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Zoned pyroxenes and amphiboles from
camptonites near Gran, Oslo region, Norway
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SYNOPSIS

CAMPTONITE sills of Permian age, intruded into
Cambrosilurian sediments, are present in the
northern part of the Oslo region, immediately to
the north of Gran, Hadeland. They have been
considered, along with associated dykes of camp-
tonite and other minor intrusions of maenaite, to
be related to the predominantly gabbroic rocks
comprising the Oslo-essexite plugs (Brogger,
1894). Porphyritic varieties of camptonite are the
most common, containing phenocrysts of concen-
trically zoned clinopyroxene and concentrically
zoned brown amphibole; but, aphyric varieties
with abundant brown amphibole also occur. A
second amphibole (actinolite) forms thin, patchy,
green overgrowths to some phenocryst or matrix
brown amphiboles.

The pyroxenes range in composition from diop-
side to sahlite. They contain up to 0.7% Cr,0; in
the most Mg-rich zones and up to 0.6%, Na,O in
the most Fe-rich zones. TiO, and Al,O; are in the
ranges 0.5-3.8 % and 3.0-9.2 %, respectively. These
compositions are similar to pyroxenes from other
camptonites and alkali basaltic and alkali gabbroic
rocks. ‘Normal’ zoned phenocrysts, in which an
outer pinkish zone surrounds a colourless core in
thin section, have more Fe, Ti, and Al, and less
Mg and Si in the outer zone. In ‘reversed’ zoned
crystals, the slightly pinkish core contains more
Fe, Ti, and Al, and less Mg and Si. Oscillatory
zoning, restricted to three concentric zones
(pinkish-colourless-pinkish) show the same chemi-
cal changes with colour variation. In terms of
end-member molecules, substitutions involving
CaTiAl,O¢, CaAl,SiO  plus CaFeSi,Og replacing
CaMgSi,Og are responsible for the zoning.

The majority of the zoned brown amphiboles
are kaersutite following the criteria of Leake (1978).
Those zones with Ti < 0.5 atoms per formula unit

range from titanian pargasite and titanian ferroan
pargasite to titanian ferro-pargasite. These compo-
sitions are similar to kaersutites crystallizing from
other camptonites and as inclusions, or as mega-
crysts and phenocrysts in alkali basalts and deriva-
tive rocks. A simple concentric zoning with more Fe
and less Mg in the outer zones occurs; but, an
oscillatory zoning pattern, with an intermediate
lighter brown zone (containing more Mg and less
Fe) between two concentric darker zones, is more
common. Other elements do not show consistent
variations between zones, but Ti generally increases
with increase in AlY.

It is postulated that the earliest pyroxene zones
crystallized from an alkali basalt magma at ap-
proximately 20 km depth. Crystallization of the
remainder of the pyroxene phenocrysts and the
kaersutite took place at high temperatures
(>940 °C) and at probably greater depths
(7-15 km) than crystallization of nearby exposed
gabbroic plugs (Oslo essexites). A mechanism of
alternate crystallization of pyroxene and kaersutite
in response to changes in Py o, with some partial
resorption of the non-crystallizing phase, is sug-
gested to account for the observed petrographic
features and oscillatory zoning in both minerals.
The actinolite is a product of late-stage metaso-
matic activity.
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Permian sills and dykes of camptonite intruded into Cambrosilurian
sediments are a common occurrence in the northern part of the Oslo rift
valley, They have been considersd to be relmted to the predominantly gab-
broic rocks comwprising the Oslo-sssexite plugs (BrSgger, 1894), Many
camptonite sills, up to 5 m thick, and associated felsitic rocka (bostone
ites or maenmites of Brgger, 1894; 1933) are present in a small area to
the north of Gran, Hsdeland. Samples from this area were used in the
present study. Individual pyroxene and amphibole crystals in the
porphyritic camptonites exhidit distinctive optical and chemical zoning.
Chemical analyses of mineral separates and electron microprobe analyses of
individual zones have beencarried out to determine the variation in chemw
isiry between zones and the range of composition of the pyroxenes and
amphiboles, This data has then been used to determine some constraintson
the ‘and pr of £ ion of these minerals.

Experimentsl methods: Microprobe analyses were carried out using a Link
System model 290-2KX energy-dispersive spectrometer, fitted to a Cambridge
Geoscan, The method used is the same aa described by Dunham and Wilkinson
(1978) using an accelerating potential of 15kV and 100 live seconds
counting time. Detection limits for the minor elements in the pyrozeme and
amphiboles caloulated as three standard deviations of the background count
under the peak position are as follows, expressed in terms of oxide per-
centage: Naz0, 0.20; Alp03, 0.24; Kp0, 0,12 T40,, 0.23; Crp03, 0.11; Mn0,
0.15. The chemical analyses were made by X-ray fluorescence spectrometry
using the fusion msthod of Norrish and Hutton (1969).

