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The central granitic stock within the Glitrevann cauldron comprises three main granite types, of which the 
youngest one, an aplitic granite, is associated with significant porphyry-Mo mineralizations. A mineralo
gical and geochemical differentiation is developed from the older granite types towards this aplitic 
granite. Quantitative trace element modelling, based on crystal fraction using petrographic mixing 
calculations relating three main compositions, suggests that the aplitic granite represents a fractionated 
residual melt, possibly formed during progressive volatile-pressure relief. Molybdenum entered the 
escaping fluid phase, giving rise to the mineralizations. 
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The Glitrevann cauldron, situated about 40 km 
WSW of Oslo, belongs to the western of two 
zones of aligned cauldron structures on either 
side of the NNW-trending main axis of the Oslo 
rift system (Fig. 1). For an outline of the geology 
and evolution of the Oslo rift the reader is re
ferred to Ramberg & Larsen (1978) and 
Schønwandt & Petersen (1983) which also con
tain references to earlier publications. 

The discovery of important porphyry-Mo min
eralizations related to the central granitic stock 
within the Glitrevann cauldron (Schønwandt 
1975, Geyti & Schønwandt 1979) revealed the 
need to remap the whole cauldron. This mapping 
has refined the picture given by Oftedahl (1953, 
1978) and, among other things, the granitic stock 
has turned out to be composed of three main 
phases (Fig. 2). The majority of the mineraliza
tions are associated with the youngest of these 
three granites (Schønwandt & Petersen 1983). In 
view of this specific relationship, a detailed pet
rographic and geochemical investigation has 
been carried out to study the evolution of the 
granitic stock and to attempt to unravel aspects 
of the processes which caused the concentration 
of Mo towards the late stages in this evolution. 

General geology 
The evolution of the Glitrevann cauldron took 
place within a complex volcanic plateau of latitic 
rhomb-porphyry and basal tie lava flows interstra-

tified with minor trachytic pyroclastic flows and 
volcanoclastic sediments. Cauldron formation 
started with eruption of rhyolite domes and rhyo
litic ignimbrites associated with basaltic volcan
ism.The climax of this evolution came with the 
eruption of voluminous rhyolitic ash flows (Sa
gelva formation) in the southern sector, which 
caused collapse and formation of a semi-circular 
caldera, the Bordvika cauldron. This semi-circu
lar caldera is now marked by the southern interi
or ring dyke (Fig. 2). Post-caldera activity within 
the Bordvika cauldron includes the deposition of 
meso- and mega- breccias (Kleiveren formation), 
succeeded by the eruption of trachytic and rhyo
litic ash flows and balsaltic volcanics. The north
em part of the Glitrevann caldera was flooded 
simultaneously by rhomb porphyry flows, basal
tie lava and ash tuffs (Svartås formation). The 
youngest intracaldera pyroclastic event recorded 
was the eruption of the Bordvika ignimbrite 
(Kampen formation), a high-silica quartz-feld
spar rhyolite, which covers the eastern sector of 
the Bordvika cauldron. The bimodal extrusion of 
basalt-rhyolite pyroclastics and lavas was gener
ally suceeded by the intrusion of syenitic ring 
dykes. After emplacement of the ring dykes, the 
cauldron was invaded by the central granitic 
stock which probably caused resurgent uplift of 
the caldera. 

The outline given above is based on Schøn
wandt & Petersen (1983). 
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Fig. l. Geological sketch map of the Oslo rift showing main rock types and the position of the Glitrevann cauldron in the western 
row of aligned cauldron structures. Modified after Schønwandt & Petersen (1983). 
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Table l. Mean (X) modal compositions with standard deviations (s) of the three main granite types in the Glitrevann stock. The 
average number of non-correlated points counted is 934. 

Medium-graincd granite (13) Aplitic granite (11) Granite porphyry (10) 1 
x x X 

Quartz 27.6 3.0 34.8 3.0 Groundmass 71.2 6.4 
Alkali feldspar 60.3 5.7 59.2 3.8 Phenocrysts: 
Plagioclase 9.3 4.1 4.6 2.8 Quartz 3.9 1.1 
Biotite + Chlorite 1.5 0.9 0.29 0.23 Plagioclase 9.3 2.6 
Sphene 0.27 0.30 Alkali feldspar 14.3 3.5 
Zircon 0.04 0.09 0.06 0.07 Biotite 1.1 0.4 
Apatite 0.02 0.03 
Ore 0.83 0.43 0.30 0.18 

1 The groundmass of the granite porphyry is generally too fine grained for point counting. The modal analysis of this rock type has 
been perforrned on slabs. 

Granite types 
The central stock comprises three main granite 
types: l) medium-grained granite, 2) granite por
phyry and 3) aplitic granite. The aplitic granite is 
clearly the youngest, as evidenced by its cross
cutting relationship to the other two granite 
types, while the mutual age relationship between 
these is somewhat ambiguous. 

Medium-grained granite 

The medium-grained granite is the most abun
dant rock type, occupying about 60% of the total 
outcrop area of the stock (Fig. 2). It is a pinkish, 
equigranular rock with an average grain size of 
2-5 mm. In the southern part of the stock, a 
porphyritic texture is locally developed with 
larger (7-10 mm), roughly euhedral phenocrysts 
of plagioclase comprising about 5-10%. Biotite 
is the only mafic mineral present and amounts to 
1-2%. 

