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The towns of Skien and Porsgrunn are situated in 
the NW-SE striking Gjerpen valley some 105 km 
SW of Osio (Fig. l). Basaltic rocks form the 
northeastern ridge of this valley. A northern 
body of basalts some 12 km NNW of Skien has ~L 
surface area of approximately 5 km 2, while the 
main body of basalts E of Skien covers some 45 
km z . 

Early descriptions of basalts in the Oslo Re- 
gion include Keilhau (1826), who called the 
rocks 'schwarze Porphyre (oder Bas~tmassen) 
mit Augit-Krystallen', while Kjerulf (1855) cal- 
led them 'Augit-Porhyr'. BrCg~;er (1884) intro- 
duced the name 'Essexitmelaphyr' as a synonym 
for the former na~es. The basalts of different 
stratigraphie positions in the Oslo Region were 
given designations such as El, E2, and E3. 
BrCgger's 'essexites' were later called basalts by 
Barth (1945), and Oftedald (1952) replaced the 
'E'-symbols with 'B'-symbols. 

A prof'de throug~h the geology of the Skien 
district 7~as given~ by Dahll (1857). BrCgger 
(1884) mapped the faults, especially in the Lar~- 
gesundsfjorden area S of the Skien District. Ki~er 
(1906) described the geology of the Cambro- 
Silu1~ian sedimentary rocks, while Brcgger 
(1933a) discussed the volcanic rocks in this dis. 
trict. Oftedahl (1952) placed the Skien basalts 
among the B~ Oslo basalts; Weigand (1975) ha~; 
presented t~ve chemical analyses c~f the Skien 
basalts. Segalstad (1975) showed that the upper 

part of the block of basalts is cut by two 
cauldrons; the VealCs and Skrehelle cauldrons. 

The Skien basalts rest on Permfian 
sedimentary rocks, which are poorly described 
except for the plant fossils (mainly Cordaites), 
reported by HCeg (1936). The sedimentary strata 
arc continuous and not disturbed by early faults 
or joints as at Ringerike (B. Larsen, pets. 
comm.). In accordance with Br0gger (1933a) the 
basaltic sifts in the upper sedimentary strata 
reported by Dahll (1857), appear to be discordant 
dikes. 

The Permian sedimentary rocks consist 
mostly of red-coloured (some grey-coloured) 
sandstones and shales. The rocks are multicyclic 
composed dominantly of fine-grained elastic 
,quartz and occasional small pyroelastic frag- 
ments of pyroxene, which are thought to be of 
~ephraic origin from within a short distance. The 
red rock colour is due to the hematite-rich 
matrix. The upper 30 m of the Permian sedi- 
ment~, were erroneowsly called tufts by Dahft 
(1857). He described the dense hematite-ricli 
rocks as ,tuffartige Straten'. The Permian sedi- 
ments are terminated by a 1-2 m thick monom~ct 
conglomerate (also described by D~thll 1857) 
with 1-2 cm weft-rounded quartz pebbles, 
medium sorted and scattered throughout the 
matrix. Near the plutons the sandstone appears 
as metamorphic quartzite as in the north near the 
nordmarkite (syenite). In the Skien diistrict the 



222 T.V. Segalstad LITHOS 12 0979) 

R Rhomb porphyry 

Basalt 

Permian sandstone & conglomerate 

Ringerike sandstone 

Marine, Cambro- Silurian sediments 

Precambrian gneisses 

~llme • Fault 

[ ~  Ekerite 

Nordmarkite 

Larclalite 

Larvikite - Kjels&site 

E O ~  Osio-essexite. volcanic neck 

Fig. I. Geological map of the Skien district (after Sega)stad 1975). The situation of the profile through the basaltic rocks 
(Figs. 2, 4) is shc~wn between Sk~en and Siljan. 

Permian sedimentary rocks and conglomerate 
sequence are estimated to be between 110 and 
i 25 m thick. This thickness is greater than that of 
the similar well-known sequences near Oslo: 40 
m thickness at Asker (Stermer 1966) and 23-35 
m at Kolshs (Dons & Gyfry 1967). 

The basalts occur concordantly above the 
Permian sedimentary rocks, with nearly con- 
stant strike 150 ~ and dip 4{~ towards NE. There 
are minimal thermal metamorphic effects on the 
underlying sedimenta~ry rocks. Tufts axe of local 
and restricted distribution and occur mostly in 
the south. 

Due to the very uniform appearance of the 
Skien basalts, it was decided to carry out a 

detailed investigation of a profile through the 
basalts. This profile should ideally show fresh 
basalts unaffected by plutonic contact 
metamorphism or tectonismo It should also give 
an idea of the true thickness of the pile of 
basalts. 

A profile with nearly continuous fresh r,:>ad 
cuttings through the whole pile of basalts was 
found E of Siren along the highway from Siren 
to Siljan (Fig. 1). It is 2.5 km long and runs in a 
SW-NE direction from Amot (3.7 km NE of 
Skien cathedral) to Heivann (Fig. 2). 

As the pi~fi|e contains mainly thin flows (Fig. 
3) there are reasons to assume that the lava 
originated from shields or fissure'- The profile is 
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Fig. 2. Vertical projection of the road profile between Amot and Heivann. R.SST. = Ringerike sandstone. For stratigraphy see 
Fig. 4. 
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intended to give an impression of the magmatic 
conditkms during the initiation of the rifting and 
volcanic episode in this part of the Oslo Region. 

Dip is constant at 40~ up to the border of the 
VealCs cauldron, giving 1495 m as the total 
apparent thickness of the basalts outside the 
VealCs cauldron. This must be considered a 
minimum thickness of the Skien basalts, since 
huge xenoliths composed of basalts are found in 
the nordmarkite (syenite) inside the VealCs 
cauldron. These xenoliths may have suhk in the 
syenite magma from a higher position in the lava 
flow sequence than is exposed today. BrCgger 
(1911, 1933a) believed the thickness of the Skien 
basaits to be 100 m (1911) or > 170 m (1933), and 
suggested that the apparently huge thickness of 
the basalts was due to tectonic repetition. How- 
ever, neither Oftedahl (1952) nor the present 
writer have found indications of faults parallel to 
the strike, and the apparent thickness seems to 
be real. Oftedahl (1952) indicated a basalt thick- 
ness of > 200 m, but recognized the possibility of 
the thickness being as much as 500 m or more. 
Ramberg (1976) contests Oftedahl's estimates of 
the basalt thickness, and states that the observed 
gravity anomaly applies to a slab of basaltic rocks 
with apparent stratigraphic thickness of about 2 
kin,. extending down to at least 2.5 km depth. 

Petrography 
The S~en basaltic rocks may be divided 
petrographically into three groups - porphyric 
bas~ts, aphyric basalts, and tufts containing 

Fig. 3. TI~n lava flows of melanite-nephelinite (sample $36). 
Tilted picture to ,~how ~tratigraphy; the Clip is false. Length 
of hammer 40 cm. 
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rcenocrysts or xenoliths. Though most of the 
Skien basalts lack calcic plagioclase and there- 
tbre do not qualify to be called true basalts 
according to Streckeisen (1967), they are 
nevertheless ~hroughout this paper called basalts 
for convenience, synonymously with 'basaltic 
rocks'. 

Amygdule~ are abundant and a characteristic 
feature of the Skien basalts. They are most often 
fiUed with calcite, but epidote, chlorite, zeolites, 
a~n~d albite also occur. The lava pile is composed 
of numerous small lava flows, usually 1-5 m 
thick, though both thinner (20 cm) and thicker 
(~tp to 15 m) flows occur. Pyroclastic rocks (tufts 
and agglomerates) are seldom observed. The 
lower flows are dominated by pyroxene 
p!~enocrysts, while plagioclase also occurs as 
phenocrysts in the upper flows. No ultramafic 
nodules have ever been found in the Skien 
basalts despite an intensive search. 