Description of the camptonites. The camptonites range from medium to fine-
grained aphyric typea rich in euhedral brown amphibole, interlocking laths
of plagioclase and opaque oxides, to porphyritic types containing varying
amounts of clinopyroxene {up to 1 cm long) and brown amphibole phencerysts
{up to 2 co longgy:st in a matrix similar to the aphyric types. The relative
proportions of phencerysts range from rocks in which the amphibole is
exclusively present to those in which pyroxene is overwhelmingly dominant;
‘but,in most of the porphyritic rocks the phenocrysts are evenly distributed.
Occasional phenocrysts of ilmenite, often partly oxidized, also occur and
rare calcite and/or chlorite pseudomorphs may be after olivine, The
matriz feldspars are always zoned, compositions between Ansg - Anpg being
cbtained by measurements of extinction angles. The bulk of any feldspar is
usually in the range An4g - Ang7. Apatite is a constant accessory. Xeno-
1iths comprising aggregates of brown amphibole, clinopyroxene and opaque
orides are present in many of the sills, In some rocks small ocelli have
formed during a late stage of crystallisation., These contsin either laths
of Na-rich plagioclase, calcite or both minerals, There is & varying
degree of alteration to the matrix of most rocks: the amphibole is altered
to & mass of opaque oxides; the feldspar is sericitized end calcite is
abundant.

The Pyroxenes: The pyroxeno phenocrysts are subhedral to euhedral but
invariably the edges are ragged and altered to a mass of opaque oxides and
41)~defined brown amphibole, This alteration commonly extends along cracks
and cleavages into the bulk of the phenocryst, where occasionally more
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clearly defined brown auphibole crystals have grown. A few phemocrysts

are embayed and contain inclusions of the normal metrix minerals, Matriz-
sized bave heavily P and are to be
residual crystsls rather than a directly crystallizing groundmasa phase.

Zoning can be most easily recognised in thin sectiona of the least altered
phenocrysts. It is a aimple concentric type with either an almoat colour-
less core sarrounded by an outer pinkish gone or the reverse in which the
bulk of the cryatal is faintly pinkish in colour when compared with the
margin, The former can be called 'normal zoning' because the chemical
changes described below are those to be predicted from experimental data,
when the outsr part of the crystal forms at a lower temperature and press-
ure than the core. The latter ia given the name 'reversed zoning'. Rare
examples of a concentric oscillation of colour zones limited at most to a
single repeat cycle of colours have also been observed, There is always a
sharp contact between zones end both normal and reversed zoning can occur
in phenocryste from the ssme rock., Hourglass crystals have not been
observed.,

The pyroxenes are pleochroic with extremes of colour being o = very pale
yellow; B = ¥ = very pale pink, Other optical properties are as follows:
¥ ¢ %, colourless zones = 40 - 43°, x : z, pinkish zones = 46 ~ 520,
2V,, colourless zones = 54 - 57%; 2V, pinkish sones = 51 - 54°. Tn any
individusl crystal there is an increase in ¥: z of 4 - 60 and a decrease

in 2Vy of 3 ~ 4° from the colourless to pinkish zones.

analyses of zoned crystals and chem-
One

Pl ive electron P
ical analyses of separated mineral fractions are presented in Table 1.
disadvantage of the energy dispersive method of probe analysis is the
relatively high detection limit. This most probably accounts for the
absence of Na, Mn and probably Cr in some of the analyses. Although, when
Cr is detected in the pyroxenes it ia well above the detection limit of
the method and a real difference in Cr between zones must exist.

The pyroxenes apan & limited range of composition from diopside to
sahlite and are Ti-rich with a corresponding high substitution of Al for
S1 in tetrahedral co-ordination, They are similar to pyroxenes from other
casptonites {Vincent, 1953; Velde asd Tournon, 1970; Brooks and Rucklidge,
1973; Brooks and Platt, 1975) and alkali basaltic and alkali gabbroic
rocks {e.g. Aokl and Kushiro, 1968; Binns, 1969; Le Maitre, 1963; Scott,
1976). In normal zoned crystals an increase in Fe, Ti and Al and a
decremse 1in Mg and Si occurs in the outer zone (Table 1, analyses 4 and 5,
6 and 7)., In the reversed zaned erystals there ia en incresse in Fe, Ti
and Al and a decrease in Mg and Si in the centre of the crystal (analyses
11 and 12, 13 and 14), The same pattern of compositional changes occurs
in oseillatory soned crystals with the increase in Fe, Ti and Al and
decrease in Mg and Si being in the pinkish coloured zones (analyses 8, ¢
and 10}, Cr does not show & consistent pattern between zones and,
although usually the more Mg-rich zones contain more Cr, this is not
exclusively the case (e.g. analysea 6 and 7). Na is & minor constituent
in these pyrozemes and it is sometimes not detected. However, when
detected this element always shows & small increase when Fe, Ti and Al
also increase. Analyses 13 and 14 refer to an early crystallising
reversed zoned pyroxens included within a zoned amphibole (Table 2,
enalyses 19 and 20)., It seems that the variable conditions in the magma
operating to cause the zoning in the pyroxene continued during crystall-
isation of the later amphibole.