Granite porphyry 

This rock consists of about 30 % phenocrysts (2-
5 mm) of light grey plagioclase (10% ), pinkish 
alkali feldspar (15%), quartz (4%) and biotite 
(l %) set in a grey-reddish, aphanitic to fine
grained matrix. The granite porphyry occurs for 
the most part in the eastern marginal areas of the 
stock, and occupies about 20% of the outcrop 
area. 

Aplitic granite 

This rock has a characteristic appearance as a re
sult of its allotriomorphic equigranular texture of 

partly intergrown quartz and alkali feldspar, 
combined with a grain size of about 0.3 mm. A 
few phenocrysts occur sporadically in this sugary 
matrix. The phenocrysts comprise alkali feid
spar, quartz, plagioclase and rarely biotite in 
order of decreasing relative abundance. The 
phenocryst content varies from zero up to 10%, 
averaging about 4%. The aplitic granite occupies 
about 20 % of the outcrop area. 

All three granite types are locally miarolitic, 
with cavities generally less than l cm and consti
tuting less than l %. The cavities are part! y filled 
with one or more of the following minerals: 
quartz, feldspar, pyrite, fluorite and molybden
ite. 

Contact relationships 

The aplitic granite is clearly the youngest, as it 
intrudes both the medium-grained granite and 
the granite porphyry, partly as well-defined, sub
vertical dykes up to a few decimetres in width 
and partly as more irregular veins and apo
physes. 

Age relationships between the medium
grained granite and the granite porphyry are not 
as clearcut, as exposed contacts have not been 
found. The latter is considered most probably to 
be a kind of marginal facies of the former, a view 
supported by the chemistry of these two rock 
types. This will be discussed later. 

Petrography 
Modal compositions of the three granite types 
are given in Table l. A mineralogical differenti-
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Fig. 2. Geological m ap of the Glitrevann granite stock showing 
distribution of the three m ain granite types. Partly based on 
Stenstrop ( 1984). 

ation can be seen from the medium-grained gran
ite towards the aplitic granite. This differenti
ation comprises increasing quartz content and 
decreasing contents of minerals like plagioclase, 
biotite, sphene and ore minerals. 

Alkali feldspar occurs almost exclusively as mi-
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croperthite, and two main types can be distin
guished. These may be termed vein perthite and 
patch perthite, following the nomenclature of 
Andersen (Smith 1974, pp. 407-412). In vein 
perthite the Ab-component constitutes 30-
40 %, while in patch perthite it is more variable 
in amount, ranging from about 20% to more 
than 50%. The Or-phase rarely exhibits cross
hatched twinning in either perthite type, and 
then only over a few domains in a grain. In most 
of the patch perthite the Ab-phase is twinned in a 
chessboard pattern, and the mode of occurrence 
of this chessboard albite points towards late-mag
matic replacement. This feature is seen notably 
in the medium-grained granite. Another charac
teristic feature is the occurrence of reprecipitated 
albite along mutual grain boundaries of perth
ites, a phenomenon referred to as 'swapped rims' 
(Smith 1974, p. 284). 

In the ground mass of the aplitic granite, sig
nificant solidification apparently took place be
low the Ab-Or-solvus, since the perthites in this 
rock type comprise considerable amounts of Or
and Ab-rich types in addition to the vein perthite 
with 30-40% Ab. 

In the granite porphyry there is a tendency for 
the veins in the perthite phenocrysts to be on a 
slightly finer scale than in the other two rock 
types. 

Plagioclase ranges in composition from An2s-3o 
to An1s-10, the highest values being in pheno
crysts in the granite porphyry and in the aplitic 
granite, and larger eu-subhedral grains in the 
medium-grained granite. This category of early 
plagioclases is often zoned with a rim of micro
perthite. 

Quartz occurs as euhedral phenocrysts (1-2 
mm) in the granite porphyry. The phenocrysts, 
where present, in the aplitic granite are often in 
the form of aggregates (2-4 mm) of a few grains. 
In the medium-grained granite quartz is domi
nantly interstitial to larger grains of alkali feid
spar and plagioclase. 

Biotite occurs as flakes with sized up to about l 
mm. The pleochroic scheme is a-brown, �=y
dark reddish brown indicating a relatively high 
Ti/Fe3+ ratio (Zussman et al. 1975, p. 213). In

. 

some places biotite is included in the early grains 
of plagioclase and alkali feldspar, suggesting that 
it crystallized early. According to experiments on 
granitic melts, biotite would precede alkali feid
spar in the crystallization sequence for H20-con
tents above 2.5 wt% (Maaløe & Wylie 1975). 
Biotite is locally altered to chlorite. 
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Accessory minerals include weakly pleochroic 
sphene, which is pale brownish and often spindle
shaped. Zircon often occurs as inclusions in bio
tite, and a few grains are zoned. 