Porphyric basalts 
Abundant euhedral clinopyroxene phenocwsts (3-10 mm 
ac, oss) are short, prismatic, and often found in group,s or 
clusters. They are twinned and/or zoned, often in complex 
forms showing hour-glass structure. First and second genera- 
tion pyroxenes have no pleochroism and may be corroded, 
thh'd generation pyroxenes usually show a pale violet pEeo- 
chroism due to their higher Ti contents (see below). 

Unaltered olivine occurs in the lowest flows as euhedral 
phenocrysts (5-10 mm across) often with a serpentine-magne- 
tite.cfinopyroxene reaction rim (corona). Cracks are often 
filled with brown iddingsite. In some flows all olivine is altered 
to serpentine and magnetite or to green bowlingite and magne- 
rite. Inclusions in olivine are rare, but are usually Cr-rich 
magnetite. 

Plagioclase phenocryst=; occur in the upper flows as 10-15 
mm elongated clusters or laths. They may be saussuritized and 
sericitized, and often show undulating extinction. Kaersutite 
occurs as elongated subhedral to euhedral phenocrysts (0.5- 
1.5 nun long). 

The groundm~ss consists of apatite, melanite, magnetite, 
calcite, and occasionally sphene, nepheline, chalcopyrite. 
Apar:ite may appear as euhedral laths or basal sections as 
microerysts. Melilite may be present in the groundmass as 1-3 
/zm long grains (microprobe identification). 

Secondary minerals are chlorite, e~dote, serpentine;, 
bowfingite. The texture is intergranular to intersertal. 

Aphyric basalts 
Euhedral clinopyroxene (usually 0.2--0.4 mm across, occasion- 
ally as phenqcrys:ts 5 mm across) are short, prismatic, and 
often found in groups or clusters. They are less zoned than the 
phenocrysts in ~ the porphyric basalts, atad are generally of the 
corresponding second generation with no pleochroism. 

Plagioclase occurs as ~,0.3--0.4 m~  long) thin elongated 
albite-twinned laths, often with undulating extinction. Magne- 
tite ~eca~ionalfy occurs in euhcdral (0.5 mm across) crystals. 

Secondary minerals are chlorite, serpentine, epidote, and 
bowlingite. The texture is intergranular to intersertal. 

Tufts 
The tufts can be subdivided into two types. Lapilli tuff occurs 
in the upper part of the profde (sample $63) with xenoliths (3-5 
cm size) composed of porphyfic basalt with pyroxene and 
plagioclase phenocrysts in a porphyrie matrix of the same 
composition. Crystal tuff  occurs in the lower part of the profde 
(sample $20, sample $27). 

The pyroxenes are anhedral 0-5  mm across) and typically 
xenocrysts; they may be twinned and have strong violet pleo- 
chroism. Euhedral, now corroded, phenocrysts like those de- 
scribed from porphyric basalts ;dso occur. The groundmass 
consists of brown-to-black basaltic glass (pumice), magnetite, 
calcite, and occasionally minor vesicles containing sphene. 
Secondary minerals are chlorite, serpentine, epidote, and 
bowlingite. The texture is intersertal and pumiceous. 

Alteration and metamorphism 
All samples have been subjected to some degree of deuteric 
alteration. Hydrothermal alteration has taken place in the 
vicinity of larger joints. Thermal metamorphism from the 
nordmarkite intrusion and associated fluids have played some 
role in changing the original mineralogy of the basalts, dspe- 
cially in the upper part of the profde. Plagioclase is changed to 
sericite and epidote, pyroxene has been recrystallized or 
changed to chlorite and amphibole, olivine to serpentine or 
bowlingite. A few small crystals of idocrase, grossular, and 
recrystallized calcite have been observed in the huge contact 
metamorphic basalt xenoliths inside the Veales cauldron, 
indicating hornfels-class X (Goldschmidt 1911) in Eskola's 
(1920-21) pyroxene-hornfels facies (K-feldspar-cordierite- 
hornfels facies of Winkler (1967)). 

Classification 

Oftedahl (1952, 1957) classified the Oslo basalts 
as 

1. Augite basalt (pyroxene basalt) 
2. Plagioclase basalt (plagioclase basalt) 
3. "Non-porphyric basalt (aphyric basalt) 
4. Augite-plagioclase basalt (plagioclase- 

pyroxene basalt) 

The classification was also adopted by Weigand 
(1975); his notation is shown in parentheses 
above. The distribution of basalt types is pre- 
sented in Table 1 and Fig. 4. 

The presence of clinopyroxene as the only 
pyroxene indicates alkali basalt affinities. Some 
of the plagioclase-free lava flows contain 
abundant pyroxene and olivine (only the lower- 
most lava flows l~ave fresh olivine, others have 
distinct pseudomorphs or relicts of olivine) with 
pyroxene in excess of olivine. They would be 
called ankaramOes. The abundance of melanite 
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Table 1. Distribution of basalt types in the proffie Amot-Heivann, Skien.* 
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Apl~'ent 
thickness 
(m) 

Abundance 
(%) 

Aphyric basalts - 71 4.3 
Porphyric basalts: 

Plagioclase basalts 60 3.7 
Plagioclase-pyroxene basalts 607 36.9 
Pyroxene basalts 

(with amygdules 725 m, 44.1%) ~ 834 50.7 
(without amygdules 109 m, 6.6%)J 

Pyroclastics 4 0.2 
Hklden 65 4.0 

Sum 1 641 99.8 
To~l apparent thickness 1 645 lO0.O 

* 75% of the basalts contain amygdules. Sediment layers or erosion horizons between the lava flo*0vs are most ofter~ l~cking 
and may be only ~-2 cm thick ff observed. Long eruption breaks are therefore unlikely. 

Fig. 4. Stratigraphy of the Skien 
basalti,: rocks. Dikes (diaba:;e- 
and syenite dikes) are very scarce 
in this profde. They are often less 
than l m thick, .~triking NW-SE 
or NE-SW with vertical dip. 
(Top of the sequence ~n the l~ft 
hand column.) 
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in groundmass justifies the name melanite- 
ankaramite for the grey-coloured varieties. 

The plagioclase-bearing flows and flows with 
abundant pyroxene are called basanites if modal 
nepheline is present, and basanitiodes where it is 
absent. Staining (Shand 1939; Mrrtel 1971) 
showed that nepheline is present in the ground- 
mass. Melanite-nephelinite thus occurs in the 
middle part of the basalt pile. 

Mineralogy 
Analytical procedures 
Minerals were analysed with an A R L - E M X  
microprobe at the Central Institute of Industrial 
Research,  Oslo, using series of natural and 
synthetic standards. The raw data were  cor- 
rected for dead-time and background. Correc-  
tio~-,s .for mass absm~tion and fluorescence were  

made by a procedure described by Bence & 
Albee (1968) using correction factors from Albee 
& Ray (1970). Each analysis represents the mean 
of 3--4 analysed points. 

Contents of ferric iron have been calculated 
from charge balance according to Neumann 
(1976). 

Pyroxene 
The only pyroxene phase is a Ca-rich clino- 
pyroxene. Typical pyroxene compositions from 
the Skien basalts are shown in Teble 2. Chemical 
characteristics of the pyroxenes are listed in 
Table 3. 