The cluster of points along atraight lines in Pig. ta illustrates the
Mg/Fe substitution between zones in the pyrozenes. The data on each graph
include all analyses frow a single rock. Clearly the Mg-Fe substitution
differs in amounts from ome rock to another as the slopes of the graphs
vary and, as none of the slopes are unity, Mg-Fe substitution is not

LA__B_LE_1 Chemical and electron analyses of cli
No. Al 2 3 4 5 3 7 8 9 10 " 12 13 14 No.
Sample e8/75  88/75 T3/75  68/15 €8/75 84/75 e4/15  80/75 80/75 80/75  88/75  88/15  80/75  80/75 Sample
510, 48,65  47.42 51,86 51,84  45.46  52.76  47.68  44.67  47.T7  44.16  4B.18  49.93  46.41 48,90 510,
110, 0.91 1.32 1.17 0.59  3.23 0.7t 1.98 2.87 2.3 3.76 1.45 1.11 2.76 1.63 740,
21,0, 4.35 5.57 5.12 3.9 7.85 3.33 7.55 8.32 5.20  8.68 6.65 4.29 7.79  5.03 A1,0,
o0y - - - 0.69  n.f. 0.29  0.45 nf. nf. n.f. nt. 0.32 n.f. n.f. or 0,
+Fe0 5.52 7.03 6.33 4,08 7.63 4.31 5.63 8.63 6.84 7.50 .63 5.66 7.85 6.00  *Fed
o 0.15 0.10 0,07 n.t. n.f. n.f. n.f. n.f. nf.  onf. nf. n.f. n.f. a.f. Ha0
Hg0 15.80  14.73 14,76 16,52 12,09  15.96 1332 10.45 13.60  11.28  13.26  15.29  11.29 13,74 HgO
ca0 21,60 21.22  19.12 22,93  23.26 2543  23.14  23.68  23.81  24.06  21.62 22,43 25.86 24,00  Cal
Na,0 0.49 0.56 0.51 0.30  0.36 n.f. 0.34 0.48 n.a. 0.36 0.54 n.f. 0.43 0.33 Na,0
,0 0.04 0.14 0.17 n.f. n.f. nf. nf. n.f. n.f. nf onf. n.f. n.f. n.f. K0
B0, €O, etc.  1.90  1.45 1.33 - - - - - E - - - - - H,0, €O, etc.
Total 99.41  99.54 100,44 100,14  99.86 100.49  100.29  99.10 99.54  99.80  99.35  99.03 100.39  99.63 Total
Formula on basis of 6 oxygens
si 1.843 1,801 1,931 1.898  1.712  1.919  1.765 1,707  1.794  1.671  1.805  1.860 1.739  1.826 si
M 0.157 0,199 0,069  0.102  0.288  0.081 0,235  0.293 0,206 0.329 0.1%  0.140  0.261  0.174 (S
m 0.037  0.051  0.156 0.036 0,060 0.062 0,094 0,082 0.024 0.058 0,099 0,048 0,083  0.047 Al
bid 0.026 0,038 0.033 0,016 0,092 0.020 0.055 0,083 0,066 0,107 0.041 0.031  0.078  0.046 T
or - - - 0.020 - 0.008  0.013 - - - - 0.010 - - or
Fe 0.175 0,223 0,197  0.125 0,240  0.131  0.181  0.276 0,215  0.237  0.239  0.176  0.246  0.187 Fe
¥n 0.004 0,003 0,002 - - - - - - - - - - - tn
Mg 0.892 0.834 0.819  0.900  0.679  0.865 0.755  0.5%5 0.762 0.636 0,741  0.849  0.630  0.765 ¥g
ca 0.877 0.864 0,763  0.899  0.939  0.91 0,918 0.970 0.%8 0.976 0,868 0.695 0.958 0.960  Ca
e 0.03 0,041  0.057  0.021  0.026 - 0,024 0.0% - 0.026  0.039 - 0.031  0.024 Na
X 0.002 0,006  0.008 - - - - - - - - - - - X
34 2.049  2.060 2,015 2.018  2.036  1.987  2.020 2.042 2,025 2,040 2,027 2,009  2.026  2.029 sy
Relative aton %

Ga 5. 45.0 42,8 46.7 50.5 47.5 50.0 52.6 49.5 52.8 47.0  46.6 52.2 50.7 [
g 45.9  43.4 46,0  46.8  36.6 45.6 40.1 32.3 39.5 34.4 40.1 48,2 34.4 40.4 Mg
Fe 9.0 11.6 1.2 6.5 12.9 6.9 9.9 15.0 11.0 12.8 12.9 9.2 13.4 9.9 Fe

1 - 2 Magnetically separsted phenocryst fractions corresponding to colour- 11 - 12 Reversed zoning. Centre pinkish zome and outer colourless

less and pinkish zones respectively observed in thin section. zone respectively.
3 Chemical analysis of unzoned phe "y fron te 13 - 14 Reversed zoned crystal inclusion within an awphibole phenocryst.
containing pyroxene as only phenocrystal phase. Pinkish centre and outer colourless zones respectively.

4 ~ 5 Normal goning. Centre and outer pinkish zones respectively. 1~2 are chemical analyses. 3-14 ere wicroprobe analyses.