Geochemistry 
Analytical methods 

Chemical analyses were carried out using a Phil
ips PW 1200 X-ray fluorescence spectrometer at 
the Geology Department, University of Aarhus, 
Denmark. Major elements were analyzed on 
glass discs except for Na, P and Mn, which, 
together with trace elements, were analyzed on 
powder pellets (Leake et al. 1969). FeO was 
determined by titration and subtracted from the 
total Fe (as Fe203) of the XRF analysis. The 
average sample size was 0.5 kg. 

Major element variation 

Table 2 lists the chemical compositions of the 
three major granite types, in the Glitrevann 
stock. 

The major element variation as shown in 
Niggli-diagrams (Fig. 3) generally displays con
tinuous trends typical of magmatic differenti
ation. Increasing values of si are accompanied by 
decreasing fm, c, ti, and mg, and increasing alk 
and al. The parameter k shows no systematic 
variation with si. 

Chemical classification schemes distinguishing 
main rock series are not easily applied to high
silica rocks. Thus, Fig. 4 shows the samples to be 
outside the silica range that generally marks the 
boundary between alkaline- and sub-alkaline se
ries. 

In terms of Or-Ab-An relations (Fig. 5) the 
samples plot in the intermediate field, somewhat 
doser to the sodic than to the potassic field. 

A plot of the degree of alumina saturation 
relative to alkalies and calcium (Fig. 6) reveals a 
fairly systematic trend from peraluminous 
through meta- and sub-aluminous to peralkaline 
with increasing differentiation. The peralkaline 
samples are all from the aplitic granite. 

The Q-Ab-Or relations for the Glitrevann 
granite stocks are shown in Fig. 7, together with 
positions of the thermal minimum at various 
volatile contents. The medium-grained granite 
and the granite porphyry are slightly displaced 
towards the Or corner relative to the diverse 
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Fig. 3. Niggli variation-diagrams of si versus al, alk, fm, c, ti, 
mg and k for the Glitrevann granitic stock. 
Triangels: Medium-grained granite. Open circles: Granite por
phyry. Fil/ed circles: Aplitic granite. 

minima. The aplitic granite samples duster dose 
to the minimum at 4.3 wt% H20, possibly indi
cating a residual melt origin for this rock type; 
this is supported by the petrographic data. 

Trace element variation 

The distributions of Rb, Ba and Sr exhibit regu
lar variations throughout the granite series. 

A plot of Ca versus Sr (Fig. SA) shows a 
positive correlation between these elements, a 
feature which is most pronounced in the medi
um-grained granite and the granite porphyry. 
The aplitic granite shows a much weaker correla
tion, approaching constant Ca content. 

The Ba-Sr relations (Fig. 8C) show a relatively 
constant ratio between the effective partitioning 
of Sr and Ba for the medium-grained granite and 
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Table 2. Chem ical analyses and CIPW norm s of the three m ajor granite types in the Glitrevann stock . All values are in wt% except 
f or trace elem ents, which are in ppm .-: Below detection lim it. 

Medium -grained granite 

Sam ple num ber 42 41 40 36 37 38 39 33 31 32 34 43 35 

Si02 72.3 71.5 73.5 73.0 73.4 73.7 74.1 73.8 74.0 75.7 75.2 74.1 73.8 

Ti02 0.45 0.45 0.36 0.33 0.29 0.28 0.28 0.33 0.29 0.20 0.22 0.29 0.27 

Alz03 13.7 13.5 13.1 13.2 13.0 13.1 13.1 13.1 13.1 12.5 12.8 13.4 13.3 

F�03 1.49 1.35 1.14 1.10 0.98 1.15 1.10 1.10 0.95 0.97 1.07 1.14 1.17 

Fe O 0.66 0.66 0.58 0.59 0.53 0.43 0.43 0.64 0.64 0.27 0.32 0.46 0.25 
Mn O 0.080 0.099 0.070 0.060 0.050 0.040 0.040 0.070 0.070 0.010 0.030 0.020 0.010 
Mg O 0.3 0.3 0.2 0.2 O.l O.l O.l 0.2 0.2 0.0 O.l O.l O.l 
Ca O 0.67 0.86 0.50 0.65 0.59 0.48 0.47 0.51 0.46 0.27 0.37 0.41 0.34 
Na20 4.4 4.3 4.3 4.5 4.6 4.5 4.5 4.5 4.5 4.2 4.4 4.6 4.6 
K20 4.91 5.00 5.08 4.88 4.69 4.80 4.85 4.90 4.79 4.66 4.64 4.85 4.83 

PzOs 0.03 0.04 0.01 
Vol 0.45 0.61 0.34 0.40 0.37 0.53 0.49 0.37 0.37 0.47 0.31 0.34 0.59 
SUM 99.44 98.67 99.18 98.91 98.6 99.12 99.46 99.52 99.37 99.25 99.46 99.71 99.26 

Rb 163 153 209 188 179 250 253 164 191 192 189 199 198 
Sr 90 89 47 52 53 37 34 47 47 20 24 40 34 
Ba 402 454 319 229 199 155 144 206 210 78 78 168 168 
Zr 357 355 298 257 218 218 213 252 221 171 180 236 207 