The pyroxene compositions are shown in a 
part of the Ca-Mg-Fe diagram in Fig. 5. The 
nomenclature of the clinopyroxenes is adopted 
from Poldervaart & Hess (1951). It is seen from 
Fig. 5 that the pyroxene cores ate diopsidic, 
while the intermediate zones and rims are salitic. 

Table 2. Compositions of some typical pyroxenes from the Skien basaits. 

Diopside Titaniferous 
salite 

Titansalite 

Aaalysis No,. ! I I 363 i 19 138 237 2521 

SiO2 52.9 54.1 48.3 47.1 4.3.3 45. I 
A!203 2.2 !.0 5.6 6.3 8.3 6.7 
TiO2 .7 .4 2.2 2.6 4. I 3.7 
Fe203 1.4 l. ! 3.6 2.4 7.2 4.4 
MgO 16.9 18.0 13.9 12.4 11.5 12.4 
FeO 2.5 2.8 3.3 5.4 1.7 3.7 
CaO 22.4 22.2 22.8 22.2 22.7 22.8 
N~,O .5 .4 .5 .5 .9 .5 
K20 .1 n.d. . I . ! . I n.fl. 

Sun 99.6 i00.0 100.3 99.0 

$tnmtural  fo~rrnula based o;1 4 cations: 
Si 1.932 ! .964 1.786 1.774 
A! " .068 .036 .214 .226 
Ti 

99.8 99.3 

1.630 !.701 
.369 .299 
.001 

2 . ~  2 . ~  2 . ~  2 . ~  2 . ~  2 . ~  

AI .027 .008 .030 .054 
Ti .020 .01 ! .061 .074 .117 .104 
Fe  ~" .040 .03 ! .099 .068 .204 .126 
Mg .922 .976 .766 .694 .644 .695 
Fe z+ .077 .084 . ,~01 .170 .053 .117 
Ca .877 .863 .904 .897 .914 .923 
Na .033 .026 .034 .039 .064 .035 
K .005 .004 .005 .004 

2.000 2.000 2.000 2.000 2.000 2.000 
A1 in Z(%) 3.39 1.78 10.68 11.30 18.45 14.97 

n.d. = not detected. 
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Table 3. Characteristic chemical features of pyroxenes i?.~the Skien basaltic rocks. 

Diopside Titaniferous Titansafite 
salite 

Skien basaltic rocks 227 

1st generation 2nd generation 3rd generation 
Often C Ofte~ I Often R 

Ti Low Intermediate High 
TiOe < 1.7 1.7 <TiOffi <3.0 TiO~> 3.0 

Mg High Intermediate Low 
MgO > 14.5 13.9< MgO< 14.5 MgO <13.0 

A! Low Intermediate High 
AlzOs < 4.0 4.0 < Al2Oa < 7.0 AI~Oa > 6.5 

A! in Z Low Intermediate High. 
Alz <7 7 <Alz < t4 Alz > 14 

C =core, I = intermediate, R = rim. Values in .;yr.% metal oxide (TiOz, MgO, Al2Oa) or % abundance (Ai in Z). Limits are 
approximate. Cr and Mn are analysed in few pyroxenes; Cr seems ~o follow a trend from high Cr (0.4%) in diopside towards 
low Cr (0.1%) in salite. 

Huckenholz (1965) and Deer et al. (1966) 
choose a lower limit of 3% TiO2 for titanaugites 
or titansalites, an4 call those with 2 to3  % TiO2 
titaniferous aughes or titaniferous salites. These 
limits compare weU with the observed TiO2 
limits between the Skien pyroxenes, which in 
general may be said to have diopsidic cores, 
titaniferous salitic intermediate zones, and 
titansalitic rims (Table 3). 

Cata-norms calculated often show hypersthene 
and olivine but ao nepheline in norms for the 
pyroxene cores, while the rims have norms with 
n~pheline, negative values for quartz, and lack 
hypersthene and olivine. This presumably re- 
flects the degree of undersaturation of the host 
magma producing the respective pyroxe~e.s (see 
below). 

The Alz and Ti contents of the salites tend to 
vary sympathetically. Yagi & Onuma (1967) 
have suggested that these ions are mainly pre- 

seat as the hypothetic;d titanpyroxene molecule 
CaTiLhOewhose maximum so]tubility in diopside 
at atmospheric pressare is about 11%, cor- 
responding to 4% TiO2. At high pressures (10-25 
kbar) the solubility of CaTiAl2Oe in diopside 
de,zreases markedly, suggesting that most 
titanat~gites are relatively low-pres~ure phases. 
Any AI in octahedral co~ordination is probably 
prescnt mainly as Ca-Tschermak's molecule 
CaAI2SiOe. This substitution is favomed by high 
pressures according to Clark et ai. (1962). 

With the reservatic, n that there has been no 
major change in magtaa composition dunng the 
time of pyroxene crystallization, the Skie~ 
basalts' pyroxene cores must have formed at 
higher pressures than the other pyroxene zones. 
This is consistent with the often observed re- 
sorpt~ion of the pyroxene cores. 

The grass-green xenocryst salite pyroxenes in 
the c~5,stal tuff sample $20, however, show 

Fig. 5. Some typica! clino- 
pyroxene analyses fr~m the 
Skicn basaltic rocks plo:ted in a 
part of the DI-HD-EN-FS field 
(shaded area of the key figure to 
the lower right). Arrows point 
from pyroxene core to rim. 
Nomenclature is adopted from 
Poldervaart & Hess (1.°51). DI = 
CaMgSi2Os. HDffi C~eSizOe. 
EN = MgSiOs. FS = FeS~O3. 
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reverse zoning (Fig. 5). This feature has been 
described from several places, ~,~ for instance 
frola east Greenland by Brooks & Rucklidge 
(1973). They assume that these pyroxenes were 
subjected to an accidental change in Oe-fugacity 
which might also have been the case during the 
extrusion history of the crystal tuff at Skien. 

Olivine 

A typical olivine ;analysis is shown in Table 4. 
Olivines in sample: S01 all give the composition 
Fa~3. Zoning has not been observed in these 
olivines. 

Plagioclase 

The p|agioclase la~:h compositions in the aphyric 
basalts are usuall?~, in the labradorite range (An 
54). Plagioclase phenocrysts in the higher basalt 
flows, however, show compositions in the 
oligoclase range (An 20-30). Zoning has not been 
observed in the plagioclase. 

Kaersutite 

Kaersutite is a pargasitic amphibole in which Ti 
ranges from about 0.5 to I atom per formula unit~ 
One typical kaersutite composition from sample 
$47 is presented in Table 4. The TiO2-contents of 
kaersutites from the Skien basalts is among the 
highest reported from rocks with similar 
chemistry. 

Wilkinson (1974) states that the norms of 
many kaersutites are similar to those of olivine 
nephelinites, while Kesson & Price (1972)assert 
that the composition of the nephelinitic 
"minirnum melt" is very close to that of kaersu- 
tire. Green (1970a) has suggested that increasing 
degrees of partial melting in the low velocity 
zone produce basaltic liq~Lids whose composi- 
tions pass gradue:lly from nephelinite through 
basanite and alkali basalt to tholeiite. Kesson & 
Price (1972) therefore conclude that kaersutite 
must be an accessory phase in the upper mantle. 

Recent experimental work ov the stability of 
kaersutite by Yagi et al. (1975) indicates that 
hornblendes can be stable up to 23-25 kbar at 
temperatures as low as 600-700°C, i.e. 
hornblende can be stable not only in the lower 
cpJst, but also in the upper mantle. It is espe- 

cially noteworthy that kaersutite is associated in 
these experiments with Ti-poor clinopyroxene, 
garnet, _and perovskite. The chemistry of this 
paragenesis is equivalent to the chemistry of the 
mineral paragenesis in the Skien basalts, as 
discussed below. 