6 - 7 Normsl soming. Centre snd outer pinkish sones respectively. +  Total Pe recorded as FeO,

8 - 10 Oscillatory goning. Centre of phenocryst, intermediate colourless l~120,CO2 Loss on ignition plus an amount equal to oxidation of Fe., The

zone, and outermoat pinkish gone respectively., The latter zone

does not extend around the entire crystal.

value arises from the small alteration of the pyroxene
and carbonate impurities.
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Fig. t. Plots of atoms per formula unit of Fe and Fe + Ti
against Mg for zoned pyrozenme phemocrysts from
three rocks,

independent of other substitutions. When Ti is added to Fe (Pig. 1b)
graphs with slopes closely approaching unity are formed, suggesting that in
different rocks verying amounts of T4 could substitute with Pe for Mg, In
terms of end-member molecules these substitutions imvolve CaTiAlyOp (hypot-
hetical titanpyroxene molecule) and CaFeSijOg (hedembergite) for CaMgSinOg
(diopeide). A plot of Ti ageinst §Al and Ti sgainst Al  is given in

Fig. 2a and 2b respectively, If all of the Al can be acdounted for &s
CaTiA150g points should cluster around the line of slope 2,0. However, an
excess of Al 13 present in Fig. 2a and this excess becomes slightly greater
at higher velues of {Al, From Fig, 2b 3t is clear that the increasing
excess is at least partly within tetrahedral sites and hence, probably
represents substitution of CaAlySiO (Tschermaks molecule) which increases
in small amounts as CaTill,0; increases. The relatively high substitution
of CaTiAlp0g Plus CaAlpSi0g particularly in the darker zonea is reflected
in the Ca-Mg-Fe ratios of Table 1, in which Ca often approachee and some-
times exceeds 50%. It can be concluded that during crystallisation of the
pyroxenes conditions fluctuated such that incorporation of CaFeSipOg plus
CaTiAly0g and CaAlpSilg varied inversely with CaMgSizOg.

es: Unlike the pyrozenes, the amphibole phemocrysta in most rocks
are completely fresh and unaltered, euhedral and range from equant to
elongate crystels in which the long axis is up to 4~-times the crystal
diameter, A few crystals in some rocks are embayed. Rocks in which the
amphibole is not fresh show evidence of alteration throughout the body of
the rock, possibly caused by & late stage build up of volatiles, In thin
section most phenocrysta show strong colour zoning in shades of brown; the
zoning being best obaerved in the position of marimum absorption of polar-
ised light., The zoning is concentric. A normal type (cf: pyroxene zoning)
in which the crystal becomes darker towards the margin, but without a sharp
contact between zones, occurs sometimes. The more usual zoning is an
osciliatory type with most commonlya core of darker brown occupying & major
part of the crystal, followed by an outer lighter zonme and then a margin of

I
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Fig. 2. Plots of atoms per formula unit of Ti against
41 and Al for all pyrorene analyses.

darker colour again (Fig., 3). Within each of the inner two zones further
concentric minor variations in colour may be present. In the core zone
there is sometimes s peppering of minute unidentifiable opaque minerals.
The contsct between zones is generally sharp, although on occasions, and
especially when small scale variations are observed, & gradual darkening
of colour extending outwards is present within a single zome. The line of
contact between inner zones does not necessarily follow the external out-
line of the crystal. This line is often rounded and occasionally
irregular. Presumably, if one assumes that zones represent individual
growth stages of the phenocryst, resorption has taken place after crystal-
lization of the zone and before further growth. Resorpiion has clearly
taken place in the embayed crystals ae the pattern of zoning is cut off by
the embayment.

Brown satrix amphiboles are euhedral and vary from tabular or 1ath shaped
to reticulating needles. Larger matrix crystals are zonmed in a similsr way
to the phemocrysts, Inclusions of spall opaque and apatite euhedra are
common in the p ysts, and the p of ional inclus-
ions (with their own pattern of zoning) suggests the later crystellization
of the amphibole, This relationship 13 confirmed in the xenoliths where
euhedral pyroxenes are always surrounded (sometimes completely) by large
brown amphiboles.

A second pale green amphibole forms thin optically continuous patchy
overgrowths to some phenocrysts or matrix brown amphiboles in some rocks.
There is a sharp contact between the green overgrowth and brown crystal.

Optical properties of the amphiboles are as follows: Brown amphibole:
Pleochroism, & : pale brownish yellow. B ¢ medium brown. ¥ : medium

AND AMPHIBOLES 915

Fig. 3. Fhotomicrograph of zoned kaersutite phenocryst.
Plane polarized lignt.

orange brown, ¥ : gz =16~ 26% 2V, =75 - 80°. In zoned phenocrysts
¥: e 18 2 - 30 higher and 2Vy 1a 1 - 20 lower in the lighter coloured
zones, Green auphibole: maximum of pleochroism is o : colourless,
¥ : pale watery green. X : z =179,

A bulk chemical analysis of phenocrysts separated from one rock and rep-
resentative electron microprobe analyses of individual zomes, matrix
crystals and the green amphibole are presented in Table 2, The brown
enphibole has a relatively small range of composition. Most analyses ful-
fil the definition of ksersutite (Wilkinson, 1961) in having Mg > 2 atoms
and T4 > 0,5 atoms per formula unit and the majority plot in the field of
kaersutite (Leake, 1978). Those with Ti < 0.5 atoms range from titanian

gasite and titanian ferrosn pargasite to titanian ferro-pargasite

Leake, 1978); but, as they fall out of the range of kasrsutite only
marginally in most cases, all are referred to as kasersutite in the present
discussion (cf. Aoki, 1970; Brooks emd Platt, 1975). The bulk composition
of phenoerysts (Table 2, analysis 1) falls near the boundary between tit-
anianferroun pargasite and kaersutite. The emphibole analyses are similar
to kaersutites crystallizing from other camptonites (Vincent, 1953;
Campbell and Schenk, 1950; Velde and Tournon, 1970) and as inclusions, or
as megecrysts and phenocrysts in alkali basalts and derivative rocks

