Pohorje in the east. However, recent isotopic 
age determinations have shown that several of these are actually much oldcr than 
was previously thought, including the granites of e'ima d'Asta (Ferrara et at., 
1962), Predazzo (Borsi and Ferrara, 1967) and Monte Sabion (Borsi et at., 1966), 
all of which are of Permian (i.e. late Variscan) age. The results obtained by Borsi 
et al. (1966) also throw doubt on the age of all the granites lying immediately 
to the south and east of the Giudicarie (Judicaria) line, i.e. those of Val Meleclrio,. 
Bressanone, Ivigna and M. Croce. In most of the remaining intrusions, the domi· 
nant rock types are granodiorites, tonaIites, and diorites, and rocks with Q + 
Or + Ab ;;;; 80 % usually occur only as minor dykes, pegmatites, aplites etc. The 
only substantial intrusions of true granitic rocks are those occurring in the Biena, 
BergeIl and Adamello complexes, the Alpine age of eaeh of which has been con· 
firmed by isotopic age determinations. There are five intrusions which fulfil the 
sampling criteria listed below: (1) the granite of Valle de Cervo, Biella (Peyronel­
Pagliani, 1961); (2) the S. Fedelino unit of the Bergell complex (Balconi, 1941); 
(3) the main intrusion of the Bergell complex (Weibel, 1960); (4) the Lago d'Avolo 
intrusion in the Adamello complex (Dieni and Viterbo, 1961); and (5) the granite 
of :Malga Ervina in the Adamello complex (Dieni and Viterbo, 1961). 

Sampling 

, There is no means of ensuring that the samples used to calculate each averagc 
are absolutely representative of the target population, but the following steps were 
taken to draw upon the available population in such a way as to obtain samples 
which are as representative as .possible. 

All analyses of minor intrusive phases or obviously unrepresentative material 
were excluded, for example microgranite or quartz-porph;yry sheets, dykes or 
sills, pegmatites, apIites, and greisenized or other hydrothermally altered rocks. 
Spectrochemical analyses, those lacking determinations of important constituents, 
and all analyses published before 1920, were also excluded as being chemically 
unreliable. A few analyses published since 1920 were omitted in favour of later 
analyses of thc same intrusions. 

In order to reduce the weighting of intrusions represented by a large nnmbcr of 
analyses, a single composit.ion was chosen to represent each illtrnsion. For about 
half the intrusions there was only a single analysis available, and this was there-

•. 1.·.· 

" 

I 

I 

! 
Geothermal I' 
Tn ble. A ver(~ 

I 

(/uartz 
\'ariscan 
Caledonian f j 

.\lpine : ! 

Orthoclase I 
rnrisean 
Calcdonian \ ' 
Alpine I 

-----J 
Albite I 
\'nriscan I 
Caledonian 
Alpine I 

a The :Jj 
confidence Ie 

i 
! 
1 

fore used. V 
was taken I 
that such i 
but it woul 

After Q 
cribed abO: 
donian gra 
(recalculati 
criven in tIl o . 

I 
Results anl 
The differ~ 
Alpine graj 
significancf 
mean' comj 
by a norm! 
rences to b 
tuent. Thc\ 
bya modj 
parametriq 
the means: 
Illean tha 11 
only that ~ 
that the (~ 
can be eonA 
the Varis(l 
to be eVClj . 



A.Rall: 

:'0 that as far as possibie no granit • e~ 
-~ny were lllcluded in the compilatio 
~ted Th . n, 

_v • e VarIscan data will be listed 

_iy straightforward, and there is no 
non· Caledonian granites. The d t 

.lfised by the author (HaH, 1969) ~u~ 
the data into line with the samplillfT 

-iyses have been taken into account 

Jlost difficult to sample on account of 
are present. An Alpine age has been 

)ns along the length of the southern 
~1 the east. However, recent isotopic 

these are a{ltually much older than 
ces of Cima d'Asta (Ferrara et al 

_t lIfonte Sabion (Borsi et al., 1966;: 
age. The results obtained by Borsi 

all the granites lying immediately 
. ria) line, i.e. those of Val Meledrio 
ne remaining intrusions, the domi: 

!-nd diOrites, and rocks with Q + 
ykes, pegmatites, aplites et{l. The 

-" are those occurring in the Biella, 
~e of each of which l1as been con­
.re five intrusions which fulfil the 

Valle de Cervo, Biella (Peyronel. 
~ergell complex (Balconi, 1941); 
elbel, 1960); (4) the LaO'o d'Avolo 
iterbo, 1961); and (5) tile granite 

..ll and Viterbo, 1961). 