Melanite 

The reddish coloured groundmass mineral with 
brownish or greyish shades is fairly abundant in 
some of the Skien basalts. Three samples of 
groundmass from S01, $36, and $41 were sepa- 
rated from the crushed rock specimens under a 
binocular microscope, and X-ray films made at 
the Geological Museum, Oslo, showed typical 
garnet (andradite) patterns. An average of seven 
groundmass melanite analyses from samples 
S01, $36, and $41 is shown in Table 4. There 
was great spread in compositions due to tlhe 
small size of the analysed grains. 

Melanite is normally associated with rocks of 
the ijolite-melteigite series or their late-stage 
differentiation products. Bailey (1974) states that 
melanite and melilite are accessory minerals in 
nephelinite lavas, without giving any examples. 
He further states that porphyric melanite may be 
present in olivine-free nephelinite. Yoder (1973) 
ascertains that melanite is a common associate 
of melilite. 

Sphene 

Sphene occurs in small vesicles of assumed 
late-stage crystallization in tufts. One typical 
analysis from sample $27 is shown in Table 4. 

Magnetite 

Three chemically different types of magnetite 
occur in the Skien ba.,~altic rocks. Titano-magne- 
rite occurs as the normal groundmass ore. Cr- 
rich magnetite is found in minor amounts as 
inclusions in olivine. Nearly pure magnetite is 
found in the reaction zone around olivine 
phenocrysts, between olivine and serpentine. 
The groundmass titano-ma~netite is the common 
groundmass ore through almost the whole sec- 
tion of basalts, though ilmenite exsolution lamel- 
lae are seen in magnetite in the highest lava 
flows. 
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Table 4. Compositions and structural formulas of typical olivine (Fa~a), kaerzutite, sphene, and average of 7 m, elanites from 
the Skien bas~lts. 

Mineral Olivine Kaersutite Melanite Sphene 
Analysis No. 012 472 average 272 

SiO,. 40.7 39.1 36.98 31.6 
AhO3 n.d. 11.9 6.70 2.4 
TiO2 tr. 7.0 6.32 31.7 
Fe~Oa* 16.75 5.0 
MgO 46.5 13.3 3.15 1.3 
FeO* 12.6 11.4 
MnO .3 .3 n.a. n.a. 
CaO .5 11.5 27.23 25.9 
Na20 tr. 2.8 .56 o2 
K20 tr. i .0 .99 .2 
Cry03 tr. tr. n.a. n.a. 
H,O 2.00 

Sum 100.6 100.3 98.68 

Oxygens ,1 23 24 

Si 1.006 5.798 5.946 
AI 2.086 .054 
Ti .116 

98.3 

20 

4.106 

1.006 8.000 

AI 
Ti .669 
Fe3+ 
Mg 1.710 2.932 
Fe 2+ .260 1.407 
Mn .007 .031 
Ca .0 ~2 1.830 
Na ~r. .813 
K tr. .183 
Cr ~r. .005 

6.000 4.106 

1.216 .366 
.764 3.096 

2.027 .487 
.755 .256 

4.691 3.599 
.175 .050 
.203 .040 

1.989 7.870 9.830 7.894 

* As total Fe. n.a.ffi not analysed, n.d.--not detected, tr.= trace. The kaersutite composition was calculated ~ssuming 
2.00% H~O. 

Whole rock geochemistry 
Whole rock major element analyses were exe- 
cuted by X-ray fluorescence spectrometry (Si, 
Ti, Al, Fe (total Fe as Fe::Oa), Mn, Mg, Ca, K, 
P), instrumental neutron activation analyses 
(Na), and wet-chemical analyses (FeO). 

Whole rock chemical analyses and cata-norms 
of volcanic rocks from the Skien district are 
listed in Table 5. Samples denoted with the 
prefix 'W' are from Weigand (1975). Mean, 
precision, range, and accuracy of the bas~dts 
analysed by the author are shown in Table 6. 

The high TiO~ content is noteworthy and was 
confirmed in two samples by wet chemical 
analyses by B. Braun: S01B wit~ 3.21% TiO~, 
and S31 with 4.00% TiOe. These analyses indi- 

cate that the vaMes obtained by the X-ray 
fluorescence spectrometer might even be a little 
too low. 

The difference in sums from 100% is caused b:v 
the loss of valatiles (i-]~O +CO2 (mainly) and 
F+CI  +S) durir~g sam~?le preparation. This is 
especially true of sample $47, which contains 
abundant hydrous silicates (kaersutite and 
serpentine). 

The norm calculations give ab~mdant 
nepl~eline and olivine as a common feature of 
nearly aa samples. A strange feature, !however, 
is that the nerm:;.~ of samples S01 and ~:;36 show 
negative quartz values. This is due to the ex- 
tremely high Ca t:ontents, which results in silica 
undersaturation. The 'excess' Ca is calculated 
into anorthite and wollastc~nite (as in $3~,, in- 
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Table 5. Whole rock chemical analyses and cata-norms of volcanic rocks from the Skien dis~ricL 

LITHOS 12 (1979) 

Rock Am Am Am Am Am Bn Am AtAm Am 
Sample SI)IB S05C W62 SIOC S 11 $13 W63 $22 $26 

TuAm AtAm Ne 
$27 $3 ~ $36B 

3iO~ 41.8 42.8 44.7 43.0 44.3 45.0 42.3 44.7 
TiO~ 3.09 2.94 2.88 3.46 3.24 3.40 3.95 3.14 
A!203 8.0 10.6 11.2 12.5 ! 1.0 15.2 11.4 13.7 
Fe~O3 7.3 7.7 7.0 7.0 6.3 6.7 5.5 5.3 
FeO 3.3 5.0 5.4 6.6 6.4 7.6 8.5 6.2 
MnO .18 .20 .17 .21 .20 .24 .18 .18 
MgO 11.5 11.0 8.27 8.5 10.8 6.6 7.79 8.6 
CaO 18.78 13.36 13.56 12.63 12.85 7.91 12.70 10.04 
Na~O 1.45 1.78 1.55 2.03 1.94 3.05 2.93 3.86 
K20 1.89 2.55 2.17 2.28 2.21 3.53 1.22 1.44 
P205 .59 .35 .35 .39 .60 .53 

Sum 97.9 98.3 96.90 98.6 99.6 99.8 96.47 97.7 

Rb 26 
Sr 1 409 
Th 5.9 6.8 
U 1.4 1.5 

Cata-norms: 
Q -I .96 
OR 11.27 13.49 13.90 13.2! 21.18 7.59 
AB 8.52 5.34 5.26 15.50 7.47 
AN 1(3!.03 13.74 18.10 18.85 14.96 17.64 15.12 
LC 3.33 
NE 8:04 9.83 3.67 8.08 7.42 7.39 12.13 
KP 6.89 
WO 
HY 
DI 65.50 41.47 42.15 3 4 . 7 5  37.56 14.59 40.97 
Or, . 16 8.04 2.43 5,79 9.55 10.50 4.87 
MT 1.25 5.61 6.87 7.55 6.66 7.11 6.05 
HE 4.40 1.76 .55 
IL 4.43 4.20 a.22 4.97 4.57 4.81 5.79 
AP 1.27 .75 .76 .82 1.27 