(Le Maitre, 1969; Borley et al., 1971; Friach and Schmincke, 1969). The
composition of the green amphibole sharply contrasts with the kaersutites
(Table 2, snelysis 24), It is actinolite (Leake, 1978) with low Al, Ti and
alkalia, The Mg/Pe Tatio is low when compared with the most evolved kaers-
utite compositions (Table 2, analysis 18). It is most likely a product of
the metasomatic ectivity and sssociated with the feldspar alteration and
caleite formation rather than a consequence of magmatic crystallization,

ozj =N, j — N\ 1 N T

32] '\g\:/: } .\'\./' :I \\/g Alvi .

2, — e

]'9:l :\l__:\x :I ~ \ :I /\ Aliv

0] ] ]

18

08 .

06:| ’\___ 3 :l —~— :} et _t Na

z?] —t :I S ] —in, 1t K
—T1 — —_—
1.2 3 4 1.2 3 4 12 3 4

Fig. 4. Diagrammatic Tepresentation of changes in chemiatry
expressed in atoms per formula unit) between msjor
zones i three oscillatory zoned kaersutite
phenocryets.
11 Dark core zome, 2: Intermediate light coloured zone.

3: Quter dark zone. 4: Extreme edge of outer dark zone.
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Table 2

Chemical and electron

analynes of amphiboles

No. 1 2 3 4 5 6 7 8

Sample 84/75  84/15 84/15 84/T5 84/75 &4/15 84/15 88/75
510, 39,35 40,02 40,76 40,95 41,05 41,19 4151 40.47
70, 442 452 4,60 4,61 4,52 5.5 4,10 4.3
41,0, 13,25 13.81 13.45 12,87 1327 13.07 12,53 14,02
+Fe0 12,37 12,57 1149 948 8.9t 9,72 11.07 10.59
¥a0 0.3 0,23 0,23 wf. nf. nf.  nf. .t
.7 ) 12.87 11.34 12,14 13,92 13.8% 13,07 12.58 13.74
Cal 12,00 11.89  11.94 12,08 12,38 12,32  12.02 11,94
mzo 2.28 2,39 2.4 2,10 2.27 2.15 2.60 2.04
K20 1.15 1.04 1.19 1.27 1.17 0.94 0.93 1.30
8.0 2.2 - - - - - - -

Total 100,24 9T.81  97.91  96.96 9738 9T.6t 9T.34 9811

*Formula on basis of 23

si 5.820 5.954 6.019 6,044 6.028 6.045 6,146 5.901
ALy, 2,180 2,046 1.981 1.956 1.972 1.955 1.854 2.099
Ay 0.130  0.39% 0,360 0,283 0,325 0,306 0.332 0,329
7 0.492 0,505 0.511 0.512 0,500 0,569 0.457 0.477
Fe 1,530 1,564 1381 1,133 1.094 1,192 1,370 1.300
¥n 0.013 0.029 0.029 - - - - -
g 2.837 2.515  2.673 3,063 3.023 2,856 2.776 3.010
Ca 1.902 1.895 1.889 1.911 1.948  1.937 1.907 1.879
Na 0.654 0,689 0.689 0.602 0,647 0.612 0.747 0,562
K 0.217 0,198 0,223 0.240 0,220 0,176 0.176 0,244
OH 2.386 - - - - - - -
$Y 5.002 5,009 4.954 4.9 4.942 4.925 4.935 5.116
£x 2.775 2.782 2,801 2,753 2,815 2,725 2.830 2,705
No. 17 18 19 20 2t 22 23 24
Sample 80/75 80/75 80/T5 60/75 84/75 84/75 88/75 88/75
510, 38.92  36.42 39,46 35.94 4038 40.86 39.52 52.85
140, 5.0  2.8¢  5.03 5,69 5.53 4.7 4.59  0.34
41,05 13.84 13,72 13.76 16,15 12,75 13,01 12.87  0.90
+Fe0 9.97 23.84 B.98 15.58 10.44 11,03 11.29 19,10
¥n0 nf. 058  nf., 025 025 af. mf. 077
Mg0 13.50 4,54 13,31 7.67 12,82  12.44 12,58 11,9
Cal 12.59 10.94 12,74 12,09 12,03 12.02 12.17 10,72
Kszo 1.86 2.45 1.9 2.22 1,96 2.40 2.31 0.33
K20 1.38 1.74 1.40 1.36 0.96 0.96 0.97 n.f.
HZO - - - - - - - -
Total 97,16 97.07 96,59 96.%5 97.12 96.89 96.30 96,97
*Pormula on basis of 23 0,0H.
51 5.789 5.827 5.872 5.524 5.989 6.079 5.948 7.946
AL, 2.211 2,173  2.128 2,476 2,011 1.921 2,052 0,054
[Lu. 0.216 0,414 0,285 0,443 0.218 0,360 0,231  ©0.052
T 0.570  0.34 0.563 0.668 0.617 0.467 0.520 0,038
Fe 1.241 3,190 1.117 2,002 1.295 1.372  1.422 2,400
Mn - 0,063 - 0.032 0.03t - - 0,080
Mg 2,993 1.082 2,952 1,758 2.836 2.760 2,823 2.680
Ca 2,007 1,876 2.0% 1.991 1.912  1.916 1.962 1,662
e 0.537 0.759 0.551 0.661 0.562 0.693 0.675 0.096
X 0,262 0.354 0.266 0,266 0,181 0.183 0.187 -
on - - - - - - - -
St 5.020 5,090 4.918 4,899 4.997 4.959 4.99%6 5.25t
£x 2.806 2,989 2.848 2,918 2.655 2.792 2.824 1,758