Q 26.07 25.39 27.88 26.82 27.68 28.17 28.43 27.76 28.35 32.84 30.97 27.83 27.73 
Or 29.01 29.55 30.02 28.84 27.72 28.36 28.66 28.96 28.31 27.54 27.42 28.66 28.54 

Ab 37.23 36.39 36.39 38.08 38.92 38.08 38.08 38.08 38.08 35.54 37.23 38.92 38.92 

An 3.13 2.77 1.44 1.40 0.97 1.37 1.22 1.07 1.40 1.36 1.47 1.59 1.38 
A c 
Di 0.09 1.06 0.83 1.07 0.54 0.54 0.54 1.07 0.74 - 0.30 0.38 0.28 
Wo 1.21 0.55 0.15 0.19 0.06 -

Hy 0.71 0.25 0.12 - 0.31 - 0.11 0.07 0.12 
Hm 0.92 0.56 0.41 0.31 0.27 0.66 0.61 0.18 - 0.75 0.73 0.65 1.13 
Mt 0.82 1.15 1.05 1.14 1.03 0.71 0.71 1.34 1.38 0.32 0.49 0.71 0.06 
Il 0.85 0.85 0.68 0.63 0.55 0.53 0.53 0.63 0.55 0.38 0.42 0.55 0.51 
z 0.07 0.07 0.06 0.05 0.04 0.04 0.04 0.05 0.04 0.03 0.03 0.05 0.04 
Ap 0.07 0.09 0.02 -
c 0.05 -

SUM 98.97 98.13 98.90 98.55 98.27 98.61 99.01 99.20 99.16 98.91 99.17 99.41 98.71 

CIPW-norm 

Sam ple num ber 18 19 20 21 22 28 23 27 30 26 25 24 

Si02 73.2 73.1 73.0 73.8 75.2 74.3 73.6 75.7 75.7 73.6 74.1 74.1 
Ti01 0.34 0.36 0.35 0.34 0.27 0.30 0.32 0.20 0.27 0.30 0.31 0.31 
AI203 13.5 13.2 13.3 13.2 12.9 13.2 13.5 12.6 12.6 13.5 13.2 13.0 
F�03 1.15 1.30 1.23 1.14 0.92 1.14 10.5 1.01 0.91 1.41 1.20 1.19 
Fe O 0.60 0.53 0.49 0.53 0.46 0.40 0.55 0.32 0.23 0.34 0.46 0.45 
Mn O 0.2 0.2 0.2 O.l O.l O.l O.l O.l O.l O.l 
MgO 0.050 0.040 0.030 0.030 0.020 0.010 0.020 0.020 0.010 0.010 0.040 0.050 
Ca O 0.34 0.42 0.43 0.41 0.51 0.44 0.47 0.40 0.30 0.32 0.45 0.40 
Na10 4.3 4.5 4.4 4.6 4.6 4.4 4.6 4.3 3.8 4.2 4.6 4.4 
K20 5.20 4.75 4.87 4.85 4.73 4.79 4.73 4.71 5.13 5.01 4.88 4.92 
P20s 0.01 0.01 -
Vol 0.42 0.46 0.40 0.36 0.28 0.43 0.50 0.35 0.65 0.76 0.30 0.48 
SUM 99.3 98.87 98.71 99.36 99.99 99.41 99.44 99.61 99.67 99.55 99.64 99.4 

Rb 172 188 183 179 193 189 167 189 157 141 169 171 
Sr 61 45 54 50 35 41 44 21 31 50 46 37 
Ba 277 227 255 219 157 179 209 63 162 217 217 185 
Zr 259 255 271 259 214 233 210 166 213 237 208 230 
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CIPW-norm 

Sample number 18 19 20 21 22 28 23 27 30 26 25 24 

Q 27.21 27.60 27.53 27.64 29.49 29.42 27.58 32.12 33.14 29.12 27.80 28.82 
Or 30.73 28.07 28.78 28.66 27.95 28.31 27.95 27.56 30.32 26.90 28.84 29.08 
Ab 36.39 38.08 37.23 38.92 38.92 37.23 38.92 36.39 32.15 35.54 38.92 37.23 
An 1.76 1.79 2.14 1.05 0.58 2.12 2.22 1.31 1.53 1.65 0.96 1.19 
A c 
Di 0.23 - 0.54 0.54 - 0.13 - 0.54 0.54 
Wo 0.15 0.55 0.05 - 0.29 - 0.27 0.06 
Hy 0.50 0.39 0.50 - 0.19 - 0.25 0.25 -

Hm 0.38 0.75 0.77 0.57 0.39 0.83 0.42 0.65 0.91 1.23 0.71 0.70 
Mt 1.11 0.79 0.66 0.82 0.76 0.45 0.91 0.52 - 0.26 0.71 0.71 
Il 0.65 0.68 0.66 0.65 0.51 0.57 0.61 0.38 0.51 0.57 0.59 0.59 
z 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.03 0.04 0.05 0.04 0.05 
Ap 0.02 0.02 0.02 -

c 0.15 - 0.01 - 0.23 0.56 -

SUM 98.93 98.45 98.35 99.05 99.73 99.03 98.97 99.25 99.083 98.83 99.38 98.97 
(Ru =0.003) 