45.2 46.0 
3.04 3.13 
9.2 11.0 
6.4 5.3 
6.3 7.3 

.19 .19 
11.5 10.0 
12.16 10.42 
2.79 3.33 
1.64 ! .75 
.45 .50 

98.9 98.9 

431 36.9 
3.89 3.32 

13.0 10.6 
6.7 8.4 
7.0 4.1 

.28 .27 
6.7 7.7 

12.07 19.04 
4.4O 3.38 

.78 1.32 

.61 1.81 

98.5 96.8 

-2.92 
8.67 9.81 10.46 4.72 

19.07 12.06 17.96 15.90 
16.13 7.84 10.02 13.75 10.29 

9.77 7.99 7.37 14.74 18.99 
4.88 
7.74 

24.9 i 40.22 31.17 34.79 45.24 
10.21 10.07 11.95 2.08 
5.65 6.77 5.~0 7.17 2.70 

4.30 
4. ~6 4.29 4.41 5.55 4.83 
I.~3 .95 1.(16 i.31 3.95 

vobdng m o r e  SiO2 than is present in the 
zmdyses. The presence of melanite in the sam- 
ples will produce a silica-deficient norm. Atten- 
tion must at this point also be drawn to the 
pyroxene norm calculations in which the salitic 
pyroxenes display the same feature. 

This feature also occurs in the East African 
undersaturated rocks, and in agreement with 
Kinlg (1965) the silica deficiency is accotmted for 
largely by the following relationshilr among 
normative and: modal minerals: 

3 CaSiO,~ + Fe203 = Ca3Fe2Si:3On 
woilasto~aite hematite melanite 

(or in (andradiite) 
magnetite) 

Main elements as wt.% oxides are plotted in the 
S i O 2 - N a ~ O  + K 2 0  variation ('Harker') diagram 
together with a number of empirical dividing 
lines (Fig. 6). The 'Haw~di' 1ine by Macdonald & 
Katsura (1964) separates the alkaline (NE- 
normative) and subalkaline (HY-normative) 
rocks in Hawaii. The 'Japan' line by Kuno (1960) 
separates his high-alumina basalts (NE = O, HY 
< 10%) from tholeiites (Q-normative) in Japan. 

Weigand (1975)classified the Oslo basalts in 
accordance with this scheme, and showed that 
they are members of the alkali basalt associa- 
tion,, though tke aphyric basalts from B1 in 
Ba~rum have thoIeiitic characteristics. The alkali 
basalts may be further subdivided with the 
'Moheli' l~ine of Strong (1972), separating basani- 
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Rock ,~m Am Bn Am Am Am TuBn Bn Bn Bn RP Rock 
Sample $41 W64 $47 W65 $49 $55 $63 $66 W67 S69 B05 Sample 

46.3 45.9 42.7 43.8 46. ! 43.7 43.7 46.0 45.2 45.4 57.6 SiO.-. 
2.56 2.81 2.79 3.35 2.63 3.63 3.06 2.95 3.13 2.56 i.89 TiO2 
7.8 13o9 14.5 12.7 10.5 9.7 14.1 14.0 13.7 15.2 16.1 AlzOa 
7.2 4.7 5.8 7.8 7.0 10.5 7. I 9.4 8.0 8.3 7.6 F~Oa 
5.6 7.3 5.2 5.9 5. I 4.3 5.4 3.4 5. ! 3.2 I. i FeO 

.21 .16 .16 .19 .18 .21 .20 .20 .19 .18 .16 MnO 
11.8 6.24 8. I 7.24 10.4 10.5 8.8 7.8 6.33 8.4 2.3 MgO 
14.16 i 1.06 7.83 10.80 12.38 12.38 8.96 8.98 8.96 I 1.0 ! 3.29 C~O 
2.20 3.20 2.90 2.70 2.27 1.82 2.91 2.60 3.23 3.12 5.39 Na~O 
! .24 1.99 2.84 2.72 ! .45 1.80 2.83 2.36 2.61 1.87 3.86 K20 
.39 .75 .32 .44 .53 .38 .40 .62 P, Os 

99.5 97.26 93.6 97.20 98.3 ~L0 97.6 98.1 g~.45 99.6 99.9 Sum 

58 Rb 
1 692 Sr 

5.3 7.0 4.9 "[h 
1.2 1.9 1.4 U 

3.20 Q 
7.42 12.20 17.92 16.79 8.77 10.97 17.18 g4.41 16.2~) i!.!1 22.88 OR 

13.14 15.75 17.57 9.07 17.94 11.93, t2.98 24.14 19.71 15.44 48.56 AB 
7.85 18.36 19.41 15.16 14.53 13.40 t7.54 20.24 ~5.95 22.08 8.37 AN 

LC 
4.12 8.44 6.15 9.76 1.76 2.96 8.32 6.45 7.64 NE 

KP 
WO 

.76 5.05 HY 
48.56 30.86 13.48 32.66 36.99 37.8D 19.67 18.61 ;'4.60 24.17 3.15 DI 
6.85 5.24 13.17 3.65 8.41 8.59 i! 1.60 9.40 4.78 8.64 OL 
7.62 5.10 6.48 7.~Jl 6.5 i 2.48 6.32 i .79 5.58 2.10 MT 

1.01 .66 5.89 .87 5.58 2.14 4.42 5.31 HE 
3.61 4.06 4.15 4.88 3.75 5.2:2 4.38 4.25 4.58 3.59 1.71 IL 

.83 1.68 .69 .95 1.14 .82 .84 1.30 AP 

Samples with prefix 'S' are Skien basalts from ~he prof'de Amot-Heivann, prefix 'W ~ are Skien basalts analysed by Weigan~ 
(1975), from the sarape profile. Sample B05 is a I~tite (RP) ffot~a trigonometric point 552 ~ above sea level a1 the peak Skrehelle 
8 km NE of Skien. r,il values are in wt.%, except for Rb, Sr, Th, U listed as ppm. Mean, precision, range, and accuracy of the 
basaltic rocks analy~ed by the author arc, shown in Table 6. Am :: ankaramite, Bn=basanite, Ne--nephelinite, Tu=tuff, At= 
altered. 

tic rocks tNE > 5%) and alkali basalts (NE < 
5%) in the Western Indian Ocean. The 'Kenya' 
line of Saggerson & Williams (1964) separates 
nephelinific (modal nepheline-bearing; cor- 
responding to approx. NE > 10%) and basanitic 
rocks (nepheline occult or lacking, 5% < NE < 
10%) in E~L.~,t Africa. 

In the S.iOz-Na, O+K~O diagram with the 
dividing lines described above (Fig. 6), the sam- 
ples of the :~kien basalts plot in th, ~ . alkali basalt 
field; a few as alkali basalt, most iJl the basanite 
field, whih', some plot in the nepheI~inite field. 

The ankaramites group arounct the basanite 
field at lov~r alkali values (3-4,.5%) than the 
basanites ~hich cluster around the. 'Kenya'-line 
between basani~tes and nephelinit,.~s at a higher 

alkali content (5-6.5%). One nephelinite sample 
plots in an isolated position at low silica (---37%) 
and medium alkali~ (--- 4.7%). Some altered 
samples assumed to be ankaramites plot near or 
inside the lowest pa~ of the basanite field. 

Petrological. evolution 
The experimen~tal work of Green & l~ingwood 
(1967) demonstrated that magma:~ ~aigbt 
fractionate to yield different fractionation tre~ds 
at different pressmes (depths). Low pr~s~mre or 
shaJlow crustal fractionation (< 15 l-,m depth) is 
dominated by olivi~e as the iiquidus pha,,;e with 
clinopyroxene + plagioclase appearing at lower 
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Table 6. The Skien basaltic rocks; mean, precision, range, and accuracy of the whole rock chemical analyses. (Analyses by 
Weigand (1975) are omitted.) 
- - .  