The chemical changes between zones in the kaersutites do not always
follow a pattern olour changes observed in
thin section, Comparison of analyses of spots from different zones is
further complicated by continuous changes within sowe zones. Ideally each
zone should be represented by a range of compositions. In the 'normal’
zomed crystals there is sn incremse in Pe ant a decrease in Mg in outer
zones {Table 2, mnalyses 17 - 20), The Fe enrichment in some cases is
extreme (Table 2, analysis 18) and this gone is also relatively enriched
in alkalis and Alyy. It is depleted in Ca and Ti, This kaersutite
phenocryst is zoned outwards to a titanian ferro-pargasite composition.

Vitnin the outer dark zone of oscillatory zoned crystals a less strong,
but obvious enrichment of Fe occura along with a amall increase in Alyj
and Na, a decrease in Mg and T4 and a small decrease in Ca and Aly,
‘towards the extreme edge of the cryatal (Table 2, annlyses 6 - 7, 11 - 12
and 15 = 16). The chemical changes between zones in some oscillatory
zoned crystals are illustrated diagrammatically in Fig. 4. The renge of
compositions within the dark outer zone is as great as that between the
inner zones, even though the more obvious colour changes ccour between the
inner somes (Pig. 3). The only consistent differsmce obtained between the

9
88/75

40.28
4.37
14,09
10,9
wf.
13.30
11,62
2,16
1.18

97.9

5.927
2.073
0.371
0.483
1.343
2,918
1.832
0.616
0.223

5.115
2.671

21 -

2

10 1 12 13 14 15 16 No.
88/75 88/15 88/75 68/15 88/75 88/75 88/15 Sample
40.00 39.92 40.50 39.83 39,90 39.63 41.00 10,
4,54  5.29  4.03  4.47  4.66 5,52  3.85 70,
13.49 12,78 12,59 13.78  13.87 13.67 11.88 A1,0,
9.38 10,01 12,05 12.79 10,04 10.66 13.62 +Pe0
n.f. nf. 0.2 nf. nf. nf, 033 MnO
14.26  13.44 12,55 11.36 14,13 13.15  11.55 Mgo
12,25 12,43 11,98 12,08 12,42 12.24  11.66 ca0
1.89 2.5 2,40 2.29 2.1 2,15 2.8 Na,0
133 0.89  0.93 0.99 1.23 0.9 1.2 K0

- - - - - - - E,0
97.14 96,91  97.32 97.59 98.06 96.07 97.49 Total
0,08,
5.913 5.933 6.044 5.942 5.860 5.844 6.152 st
2,087 2.067 1.956 2,058 2.140 2,156 1.848 A1y,
0.265 0.171  0.259 0.365 0.261 0,216 0,253 Alyy
0.505 0,591 0.452 0.501 0,515 0.611 0.434 T4
1.159  1.244 1,504 1.5%5  1.234  1.312 1,708 Fe

- - 0.037 - - - 0,042 ¥n
3.142 2,978 2,792 2.526 3.093 2,887 2.584 Mg
1,941 1,979 1.916 1.930 1.908 1.932 1.875 ca
0.542 0.620 0,696 0.663 0.600 0,614 0.722 ¥a
0.251 0.168 0,177 0.190 0.231 0.187 0.214 X

- - - - - - - o
5.069 4.984 5.044 4.987 5.103 5,026 5,021 $Y
2,734 2,767 2,789 2.783 2.739 2,733 2.811 §x

Kaersutite phemocrysts, Chemical enslysis of separated mineral
graina. The value for H,0 is the loss on ignition plus an amount

for the oxidation of Fe.

a

Oscillatory zoned keersutite phenocryst. 2 - 3: dark brown core.

4 - 5: light coloured intermediate zoms, 6 - 7: centre and

extreme outer edge respectively of the dark outermost zome.

Oscillatory zoned kaersutite phemocryst. B8: dark brown centre of

crystsl. 9: outer part of dark brown centre zome. 10: light

coloured intermediate zone. 11: centre of dark outer zone.

12: Extreme edge of dark outer zone.

Oscillatory zoned kaersutite phenocryst. 13: dark brown centre of

cryatal. 14: light brown intermediate zone. 15: dark outer zone,

16: extreme edge of dark outer zone.
Centre and extreme outer edge respectively of “normal® zoned
keersutite phenoczyst.

"Normal" zoned ksersutite phenocryst. 19: medium brown coloured

zone st centre of crystal. 20: extreme outer edge of crystal.

Centre of unzoned matrix keersutite crystals.
Green amphibole overgrowth.

2-24 are microprobe analyses.
Analysis 1, formula is on basis of 24 0,0H.