Aplitic granite 

Sam p le 
num ber 3 4 2 17 16 15 5 6 7 10 9 14 12 13 8 

Si02 77.6 76.2 77.0 77.3 77.2 76.6 76.2 76.8 76.3 77.4 77.2 76.9 77.2 77.1 76.7 77.3 
Ti02 0.15 0.20 0.13 0.19 0.14 0.21 0.20 0.14 0.14 0.14 0.14 0.14 0.15 0.13 0.14 0.13 
A1203 11.9 12.3 11.9 12.3 12.0 11.9 12.4 12.1 12.1 12.0 12.0 12.0 12.1 12.0 12.2 12.0 
Fe203 0.95 0.81 0.71 0.88 0.71 1.16 0.75 0.80 0.81 0.82 0.63 0.79 0.79 0.86 0.76 0.85 
Fe O 0.19 0.38 0.28 0.33 0.17 0.32 0.44 0.30 0.27 0.19 0.33 0.25 0.26 0.25 0.29 0.24 
Mn O 0.040 0.060 0.010 0.040 0.030 0.040 0.040 0.030 0.030 0.020 0.010 0.010-

Mg O O.l - O.l -

Ca O 0.19 0.29 0.28 0.33 0.32 0.30 0.32 0.36 0.32 0.19 0.33 0.27 0.24 0.25 0.24 0.30 
Na20 4.4 4.5 4.4 4.3 4.1 4.0 4.3 4.4 4.4 4.5 4.2 4.3 4.3 4.2 4.4 4.0 
K20 4.55 4.69 4.55 4.91 4.40 4.68 4.98 4.53 4.50 4.53 4.60 4.41 4.55 4.55 4.39 4.55 
P20s 
Vol% 0.35 0.27 0.17 0.24 0.44 0.39 0.29 0.24 0.24 0.27 0.34 0.33 0.37 0.33 0.37 0.33 

SUM 100.32 99.7 99.43 100.92 99.51 99.7 99.92 99.7 99.11 100.06 99.78 99.4 99.96 99.67 99.49 99.7 

Rb 209 202 201 156 208 154 164 239 237 190 223 193 202 248 212 183 
Sr 18 23 13 21 13 15 25 12 11 13 lO 8 9 6 lO 6 
Ba 21 44 39 20 44 66 Il lO 19 6 11 8 
Zr 134 146 80 144 124 139 158 129 123 135 118 117 117 122 137 110 

CIPW- norm 
Q 34.69 31.94 33.97 33.09 35.87 34.79 31.84 33.52 33.14 34.03 34.74 34.63 34.45 34.89 33.92 35.60 
Or 26.89 27.72 26.89 29.01 26.00 27.66 29.43 26.77 26.59 26.77 27.18 26.06 26.89 26.89 25.94 26.89 
Ab 35.88 37.15 35.88 35.93 34.69 33.85 36.06 37.02 37.18 36.50 35.54 36.39 36.39 35.54 37.23 33.85 
An 1.34 0.69 - 0.31 0.42 0.28 0.45 0.57 1.35 
A c 1.19 0.82 1.19 0.40 - 0.29 0.19 0.04 1.39 -
Di 0.08 0.13 0.54 - 0.54 0.03 -

Wo 0.40 0.57 0.52 0.40 0.11 0.05 0.66 0.75 0.67 0.40 0.56 0.39 0.38 0.33 0.26 0.06 
Hy 
Hm 0.33 - 0.30 0.55 0.78 - 0.28 0.41 0.15 0.15 0.49 0.51 0.57 0.39 0.58 
Mt 0.31 0.76 0.43 0.64 0.24 0.55 0.94 0.66 0.56 0.27 0.69 0.43 0.40 0.43 0.53 0.40 
Il 0.29 0.38 0.25 0.36 0.27 0.40 0.38 0.27 0.27 0.27 0.27 0.27 0.29 0.25 0.27 0.25 
z 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.02 
Ap 
c 
SUM 100.01 99.45 99.28 100.70 99.10 99.34 99.66 99.49 98.89 99.81 99.46 99.10 100.11 99.37 99.14 99.00 
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Fig. 4. Na20 + K20 versus Si02 for the Glitrevann granitic 
stock. The division line between the alkaline- and subalkaline
field is from lrvine & Baragar (1971). Oxide values are in wt%. 
Symbols as in Fig. 3. 

the granite porphyry. This trend changes abrupt
ly for the aplitic granite which shows a stronger 
depletion of Ba relative to Sr than the two older 
rock types. Taking into account the samples with 
extreme Ba depletion (i.e. below detection lim
it), the effective partitioning of Sr approaches 
unity for the more differentiated aplitic granite 
samples. 

A plot of Ba versus Rb (Fig. 8D) shows that 
decreasing Ba content is accompanied by only 
slightly increasing Rb content. This feature is 
most pronounced for the medium-grained gran
ite. The granite porphyry and the aplitic granite 
show less increasing Rb content, and when the 
samples with extreme Ba depletion are consid
ered, the partitioning of Rb is dose to unity. 