Oxide Mean Precision Range Accuracy 
+% relative +% relative 

SiO2 43.92 fk35 36.9 -46.3 2.26 
TiO, 3. I 1 0.26 2.56- 3.89 4.05 
Ai~O~- 11.80 0.69 7.8 -15.2 3.78 
Fe2Os 7.2 4.7 -10.5 
FeO 5.4 3.2 - 7.6 
MnO 0.21 0.73 0.16- 0.28 6.51 
MgO 9.34 !.53 6.6 -11.8 2.07 
CaO 12.06 0.58 7.83-19.04 0.97 
Na20 2.70 1.66" 1.45- 4.40 
K20 1.99 0.21 0.78-- 3.53 0.57 
P205 0.55 2.63 0.32- 1.81 7.83 

Sum 98.28 
Total h'on 
as Fe2()3 13. i8 0.48 10.93-15.32 0.90 

* Based on only 7 duplicates. 
The precision of the analyses is given as standm-d error of the mean, determined using pooled estimate of variance for all 

sample:~ determined in duplicate. The accuracy of the standard curve is an expression of the scatter of the standard points 
about it, called the relative standard deviation from the standard curve. 

temperatures. Fractionation at about lJ-35 km 
depth is dominated at the early stage by olivine, 
but the olivine is joined by clinopyroxene as the 
second phase in the alkali basalt composition. 
Plagioclase only appears at temperatures very 
near the solidus. Frac,tionation at about 35-70 
km depth is dominated by separation of alumin- 
ous orthopyroxene or orthopyroxene + subcalcic 
augite. This fractionation yields olivine-rich alk- 
ali basaltic magmas. Fractionation at atmos- 

pheric pressure gives increase in silica and 
moderate increase in alkalis; while fractionation 
at about 13-18 kbar (40-60 km) gives a silica-de- 
ficient melt strong:ly enriched in alkalis. The 
chemical variation as a function of the 
stratigraphy has been tested for the Skien 
basalts. The ananyses of the bottom (B), middle 
(M), and the top (T) sequences of the basalts plot 
differently in an alkali-silica diagram shown in 
Fig. 7. Samples $I~3 (C), $36 (D), $41 and .949 

,2 
X" 

O 

E 

KENYA 

NEPHEL IN I TE _ ~ ~ / ~ s a  / MOHEL ! 

,';~;'~ / HAWAII 

, /'~; (l~cluding altered smnples) 

/ ~ ~ A L /  THOLEI ITE 

ALKAL I M E /  
//  SUBALKAL 1 ME 

35 5102 40 45 S0 SS 

Fig. 6. SiO, - NaeO+K~O 
variation diagram with ...... ~"'~-~ ~ l l l L a  t l  ~ a l a  

the Skien basaltic rocks. 
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Fig. 7. $iO.~ - N~O+K:O 2 
variation diagram with plots from o" t~ 
the Skien basaltic rocks. Arrow v + 

shows the general trend of evo- o 

lution from bottom (B) thro.gh t '~ ~ 
middle (M) to top (T) sequences 
of basaltic rocks. S 5 I02 

_ 

KENYA / 
/ 

oC / MOHEL I 

NEPHEL I IN I TE ~ / 
/ 

ALKAL 1 ME//~SUBALKAL I ME 

40 45 50 55 
, T o ~ , j | | i t A a | a o ! 

JAPAN 

(E), and $55 (within the B field) are excep- 
tions to a continuous chemical evolution t~om 
hot.trim to top, where an arrow shows the general 
trend of evolution, which is to be expected as a 
result of olivine and pyroxene fractionation for 
alkaline rocks at about 9 kbar, 30 km depth 
(Green & Ringwood 1967:156--157). 

The alkali (Na~O + KsO)--iron (FeO + Fe:Og)-- 
magnesia (MgO) or 'AFM' diagram has proven 
to be useful to visualize magmatic differentia- 
tion. Differentiation trends for alkali basalt melts 
start as rich in magnesia, move towards a weak 
iron enrichment, and end enriched in alkalis. 
Seen from the AFM diagram (Fig. 8) the dif- 
ferentiation trend of the Skien basalts seems to 
follow the common route for alkali basalts. The 
diagram also shows that the direction of the 

FeO + FarO3 

7 . . . . . . . . .  " . . . .  " . . . .  \ 
50 F 

3 0  L . . . .  M .  . . . .  ~ . . . .  ~ -  . . . .  ~ .  . . . .  ~ . . . .  ~ . . . .  

Na20 4- K 2 0  MgO 

Fig. 8. Differentiation trend of the Skien basaltic rocks in an 
AFM diagram. 

differentiation trend follows the obsezved 
suatigraphy from bottom (B) through middle (M) 
to the top (T) sequence of the basalts. 

The Skien basalt samples are also plotted in 
the phase diagrams (Fig. 9), both as originally 
analysed, and with all iron calculated as FeO. 
The points would be expected to lie along the 
co~:ectic lines, but do not reach them, due to the 
fact that the diagram is drawn from I atmosphere 
pressure experimental runs and the analysed 
samples are believed to contain phenocrysts 
formed before the complete crystallization took 
place at I atmosphere pressure. Only few h i ~  
pressure experimental studies are known to have 
been done as yet in these systems (Onuma & 
Yamamoto 1976). Therefore we don't know ex- 
actly where the cotectic lines will lie at elevated 
pressures. Since iron is expected to be an im- 
portant component in a basalt melt, one must 
take into account that the diagran~ represents 
only an iron-free system. There are also un- 
certainties concerning the norm calculations as 
discussed earlier. AI can also enter the diopside 
struct,re as Tschermak's molecule, and 
p~agioclase in basalts also contains some 
ano~.hite molecule. With the An-content of the 
plagioclase in $63 and $69 (An20-Ans0) in mind it 
is interesting to note that a bulk composition 
near the diopside-albite join crystallizes into a 
plagioclase with An:5 and aluminous diopside 
a¢colrding to Yagi (1967). 



234 T.V. Segaistad LITHOS 12 0979) 

CASIO 5 

PSEUDOWOLLASTONITE/ 
/ 

/ 
/ 

/ 
! 

\ , 

95t10 

i173"-5 

136F1_+2 135B-+? 

, ; i  
2Bb±5 

MELILITE 

DIOPS!DE 

CAMGSs206 

SII 
$36+ lid $41 0 W62 

~ .  os,I 

¢/ F' "-..t" " 

", °eo,,¢" 
. . . . . .  ~i," \ %  DIOPSIDE 

. . . .  ~7 om 

NEPHELINE 
~63 

CARNEGIEITE 

~1113B-+3 

• \ \ 
NEPHEL[NE 

" PLAGIOCLASE 
® 

NAALSIO4 12BO-+) NAALSI206 106B+-5 NA~ LSI308 

Fig. 9. Two 'coupled '  diagrams: DI - N E  - AB (fight) as a redrawn part of  the D]~ - N E  - Q diagram by Schairer  & Yoder  
(1960), and PWO/WO - N E  - DI (left) Fy Schairer (1967), both  found exper imental ly  at I a tmosphere  pressure .  Figures 
indicaze temperatures  in °C. Analyses of  the Skien basaltic reeks  are plotted as open  circles; analyses where  all iron is 
recalculated as FeO are plotted as filled circles. Asterisks are plotted when original and recalculateA plots  are locatc:l at the 
same point. 