, .used to calculate each' average 
=lOn, but the following steps were 
ouch a way as to obtain samples 

Jusly unrepresentative material 
Mtz-porphyrY.sheets, dykes or 

lwdrothermally altered rocks. 
dons of important constituents, 
, excluded as being chemically 
,-ere omitted in favour of Iatcr ' 

I 
I ,Jresent.ed by a large numbel' of 

,ent. each intrusion. ll'or about 
available, and this was therc-

I 
I 

Geothermal Gradient and Composition of Granites in Orogenio Belts 189 

Table. Average normative compositions 01 Variscan, Caledonian and Alpine granites 

Mean Standard Number of Differenoe between 
deviation granites means 

Q/Ulrlz 

rariscan 35.3 4.6 198 } Signifioant at 99.5 % oonfidence level 
Caledonian 31.8 4.7 41 
Alpine 25.1 11.2 5 } Not signifioant at 95 % confidence level a 

Orlhocla.se 

Variscan 32.0 3.9 198 } Signifioant at 99.5 % confidence level 
Caledonian 29.5 4.7 41 
Alpine 29.1 11.0 5 } Not significant at 95 % confidence level 

Albite 

Variscan 32.7 4.1 198 } Significant at 99.5 % confidence lovel 
Caledonian 38.7 6.8 41 
Alpine 45.9 10.3 5 } Not signifioant at 95 % confidence level a 

a The l\fann-Whitney U-test indicates these differences to be significant at the 90 % 
confidence level . 

fore used. 'Vhere an intrusion was represented by a number of analyses, the average 
was taken (after excluding analyses with <80% Q+Or+Ab). !tis not supposed 
that such an average is necessarily representative of the intrusion as a whole, 
but it would probably be less unrepresentative than most single analyses. 

After compiling the available data in accordgnce with the principles des­
cribed above, compositions were available for 198 Va,riscan granites, 41 Cale· 
donian granites, and 5 Alpine granites. The normative Q, Or and Ab contents 
(recalculated to Q +Or + Ab = 100 %) were then averaged, and the results are 
given in the Table . 

Results and Discussion 
The differences between the average compositions' of Variscan, Caledonian and 
Alpine granites are small, and statistical tests have been applied to evaluate the 
significance of these differences. The significance of the differences between the 
mean compositions of Variscan and Caledonian granites have been estimated 
by a normal· distribution test and by Student's t-test. Both tests show' the diffe­
rences to be significant at the 99.5% confidence level fOl' {lach normative consti­
tuent. The differences between Caledonian and Alpine granites have been examined 
by a modified t-t~st for samples of unequal size and variance, and by the non­
parametric Mann-Whitney U-test. Both tests show that the differences between 
the means are not significant at the 95% confidence level. This result docs not 
mean that tIle Alpine and Ca.Iedonian granites are not different in composition, 
only that there is too little data and too large a scatter of eomposit,ions to establish 
that the differences between the means are significant. The Caledonian granites 
can be confidently stated to be poorer in normative Q and Or and richer in Ab than 
the Variscan granites, whilo the Alpino granites appear on tlte existing evidence 
to be even poorer in Q and Or and even richer in Ab. 
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Fig. 1. The compositions of the average Variscan (V), Caledonian (0), and Alpine (A) granit~ 
in relation to the system Q-Or-Ab-H20. Crosses indicate the isobaric minima at watN 
pressures of 0.5 and 10 kilobars (after Tuttle and Bowen, 1958; Luth, Jahns and Tuttle, l!J(}tl 