The diagram of Sr versus Rb (Fig. 8B) shows 
that decreasing Sr is associated with weakly in
creasing Rb in the medium-grained granite, and 
even less so in the granite porphyry. The distri
bution pattem of Sr and Rb in the aplitic granite 
is more irregular, with local tren ds which may 
indicate an effective partitioning of Rb greater 
than unity. 

A notable feature which emerges from the 
diagrams of Ba versus Sr and Ba versus Rb is the 
large range in values for the aplitic granite rela
tive to the medium-grained granite and the gran
ite porphyry. This suggests an origin involving 
relatively extreme fractionation for this rock 
type. 

Regarding the medium-grained granite, petro
graphic data suggest that crystallization occurred 
under conditions approaching equilibrium. Cry-

NORSK GEOLOGISK TIDSSKR!Ff 3 (1985) 

stallization curves for such conditions would be 
gently curved (McCarthy & Hasty 1976), which 
is apparent in Fig. 8 especially for Sr versus Rb 
and Ba versus Rb (i.e. the triangles). Further
more the curved pattem exhibited by the medi
um-grained granite projects to the same origin as 
the fractionation trend for the aplitic granite, 
suggesting a possible common source for the two 
rock types. 

The following petrogenetic modelling primar
ily deals with the medium grained and aplitic 
granites. 

Petro genesis 

Major element modelling 

Using !east squares petrographic mixing calcula
tions (Wright & Doherty 1970), quantitative in
formation has been obtained on the possible re
lation between various samples of the medium
grained granite and the aplitic granite in terms of 
mass balance for major elements. Relations have 
been established between the following pairs of 
samples: 
l) The !east differentiated samples of the medi

um-grained and the aplitic granite (stage Fl). 
2) The !east and most differentiated samples of 

aplitic granite (stage F2). 
3) The !east and most differentiated sample of 

medium-grained granite (stage E). 
The results of these calculations are shown in 
Table 3, together with differences between the 
calculated and the actual oxide contents. End 
member compositions of the minerals have been 
used as input, except for biotite where an analy
sis of a biotite from a biotite granite (HL-29) of 
the Sierre Nevada batholith has been used 
(Dodge et al. 1969). 

The calculated data yield quantitative informa
tion as to the relative amount of solidification 
required to produce a given differentiate, and 
the possible fractionating phase. 

In the following, the obtained mineral assem
blages will be used to calculate bulk partition 
coefficients for Rb, Sr and Ba. These elements 
are particularly useful in petrogenetic modelling 
of granitic compositions, since they occur essen
tially in the major silicates, and do not form 
independent phases. 

The partition coefficients applied (Table 4) 
represent average values from the references 
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Fig. 5. Or-Ab-An relations with sodic- and potassic-sectors from lrvine & Baragar (1971). Plots in % cation equivalents. 
Symbols as in Fig. 3. 

cited. Compound partition coefficients are also 
listed as a control on the reasonableness of the 
selected values. 

Unfortunately, experimentally determined 
partition-coefficient data for granitic systems are 
few, the experiments of Long (1978) being the 
only ones known to the author. In view of the 
great difficulties in applying measured partition 
coefficients to a particular geological problem, 
because of the pressure, temperature and com
positional dependence of the coefficients, and 
the question as to whether equilibrium was es
tablished regarding phenocryst/matrix partition 
coefficients obtained from co-existing natura! 
phases, the modelling will highlight general 
trends rather than precise details. 

Crystallization models 

The crystallization models considered here are 
fractional crystallization of the mineral assem
blage from stage Fl followed by fractional cry
stallization of the mineral assemblage from stage 
F2. Simultaneously the mineral association of 
stage E is computed as an equilibrium crystalliza
tion. 

According to Hansson (1978) the equations 
describing trace-element concentrations in the 
differentiated liquids for these contrasting condi
tions of crystallization are: 

(l) 

(2) 

c! = clf'0i-1 

Surface-equilibrium crystallization 
(Rayleigh-fractionation) 

el = c?! (F + D;(l-F)) 

Bulk-equilibrium crystallization 
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o o u 
+ 

o 
N "' 
+ 

o 
N 

1.0 

� 0.9 
-

M o 
N 

<l: 

Peraluminous 

Peralkalkaline 

0.9 

"' 

" 

o 
c 

E " 
o .o 
" 

l 
1.0 

o o 

o 

Metaluminous 

1.1 
Alz03 l ( NazO • K z O) 

Fig. 6. Al203(Na20 + K20 + CaO) versus Al2 + 03 (Na20 
+ K20). Field boundaries follow the definition of Shand (Car
michael et al. 1974, p. 31). Oxide values are in molecular 
proportions. Symbols as in Fig. 3. 
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Q 

Fig. 7. Or-Ab-Q relations for the Glitrevann granite stock. Plots in wt%. Cotectic lines with therrnal minima (m) are shown for 
different volatile contents. References: For H20: Tuttle & Bowen (1958), for F: Manning (1981). 

c? = weight concentration of element i in origi
nal liquid 

c!= weight concentration of element i in dif
ferentiated liquid 

F = weight fraction of melt remaining relative 
to original melt 

D; = bulk partition coefficient of element i 

(D; = LKiXa, where Kr= partition coefficient 

of element i in mineral a, and Xa = weight 
fraction of mineral a in the fractionating 
mineral assemblage). 