Total Fe recorded aa Fe0.

innermoat dark brown core and surrounding light coloured zome in the osci-
llatory goned crystals is the in Fe end increase in
Mg from the dark to lighter zones (Table 2, analyses 2 - 5, 8 - 10, 13 ~
14) (Pig, 4). Significant detectable differences in other elements do
exist between spots in these two gones as the analyses show, but results
are not consistent in the direction of change with this zoning. The
nature of element substitution in the kaersutites is more complex than in
the pyroxenes. The matriz kaersutites (Table 2, analyses 21 -~ 23) are
similar to the phenocrysts although crystalsappear to have compositions
moat like the dark outermost zone of the oscillatory zoned phenocrysts.

To cbtain the general picture of element substitutions in the range of
kaersutite compositions found in individual zones and crystals, & serles
of plots of atomic proportions against one another has been made in the

same wey &8 for the pyroxenes in this and other studies {e.g. Brooks and
Platt, 1975; Scott, 1976). Apart from the inverse relationship of Mg and
Pe which 1s obvious from Fig, 4 and the discussion so far, the only other
elements which seem to give broadly compatible or incompatible trends in
their subsitutions are Ti and Algy (or S1), With the exception of one
point {the titanian ferro-pargasite) there is a general increase in Ti with
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incresse in Aliy (or decrease in 5i) (Fig, 5). It is interesting that this
sape trend is present in the pyrorenes and, by amalogy with CaTiAlpOg sub-
stitution in pyroxenes, one can visualise a hypothetical CaTiAl amphibole
end-member (Ti-tschermakite) present in kaersutites. Substitution of this
CaTiAl amphidole gocurs in ylrgasite - forro—pargaaite and hastingsite -

ingsite (i.e. of Ti-free kaersutite
compounona) A sinilar correlation betwssn .u,_,, m T4 has been observed
vy Belz (1973) in 11y sub~
stitution of Alyy end Ti increased with increasing temperatu_re at 5kb
pressure and reduoing conditions.

Discussion. Camptonites are norsally placed with other porphyritic minor
intrusives into the lamprophyre group of igneous rocks. However they
contrast with other lamprophy (excluding hiquite) in ng &
brown amphibole with or without clinopyroxene, rather than a green amph-
ibole and/or biotite. The structural and genetic relationship between
minor lampro; e intrusions and an associated major igneous suite is often
apeculative {cf: Rock, 1977) yet a possible connection between camptonites
and alkali basaltic magmatism 1s now becoming evident, For example,
Woodland (1962), Upton (1965) and Horne and (1967) have
camptonite intrusions to have a common source with alkali basaltic
magmatism (the latter having an exposed expression as lavas, associated
dolerite intrusions, or alkali gabbroic stocks and bosses) centred ip the
same area, or in some cases, far removed from the camptonite intrusions
(e.g. Ramsay, 1955; Gallagher, 1963). Rock {1977) states thet camptonites
Tepresent alkali basaltic magma which became unususlly hydrous through
influence of an alkaline pluton and then evolved at relatively low

. M *
06 e,
041
02 1 1 T 1 T T T L]
18 20 22 24 Aliy

62 60 58 56 Si

Fig.5. Plot of atoms per formula unit of Ti
against Alj, for sll kaersutite analyses.

pressures, The line of five Uslo-essexite plugs a few kilometres to the
weat of Gran seems to be the obvious exposed magmatism of the correct type
which could be a source for the camptonites as suggested by Brdgger (15943',
although alkali basalts (ne-normative basanites) have now been found else-
where in the Oslo rift valley {Ramberg and Larsen, 1978). Ultimately the
source of basic magma out of which the pyrorenes and kaersutites could have
crystsllized is not a problem as Ramberg (1976) interprets gravity data to
show that basic intrusives and accumulates, probably along with stoped
blocks of less dense material occur at depth in the Oslo region,

The high concentrution of pyroxene phenocTysts in some camptonites, the
existence of and general pe ic relationships
indicate that the pyroxene is an early cunulate phase crystallizing from
the perent alkali basalt magma, The composition of the first pyroxene most
likely corresponds to the cores of the normal zomed phenmocrysts (i.e.
diopside with approximately Cay7MgygFer, up to 0.7% Crztl)% and restricted
amounts of Ti and Al when compared with other zones) e reduced amounts
of T4 and Al msy be a result of the higher pressure of crystallization
compared with other zones as Yagi and Onuwa {1967) have shown that the
solubility of CaTiAly0g in diopside d with 4

Chromian diopside phenocrysts of nlcsely siailar composition have been
described by Brooks and Platt (1975) and were interpreted as crystallizing
at depths of around 20 km. If a similar depth is argued for the present
earliest pyroxene zomes it corresponds with crystallization in Ramberg's
(1976, p.142) most favoured positlon (20 kms below the present surfece) for
a dense crustal body of gabbroic composition, i.e. the magma chamber for
the basic rocks in the Oslo region.