Fig. 1 shows the mean compositions of the granites in the three orogenic belts 
in relation to the isobaric minima in the system Q-Or-Ab-H20. lVIinimUlll 
melting-temperature compositiDns in this system, and in rocks containing an 
appreciable proportion of these normative con~stituents, are governed principall,\' 
by the pressure of water. Luth (1969) indicated that they would also be affected 
slightly by total pressure, but the results of the melting experiments of Browll 
and Fyfe (1970) suggest that differences between total pressure and water preSlIfl' 
have a relatively minor effect 011 melt compositions. Assuming that total pressure 
is roughly equal to lithostatic pressure, Fig. 2 shows some of the relevant meltiui.( 
relationships. Under a geothermal gradient of 200 /km, rocks containil1g the con­
stituents of granite start to melt at a depth of the order of 30 kill and at a tem­
perature of about 600° 0, assuming that a small amount of water is present 
(Tuttle and Bowen, 1958; Wyllie and Tuttle, 1960). Melting at this tempemtun' 
only proceeds to the extent that t,here is enough water available to saturate tht' 
melt, over 10% H 20 being required at t,his pressure. If the water is not available, a 
considerable rise in temperature is needed to bring about complete mcltill1!. 
Whereas the temperature at a depth of 30 km would only just be enough ftll" 

melting to start under a geothermal gradient of 200 /km, it would be sufficient f,)f 
melting of the granitic constituents to be virtually complete unclcr a geotherIllal 
gradient of 400 /km, even in the absence of a large amount of water. It is unlikely 
that the rocks undergoing rneIt.ing would contain sufficient water to slttumtc tI)(' 
magma if melting was complete, and consequcntly if melting pI'occeds fltr h,yon<i 
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~~ .. 
f../ Complete melting (dryL 

1000~ __ ---------------------/-'~;/7/~"~'~~~~m~PI:et~e~m~e~~:in:g~(2~~~oH~2~QL 
~ // _/jf_f!)')-

~ 600 ....... ......•. . ..... Comii';';~':~'tinCj (excess H,O) 

1400 ./// .... ,/... Slort o. M,"., 

~ 200 .:!;:~:~_/-/~~:/ Wkb 

1200 

800 

o 5 ID ffi ~ ~ ~ ~ ~ ~ 
Depth (kilometres) 

Fig. 2. The variation in melting temperatures of the minimum.melting constituents of granite 
with pressure and depth (after Tuttle and Bowen, 1958, p. 122). Two possible geothermal 
gradients are indicated 

its commencement the water pressure is likely to fall well below the total pressure 
(Luth, 1969; Piwinskii and Wyllie, i970). Magmas formed under a high geothermal 
gradient will therefore either have formed at a low .?total by very incomplete mel­
ting, with PHsO approaching .?total> or under a higher .?total but with PH,o much 
less than .?total' In contrast, under a low geothermal gradient melting is less likely 
to proceed beyond a partial stage in which PHsO is not much less than .?tot.al' while 
Ptot.al is high .. Either way, the lower the geothermal gradient, the higher is the 
water pressure under which melting would occur. 

The positions of the mean Variscan, Caledonian and Alpine granites fall near 
the isobaric minima in the system Q-Or-Ab-:-H20 for successively higher 
pressures of water. In view of the successively lower geothermal gradients in­
ferred for the respective orogenic belts from metamorphic facies series, the rela­
tionship between the compositions of the granites is exactly what would be 
expected if the magmas were produced by melting at a depth determined by the 
geothermal gradient, This result supports the widely held view that most granites 
in orogenic belts originate by partial melting in the crust. 

It has already been pointed out by Zwart (1967) that granites are most abundant 
in orogenic belts that show the low pressure type of metamorphism (e.g. the Varis­
can), less abundant in those that show the intermcdiate pressure type of meta­
morphism (e.g. the Caledonian), and rare in those that show the high pressure 
type of metamorphism (e.g. the Alpine). Obviously, if the geot,hcrmal gradient is . 
high, a larger vertical range of crust reaches melting tempcratures, and the 
minimum melting tempcrn,ture is more likely to be excccded, than if the geo­
thermal gradient is low. Because of the abundanco of granites in low-pressure 
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metamorphio belts, compilations of analyses, su(ih as vVashington's tables, will 
contain a high proportion of this type of granite. Thus the composition of Ih!, 
average Variscan granite lies near the frequency maximum of granitic comp{)~i. 
tions calculated by Tuttle and Bowen (1958, p. 79). The author's earlier obsernl. 
tion (Hall, 1967, p. 169) that the Caledonian granites appeal' to be anomaloush' 
rioh in normative albite reflects the relatively smaller abundance of granites i~ 
intermediate- and high-pressure metamorphic regions. The average composition 
of Alpine granites is even more untypical of granitic rocks as a whole. 
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