Applying these equations with the calculated 
bulk partition coefficients (Table 5) to the three 
stages of crystallization (i.e. equation (l) to stage 
Fl and F2 and equation (2) to stage E) we obtain 
the trace-element distributions shown in Fig. 
9A-C, together with measured data. 

Discussion 

In general there is a rather dose fit between the 
observed and modelled trace-element patterns. 
In one aspect, however, there is a considerable 
discrepancy between the two, and this concerns 
the amounts of relative solidification required to 
produce a given differentiation. These crystalli
zation ranges are systematically lower in the pet-
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Table 3. Petrographic mixing results. 1Includes Fe203 and MnO 

Residua/s: (calculated minus actual) 

Si02 
Ti02 
Al203 
1Fe0 
Mg O 
Ca O 
Na20 
K20 

Stage Fl: 

Stage Fl 
-0.01 

-0.01 

+0.08 

+0.05 

-0.08 

-0.06 

0.00 

-0.05 

0.0216 

NORSK GEOLOGISK TIDSSKRIFT 3 (1985) 

Stage F2 
+0.06 

0.00 

+O.D7 
0.00 

0.00 

-0.01 

-0.12 

-0.08 

0.0294 

Stage E 
-0.05 

0.00 

+0.28 

0.00 

-0.08 

-0.10 

+ 0.18 

-0.13 

0.1466 

Medium-grained granite (!east differentiated) = 83.86% aplitic granite (!east differentiated) + 9.05% An30 + 2.93% alkfsp. + 

3.84% bio. + 0.32% ore. 
Stage F2: 
Aplitic grantie (!east differentiated) = 93.25% aplitic granite (most differentiated) + 1.32% An20 + 5.12% alkfsp. + 0.32% ore. 
Stage E: 
Medium-grained granite (!east differentiated) = 89.77% medium grained granite (most differentiated) + 2.07% alkfsp. + 2.24% 

bio. + 0.27% ore. 

Table 4. Crystallliquid partition coefficients and compound partition coefficients (KafØ) for the fractionating phases. 

Rb Sr Ba 
Ksp. 

0.7653.4.5.6,7 3.5062.3.7 7.4512·3·7 

Plag. 0.0475.8,9 4.72 .8 0.9052·8·9 

Bio. 2.2244,5,6,10 0.335 7.3524,10,11,12 

Kksp./plag. 17.641•2 0.50Z 6.gg2 
Kbio.lksp. 1.981 0.122 0.592 
Kbio./plag. 18.261 0.0562 4.792 

References: 1Carron & Lagache (1972). 2Nagasawa (1971) . 3Long (1978). 4Mahood & Hildreth (1983). 5Michard & Allo�gre (1975). 

6Dupuy & Allegre (1972). 7Philpotts & Schnetzler (1970). 8Nagasawa & Schnetzler (1971). 9Ewart & Taylor (1969). 10Higuchi & 
Nagasawa (1969). "Berlin & Henderson (1969). 12Carrnichael (1967). 

rographic m1xmg results (Table 3) than those 
derived from the trace-element distributions 
(Fig. 9A-C). Thus the transition from the !east 
differentiated medium-grained granite to the 
!east differentiated aplitic granite (stage Fl) in
volves 40-50% solidification to satisfy the trace
element range, whereas only about 16% solidifi
cation is needed for the major element mass
balance to be in agreement. For stage F2 and E, 
trace element data demand relative solidifica
tions of more than about 50% and about 80% 
respectively, compared with values of only 7% 
and 10% respectively for the major elements. 

Several explanations for this discrepancy can 
be given. The first concerns the bulk-equilibrium 
crystallization model for stage E. In this model 
the entire crystallizate is considered to be in 
equilibrium with the melt. However, if equilibri-

um was not attained throughout the solidification 
process, then the crystallization condition 
changes to one of incremental-equilibrium cry
stallization with a small number of increments 
(i.e.in contrast to the bulk-equilibrium crystalli
zation model, which can be described as incre
mental-equilibrium crystallization with only one 
increment) (McCarthy & Hasty 1976). The effect 
of this on the trace-element pattern will be to 
enlarge the concentration range corresponding to 
a certain amount of crystallization. That is, for 
stage E, if the crystallization condition, instead 
of perfect bulk-equilibrium crystallization, was 
incremental-equilibrium crystallization with a 
limited number of increments, then the amounts 
of relative solidification required by the trace 
elements will be reduced, and thus approach the 
amounts required by major elements. 
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Tab/e 5: Calculation parameters for the modelled trace element distribution in Fig. 9. Bulk partition coefficients have been 
calculated from the values in Table 4 and the crystal fractions above. 

Moda/ compositions of crysta/ fractions from Tab/e 3: 
Stage Fl: 56.07% An30 + 18.15 % Alkfsp. + 23.79 % Bio. + 1.98 % Ore 
Stage F2: 19.53% An20 + 75.74% Alkfsp. + 4.73 % Ore 
Stage E: 55.27% An30 + 20.21 % Alkfsp. + 21.88 % Bio. + 2.64% Ore 

Bulk partition coefficients: 

Stage Fl 
Stage F2 
Stage E 

DRb 
0.69 
0.59 
0.67 

For stages Fl and F2 the observed discrepancy 
may be explained by partially open-system be
haviour, and this could also be the case for stage 
E, in addition to the explanation given above. 