As a basis for a possible model for the genesis 
of the Skien basalts, the degree of differentia- 
tion., compiled from information in the MgO 
variation diagrams and the three different types 
of diagr~ms presented above, is qualitatively 
shown a:s a function of the crystallization order 
or 'strati[,,raphy' in Fig. 10. Both axes are there- 
fore alse time-dependent. The minerals present 
in the rocks, and the rock names, are also shown 
in the same diagra:cn. Principally the main dif- 
ferentiation trend with stratigraphy is from ank- 
aramites with pyroxene + olivine, towards basa- 
nite with, plagioclase +pyroxene. There are, 
however, exceptions to the principal trend, 
where it seems that differentiation has occurred 
rather quickly. 

From these facts the following model was 
constructed: A magma has differentiated by 
fi'actional crystallization, but smaller portions of 
magma ll~tve separated in subsidiary reservoirs, 
Milch altso underwent fractional crystallization. 
The various extrusions of basalts have probably 
come at ilvegular intervals from different minor 

magma chambers and from the major magma 
mass, all of which were differentiating, but at 
different rates; the magm~+t in the smaller magma 
chambers ~t a high rate, and the major magma 
mass at a lower rate. This seems to be consis- 
tent with the actual zoning of the pyroxenes. 

Numerical testing of crystal fractionaEon 

To test the hypothesis presented above a linear 
programming least squares computer mixin~g 
programme was used. Thk kind of fractionation 
calculation has been employed, for example, on 
the Columbia River basalt by Wright et ai. 
(1973), and following their model the rock with 
highest MgO content has been taken as the 
parent rock in each calculation. 

A total of 235 model runs have been executed 
on the computer. Some examples from the runs 
are shown in Table 7. The ideal mixing model is 
composed of a limited number of minerals to be 
fractionated. Another impo~a~t factor is that the 
compositions of the minerals used in the caIcula- 
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MINERALS PRESENT 

~ . . . . .  
] i me l i l i t e  reoe -ion ended?? 
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Fig. !0. Qualitative diagram showing increasing differentiation of samples from the Skien basaltic rocks against crystaiiizaHon 
order ('stratigraphy" not ~o scale). Miners!~ principaUy present are shown to the left, phenocrysts indicated with asterisks: 
rock name to the right. N E  = nepheline, P L  = plagioclase, M T  = magnetite, IL  = ilmenite. A = Altered ankaramile w/th chlorite 
and calcite. 

Table 7. Mineral values in % of differentiated crystals (crystals removed) t r  arrive at daughter from parent, tester by means 
of a computer. 

Rocks Run Miner;4s 

Parent Daughter No. Diopside 

D~ff. 

Salite Olivine Magnetite llmenite Sum of 
squares 

S05C, Am ;Sll, Am 41 2.4 0.4 1. 89 
SI0C, Am S!3, Bn 54 34.0 0.3 !.7 0.9 4. t0~1 
S! i, Am S!3, Bn 141 37.3 5.3 1|.7 0.7 0.H67 
$41, Am $49, Am 30 20.0 0.4 2.0 0.7 1.375 
$41, Am $55, Am 28 15.1 0.2 1.4 |.£g7 
$41, Am $66, Bn 134 39.7 ~.5 1.4 4742 

Am = ankaramite. 8n = basanite. 

tion ought to be chosen within the compositional 
range of the observed phenocryst minerals. The 
only observed phenocrysts to be accounted for 
in the fractional crystallization of the Skien 
basalts are clinopyroxene (Ti-poor diopside and 
titaniferous salite), olivine, piagioclase, and 
kaersmite, while apatite, magnetite+ilmeldte 
(as titanomagnetite) sometimes occur as micro- 
phenocrysts up to 0.5 mm size. Magnetite and 
ilmenite in minor amounts (as titanomr~gnetite) 
had to be present during fractionation to control 
the iron and titanium contents of the rocks. 

To decide what was a good fit the sums of 
squares of all differences of all elements between 
observed and estimated daughter rocks were 
examined. Comparing the observed and ~he esti- 
mated analyses, the analyses were take~ to be 
practically equal (representing a good fit) w h e n  
sum of squares of the differences was less than 2. 
When the gum of squares of the differences was 
2-5, the fit was characterized as less good; while 

the fit was not accepted when sum ot square:, 
was greater than .5. 

Calculations among the different ankaramite 
lava flows seemed to be simple. The same was 
the case for calculations from ankaramite to 
basanite, though the fit was not always as good. 
Calculations from ankaramite to nephelinite, and 
among the basanites, however, seemed to be 
very difficult, and gave no satisfactory results. 
This is assumed to be a consequence of the many 
different phases present in the rocks. Tt-e 
number of phases increases with differentiation, 
and the number of reaction relationships among 
them also increase~. 

It must also be noted that the p r o p o r t i o n s  of 
minerals involved in the calculations fit with 
observed mineral proportions in the rocks, and 
this can also be taken as a confirmation of the 
data obtained from the calculations. 

From the comguter runs the fract~onation 
from ankaramite t,) basanite was calcu|ated to 

16- Litho~ 3/79 
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generally involve 30--40% clinopyroxene fractio- 
nation. Crystal fractionation from one ankara- 
mite to another would involve less clinopyrox- 
ene fractionation, generally 15-7':0% for lava 
flows wi~h nearly equal compositic~ns. 

The mixing calculations confirm that all Skien 
basaltic rocks couM principally be produced 
throtigh clinopyroxene fractionation from the 
more primitive members of the series. Olivine, 
together with titanomagnetite, has played only a 
minor role in the crystal fractionation. 
Clinopyroxene fractionation seems to be a do- 
minant feature of the early differentiation history 
of the Skien basalts, but clinopyroxene is later 
accompanied by more phases with possible reac- 
tions occurring among the phases, ~naking prob- 
lems for the computer fits. 

lite or plagioela~:;e. This e~:! point may be 
reached by two different paths: 

1. The nepheline basanites would be rep- 
resented by a quaternary invariant point wit~ 
NE, DI, AN, FO. With loss of olivine the liquid 
moves to nepheline tephrite with NE, DI, AN, 
and further to melilite olivine nephelinite rep- 
resented at a quaternary invariant point with 
NE, DI, MEL, FO. With further loss of olivine 
the liquid moves to olivine nephelinite with NE, 
DI, FO. A liquid crystallizing at this point will 
carry anorthite or melilite. The incompatibility 
of plagioclase and melilite in igneous rocks is 
pointed out by several authors (e.g. Yoder & 
Schairer 1969) and is supported by field observa- 
tions on volcanic rocks in eastern Uganda (e.g. 
Nixon &: Clark 1967). 

Comparisons with experimental work 

Studies in the system nepheline-diopside by 
Bowen (1922, 1928) showed that this sys~tem is 
not binary. Forsterite appears on the liquidus 
surface., and melilite appears as a solid phase at 
subliquidus temperatures. For instance, a mix- 
ture of 30% NE and 70% DI begins to crystallize 
at 1270°C with separation of forsterite. This 
continues to separate until a temperature of 
1240 ° is reached, when diopside begins tc, sepa- 
rate and forsterite to dissolve. The resorption of 
forsterite continues until the temperature has 
failfen to i180 °, and at about the same tempera- 
tu re melilite begins to separate. At temperatures 
below this the mass consists of diopside, meli- 
lit.e, and liquid. 