The Oslo-essexite plugs are considered by Ramberg (|976) to be storage
wagma chambers at shallow depth (approx. 3 km below the Permisn surface)
fed by basaltic magma through narrow vents or feeders from considerably
greater depth. These or similar storage chambers at greater depth may be
the position of crystallization of the remaining pyroxene zopes and the
zoned kaersutite phenocrysts. Accumulation of pyroxene and kasersutite
crystala took place to varying degrees within the storage chsmber prior to
emplacement of the camptonites. fThe high concentration of phencerysts in
some camptonites may be a direct result of the amount of accumulation,
Alternatively some filter press action may further concentrate the phen-
ocrysts during intrusion.” The increased incorporation of CaTiAlyO¢ in the
outer zones of normal zoned pyroxens crystals and in the reverses and
oscillatory zoned pyrozenes is indicative of & low pressure of crystall-
izetion. Also, the overall Alyj and K contents of the kaersutites are
suggestive of relatively low pressure crystallization (Best, 1970) when
compared with some kaersutite megscrysts {e.g. Meson, 1968; Binns, 1969;
Aoki, 1970; Brooks and Rucklidge, 1973) which are though to crystallize
at high pressure in the lower part of the crust.

The minimum depth for the storage chamber in which the kaersutite phen-
ocrysts can form 1s governed by the lower limit of stability of amphiboles
in basaltic compositions at 1:4 kbars (Yoder and Tilley, 1962). This is
equivalent to approximately 5 km éepth, and would rule out the Oslo-
essezite plugs s2 the chumbex's in which accumilation of pyroxene took
place, unless Py, Losd (Possible during the build up of water pressure
prior to &n eruy%1on) or the estimates for post-Permian erosion &re in
error. The experimentel work of Yoder and Tilley (1962) and Hollowsy &nd
Burnham (1972) which has recently been discussed by Baxter (1978) shows
that plagioclase would be expected to crystallize before kaersutite at
pressures up to about 3kbars (11 - 12 km depth) in basalts with tholeiltic
or calc-alkali sffinities; but, the petrographical relationshipe within
the camptonites clearly indicate that kaersutite crystals formed and
accumulated prior to the onset of plagioclase crystallization. However,
in Yoder and Tilley's (1962) alkali basalt, the cross-over point where
plagioclase begins to crystallize before amphibole is at a lower pressure
than with other basalts, Thus, the minimum pressure for the crystallizat-
ion of the phenocrysts could be less than 3 kbars, No firm conclusions
can be drawn; but, if the exposed Oslo-essexites are the direct source of
material for the camptonites, they were in a position near or at the lower
limit for kaersutite to form as a cumilate phase. It is more likely that

the source magma chamber in which the bulk of the pyroxene and kaersutite
crystala accumilated vas at a greater depth (say 7 - 15 km in Permisn times
than the Oslo-essexite pluga. The gabbroic rocks in the plugs represent
upward migration and crystallization of the basaltic liquid at low P,o.
The sills and dykes of camptonite are the result of tapping a high temper-
ature cumilate stispension of ferromagnesian minerals in their host
baseltic liquid. A temperature of > 950°C at the pressures envisaged
prevented the crystallization of plagioclase in the magma chamber (using
the dsta of Yoder and Tilley, 1962). 4 high By, ensbled crystallization
of matrix kaersutite before feldsper after intriision.

The presence of varying relative amounts of phenocrystal pyroxene and
kaersutite indicates that the cumilate phases tapped in the magma storage
chamber were either clinopyroxene or kaersutite, or more usually, both
minerals, In the latter case there is a randommixture of the phases
showing no signs of sogregation, and thus the minerals will have hed
elosely connected and possibly interdependent crystellization histories.
The magma rising from depth to the storage chamber contained some sarly
formed pyroxene crystals as already discuased, It may also have contained
olivine and an opaque phese. Contlmued cooling in the storage chmber
produced crystallization of the outer zones of normal zoned pyroxe
crystals and possibly nucleation of other pyroxemes of similer compoaitlon
to the outer zones. Following an increass in P g» ©lther as a natural
consequence of cooling end crystallization of thé pyrozeme or from
external influence {such as water contained in sn alkaline pluton, or
posaibly Pre-Cambrian gneiss or Cambrosilurian sediments), kaersutite
crystallized possibly accompanied by partial resorption of the pyroxemes.
The minor variation within major zones in the kaersutite may reflect
gradusl changes in Py,0, composition of liquid and/or temperature; but,
the sharp contact betdeen the major zones is most likely o be & response
to a sudden change such as would occur on eruption of material from the
storage chamber. On continued erystallization after eruption and conseq—
uent loss of water, pyroxene would form in preference to kaersutite giving
rise to & reversal in zoning, especially if there had been & supply of
more basaltic liquid at higher temperature from depth, The kaersutites
would become unstable and be resorbed, accounting for the rounded shape of
inner zones. The amphibole resorption might cause an increased oxygen
fugacity and consequent reverssl in zoning of the pyroxene as suggested by
Friech and Schmincke (1969) and Brooks and Rucklidge (1973). A further
build up in Pg,q would once again result in kaersutite crystallizing in
place of pyroxéne. The composition of the new amphibole will correspond
to the intermediate light coloured zome, richer in Mg just as is the outer
zone of the reversed zoned pyroxenes, Theoretically this postulated
alternation of phases and zones could continue indefinitely while crystals
accumulated and until they were intruded to their present position,
However evidence for contimnued alternation is not common 2s the oscillat—
ory zoning is generally restricted to one major cycle only; unless the
minor oscillations in the kaersutite are a response to similar, but
perhaps smaller changes which affected only the kasrsutite or are not
detectable in the pyroxene,
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