Regarding the stage F2 crystallization in Fig. 
9B-C, a steeper trend than that modelled is re
quired by the samples with Ba below about 10 
ppm. This means (in Fig. 9C) that the bulk
partition coefficients of Sr and Ba decrease and/ 
or increase respectively, with the constraint that 
both are greater than unity. Similarly in Fig. 9B, 
increasing bulk-partition coefficients for Rb and/ 
or Ba are indicated; for DRb the value tends to 
be slightly larger than unity for these low-Ba 
analyses. 

The stage F2 crystallization trend, as it appears 
in the Sr versus Rb diagram (Fig. 9A), is, in 
detail, a rather poor approximation to the actual 
analyses which show an irregular distribution 
with local trends within the main trend as ap
proximated by the model. These local trends 
reveal a bulk-partition coefficient of Rb greater 
than unity, which is an accordance with the infor
mation from the Ba versus Rb diagram. 

In conclusion, the change in the crystallization 
trend towards the end of stage F2 seems to be 
caused by increasing values of DRb and DBa• 
both being greater than unity, and for DRb in
volving a change in value from less than unity to 
greater than unity. 

The increase in DBa may be a consequence of 
increased polymerization of the melt during frac
tionation (Watson 1976). 

The findings of Watson (1976) indicate, how
ever, decreasing values of DRb with increasing 
polymerization of the melt, and therefore a dif
ferent explanation must apply to the observed 
increase in DRb· A likely candidate would be an 
escaping fluid phase enriched in Rb (and possibly 

Dsr 
3.35 
3.57 
3.38 

DB a 
3.61 
5.82 
3.61 

some Ba) relative to the melt. Similar conclu
sions regarding the influence of a volatile phase 
on these elements have been reached by Hart et 
al. (1971). 

The general relation between the medium
grained granite and the aplitic granite is there
fore considered to be, that these two rock types 
are related through a common fractionating 
phase assemblage, from which the medium
grained granite formed essentially by attaining 
equilibrium between melt and crystallizate (stage 
E), whereas the aplitic granite represents the 
fractionated residual melt (stage F2), which may 
have formed during progressive volatile pressure 
relief. 

As a consequence of the essentially equilibri
um crystallization of the medium-grained gran
ite, the change in the crystallizing assemblage 
from stage Fl to F2 cannot be unravelled in the 
trace element pattern for this rock type, as is also 
clearly demonstrated by the data, and the cry
stallizing assemblage derived from petrographic 
mixing calculations for stage E may thus be 
viewed as representing the 'average' crystallizate 
applying to the overall solidification. 

Textural data for the granite porphyry points 
to an origin beginning with about 30% crystalli
zation of liquidus phases, followed by quenching 
of the residual system resulting in about 70 % 
trapped 'intercumulus' melt. Trace element data 
fot this rock type accordingly show a rather small 
concentration range (Fig. 8), and suggest that 
fractionation did not proceed far relative to the 
total solidification time. This would also be in 
broad agreement with the granite porphyry being 
a kind of marginal facies. 

In a general genetic model for the formation of 
granite-Mo-systems proposed by Mutschler et al. 
(1981), a differentiation mechanism named 
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Fig. 9A-C. Trace-element distributions in differentiated melts 
according to models described in the text. Stage E (solid curve) 
denotes bulk-equilibrium crystallization. Stages Fl and F2 
(broken lines) represent Rayleigh-fractionation. The numbers 
refer to fraction of melt remaining (F). Analyses of the medi
um grained granite (triangels) and the aplitic granite (circles) 
are shown for comparison with the modelling results. 

convection-driven thermogravitational diffusion 
(CTD) is presented. The details are somewhat 
unclear but the essential in the CTD-process is, 
that differentiation occurs in the liquid phase, 
and consists of the establishment of more or less 
horizontal concentration gradients leading to en
richment of elements like Si and Rb high in the 
magma chamber, whereas elements like Sr and 
Ba are depleted at this level. The question as to 
what extent this mechanism eventually has influ
enced the distribution of elements cannot be an
swered. This would require a knowledge of the 
position of the analyzed samples relative to the 
original magna chamber. However, as far as I 
can see, the CfD-mechanism would produce 
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geochemically homogenous types of rocks, and 
not geochemical trends within one rock type, as 
seen in this case. 

Relation to the Mo-mineralizations 
As previously mentioned, the majority of the 
Mo-mineralizations are associated with the apli
tic granite. The Mo-mineralizations may be ex
plained as having formed by fractional crystalli
zation, leading to continuous enrichment of Mo 
in the melt. In alkalirich melt (Na + K > 5%) 
Mo will be in the form of large Moo1- - com

plexes which cannot be built into the structure of 
ordinary minerals and will be concentrated in the 
melt in the course of fractional crystallization 
(Uzkut 1974). During progressive volatile-pres
sure relief, Mo will eventually fractionate into 
the escaping fluid phase, thus establishing a basis 
for the mineralizations. 
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