The 'basalt tetrahedron' of Yoder & Tilley 
(1962) is inadequate to describe melilite-bearing 
la,~as, which must be referred to an enlarged 
system forsterite-larnite-nepheline-silica, taking 
into account the Ca-rich composition of most 
melilites. This system is called the 'expanded 
basalt tetrahedron' and was introduced by 
Schairer & Yoder (1964). A crystallization 'flow- 
chart' was deduced from their first studies, but 
this has been modified by later experiments. 
Modifications were found when anorthite was 
added to the system (Schairer et al. 1968) where 
it seemed that one important crystallization pat.. 
tern led to a single eutectic at which nepheline- 
plagioclase-diopside.melilite crystaUize simul- 
taneously. The crystallization sequences are 
such that diopside and nepheline are never 
seen to crystallize together without either meli- 

2. Schai~'er & Yoder (1964) and Schairer (1967) 
describe another possible path of crystallization 
from an olivine nephelinite with NE, DI, OL or 
an olivine melilitite with DI, OL, MEL. Through 
olivine fractionation the:~e liquids will move to- 
wards olivine melilite nephelinite. 

Olivine reaction with the liquid will give rise to 
melilite v:ephelinite. When olivine is completely 
consumed by the liquid, wollastonite will occur 
in a composition called wollastonite melilite 
nephelinite by Schairer & Yoder (1964). At this 
point in the fractionation :~equence the reaction 
of melilite with liquid tak¢~ place, precipitating a 
sodic plagioclase. 

Schairer (1967:590) ard Yoder (1973:165) 
point out that there is as yet no petrographic 
evidence for this latter process. Schairer expects 
that wollastonite may combine with nepheline to 
form soda-melilite molecules in the melilites, or 
may be found as perovs!!~ite or sphene in Ti-dch 
rocks. Yoder (1969, 197!1) states that melilite and 
anorthite react to form a clinopyroxene and 
garnet at low temperatures, and aluminous 
clinopyroxene and wollastonite at high pres- 
sures. The occurrence of melanite and alumin- 
ous clinopyroxene with melilite would be ex- 
pected in the presence of iron and titanium. 

There are, however, complications in fitting 
the simplified experimental models to the rocks. 
For instance olivine-free nephelinites without 
melilite cannot be fitted to the experimental 
models at all according to Bailey (1974). In the 
natural system TiO2, K20, Fe, CO2, and H20 are 
evidently important. To end up with an experi- 
mental model fitted to the Skien basalts is not an 
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easy task, but it seems that the second crystalli- 
zation path above describes a possible course of 
evolution for the magma. From the studies 
quoted above the olivine reaction clearly plays a 
very significant role in the early stage of these 
fractionation processes. Schairer et al. (1968) 
expect olivine ,resorption to be seen in natural 
nepheline-beari, g suites, appearing as olivine 
mantled by free aggregates of clinopyro~cene. 
This is in fact observed very clearly in the 
lowermost Skien lava flows, as described above. 
The late crystallizing minerals are obviously 
melanite, nepheline, ~nd ore in the lower 2/3 of 
the Skien basalt pile; sphene also occurs occa- 
sionally and melilite may be present. The upper 
parts of the Skien basalts are characterized by a 
sodic plagioclase (An 20-30) without melilite. 
Clinopyroxene is the dominant mineral through- 
out the whole sequence of basalts, though it 
diminishes when plagioclase appears. 

Conclusions 
The experimental work by Schairer & Yoder 
(1964) and Schairer (1967) quoted above appar- 
ently give melts of compositions similar to that 
of the Skien basalts when starting with a melt of 
olivine nephelinite or olivine mekilitite magma 
composition. From these experiments the whole 
series of Skien basalts are believed to represent 
differentiation from an initial magma with a 
composition possibly represented by olivine + 
nepheline, called olivine nephelinite. Clino- 
pyroxene fracfionation is thought to have played 
the most important role in the magmatic evolu- 
tion of the Skien basalts, and the early olivine- 
reaction and perhaps the late melilite-reaction 
have taken place to a lesser degree. The principal 
petrological evolution of the Skiea basaits may 
be summarized as a flow diagram (Fig. I 1). 

In conclusion, it seems likely that there has 
been an olivine nephelinite magma intrusion 
which at moderate depths has separated smaller 
portions of magma into minor reservoirs. The 
various e~:trusions of basalts have come at ir- 
reguIar Lntervals from the different minor magma 
chambers and from the major magma mass, all of 
which were differentiating at moderate pres- 
sures, but at different rates. The nature of the 
more undersaturated basaltic magmas (nepheli- 
hires and melilitites) have been discussed by 
Green (e.g. 1969, 1970a, 1970b). From his works 
there is reason to believe that the Skien basalts 

I. i ~OPYR OXEN£ 
RA~TIO~AT ION 
ITE REACTION ? 

NEPHELINITE / [  ~ u ~  i 

• ~ CL|NOPYROXIF.NF FRACTIO~ATION 

J.AI(KAP~'IITE 

EPHELINITE~ 

Fig. !1. Flow diagram for the magnafic evolution of the 
Siren basaltic rocks from a possible olivine nephelinitic 
parent al magma. 

have originated at great depths° The petrogenetic 
grid for mantle-derived basaltic magmas by 
Green (1970b) puts the origin of the olivine- 
nephelinites to --- 30 kbar pressure with 1-5% 
HeO in the melt; less than 10% raelting of a 
pyrolite mantle may be involved. This depth (--- 
100 km) corresponds to the low velocity zone. 
The low velocity zone of the upper mantle is 
interpreted by Green (1970b, 1971) as a region in 
which, due to the instability of a~phibole in 
pyrolite containing 0 1-0.2% H2C at depths in 
excess of 80-100 km, there i~ a veq small (less 
than 5%) degree of partial n~elting. This liquid 
fraction is highly undersalura~ed olivine nepheli- 
nite or olivine melilkite. Ascent and extrusion of 
basaltic magmas may occur when the low ve- 
locity zone is tapped rather directly by major rift 
of fault systems, like the ones which might have 
initiated the formation of the continental Oslo 
rift. 

Silica undersaturated lavas are most often 
accompanied by explosiw~ extrusion of pyro- 
clastic material, and contain ultramafic nodules 
implying a deep origin. The Skien nephelinite 
lava shows affinities with Fen damkjernite 
compositions, and the ankaramites show 
affinities with melteigite and ijolite c o m l ~ i -  
tions. The Fen alkaline complex is situated only 
20 km away in the western direction. Here 
Griffin (1973) and Griffin & Taylor (1975) re- 
ported lherzolite nodules in the kimt.~erlite-like 
damkjernite. A camptonite-dike is reported from 
VenstCp, Gjerpen, by BrCgger (1933b:33), and 
its composition is quite s~milar to that of the 
Siren basalts. 

1lie Skien basalts are accompanied by rather 
few pyroclasti~ extrusions, and no ultramafic 
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nodules have been found. Carmichael et al. 
(1974:599) also report that ultramafic nodules 
seem to be lacking, curiously enough, in the 
basanites of the whole East African province, 
the most extensive known region of nephelinite 
volcanism. Other nepheiinitic-melilititic magmas 
come rather directly from the upper mantle to 
the surface (O'Hara 1965). Such magmas have 
differentiated mainly by olivine fractionation. It 
seems a possibility that their temporary resi- 
dence and differentiation in magma chambers at 
intermediate pressure have caused the peculiar 
petrography of the: Skien basalts. Clinopyroxene 
fractionation was thus the dominant process of 
evolution, followed by an olivine reaction, in 
contrast to the lower-pressure olivine fractiona- 
tion more common in basalts. Any ultramafic 
nodules would sink during the shallow-level dif- 
ferentiation; if they remained the olivine-rich 
nodules would react with the melt. This may 
explain the absence of u]trarnafic nodules in 
these rocks. 
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