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The Holterhollen complex cotitains the following rock types (oldest to youngest): biotite granite with l

quariz porphyry phases. syentitic ring dikes. and hornblende granite dikes. Chemical data plots form
similar and overlapping wreads. Trend surface maps plotting chemical variations within the plutvn show a
series of “highs” and ‘lows’ that cross-cut rock type boundaries. Quartz porphyry zones within the pluton
were apparerntly formed by sudden volatile toss whereus the chemical variation pattern is the result of
multiple magma injection. The dike rocks appear (o have formed from one fractionation series and the
plutunic rocks another. Their parent magmas were probably produced by imnmiscible separation into a
felsic and mefic fraction of an original, manue derived, basaltic melt.
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Location and previous work

The Holterkellen aréa is located approximately
26 km northwest from Oslo (Fig. 1) along the
edge of the Oslo graben. Initial studies in the
area were underiaken by Brogger & Schetelig
(1919, 1923). More recent investigations have
been carried out by Naterstad (1971) and A.
Gaut (pers. comm. 1973). Many of the contacts
on the geologic map and cross sections (Figs. |
and 2) were drawn by these workers. However,
mapping within the Holierkoilen piuton itself
and other minor changes have been carried out
by the senior author.

Field relationships

The major intrusive rock mass in the area is the
Holierkollea pluton. which covers an area of
approximately 12 km®. The Holterkollen pluton
is composed mainiy of biotite granite and is
similar to other biotite granite masses in the Oslo
Region such as the Drammern granite and the
Finremarka complex (Czamanske 1965). The
Holterkollen pluton is not all 2ranite. Approxi-
mately one third of the pluton is composed of
quartz porphrry. Contacts betwesn quartz por-
phyritic and granitic phases of the pluten in most
cases arce gradational over distances as much as
severnl huadied meters. However. in a few
instunces gradational contacts narrow 1o a few
tenths of n:eters. One mass of quartz porphyry in

the central part of the pluton is unusual in that it
has very sharp contacts with the granite.

The Holterkollen pluton is surrounded on
three sides by Precambrian gneiss, schist.
amphibolite. and granitic rocks, and is on the
very 'edge of the Oslo graben structural depres-
sion. Geophysical evidence (Ramberg 1976) indi-
cates. that the border of the Holterkollen pluton
slopes gradually eastward (Fig. 2).

Where the piuton is in contuct with
metamorphic rocks, quartz porphyry is generally
present. Border zones of quartz porphyry are,
however, not always mappable. Some arc only a
few meters thick. Partially resorbed xenoliths
are relatively common within 10 m of the con-
tact, but the pluton as a whole is surprisingly
xenolith free. Metamorphic rocks situated
within a few meters of the pluton are commonly
cross-cut with small (20 ¢m thick) aplite dikes
and quartz-feldspar veinlets. Wallrocks also
show a slight amount of alkali metasomatism.

The grauvite and quartz porphyry of the
Holterkollen pluton are cut by syenite and aker-
ite ring dikes associated’ with the Nittedal
cauldron (Swether 1946, 1562, Naterstad 1971).
The akerite is a biotite-syenite porphyry, but the
name “akerite’ is retained in this paper 1o pre-
serve continuity with earlier works and regional
maps. Both dikes have curving traces and are

extensions of ring fractures or dikes within or

outlining the cauldron. The syenite dike forms
the castern boundary of the cauldron and is an
extension of the larger Grefsen syenite body




Permiun

Contact
——— T — -
Shear zone

o

——

/hbgr

hornblende-
granije dike

==\

Fak=nksYy

m hill

okerite, syenite

okerite - syenite hybrid

biotite gronite,
quartz porphyry

undifferentiated

Precambrion rocks

PREKESTOLEN 409

q qtz
por

bgr,

HOLTERKOLLEN

True North

Combro-Silurian_ _
sedimentary rocks
with basal conglomerate

[¢) 2

4 6 8 Q 12

[ e w——— = w—
(HUNDREDS OF METERS)




NORSK GEOLGGISK TIDSSKRIFT 1 (1980)

qt2 por

Holierkollen piionic complex 55

Al

- 300m

N\ sweir zonE

- 300a

- 100

1
N~ SHEAR ZONE

Fig. 2. Geologic cross sections of the Holterkollen area. A-A' and B-B! refer to Fig. 1.
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which marks the southern boundary of the
cauldron. Contacts of the syenite ring dike with
plutonic and metamorphic wallrocks are very
sharp with evident chilling of the sycnite.

The akerite dike enters the Holterkollen area
from the north and following an arcuate trace
curves westward and crosses the northern third
of the Holterkollen pluton to intersect the syen-
ite. The akerite dike is discontinuous in part but
its gencral trace can be ascertained by the align-
ment of scparate masses of akerite within granite
and quariz porphvry. The portion of akerite dike
mapped between dashed contact lines in Fig. |
contains in reality an intricate intermixture of
akerite and granite with akerite predominating.
However. contact relationships are not disting-
uishable at the map scale given. Contacts be-
tween akerite and granite, quartz porphyvry. or
metamorphic wallrocks are very sharp with evi-
dent chilling of the akerite. Moreover, granite
xenoliths in akerite are common.

At the akerite-syenite intersection, contacts
are very gradational and the rocks cropping out
in this zone are mapped as hybrid types. Recent
unpublished work by A. Gaut{pers. comm. 1974)
shows that as the akerite dike is traced several
kilometers northward out of the area of Fig. 1, it
grades impercepiably into svenite. These grada-
tional relationships indicate that magmas pro-

ducing akerite and syenite are intimately as-
sociated both in time and space.

Hornblende granite dikes not greater than (0
m in thickness cut the akerite, svenite, and
quartz porphyry. Contacts are sharp and borders
in the hornblende granite show evidence of chil-
ling.’

A prominent shear zone bisects the Holierkol-
len pluton and offsets the akerite dike both
horizontally and wvertically. Rock along the
shear zone is highly brecciated, mylonitized. and
hematite stained. The shear zone can be traced
northward and southward to connect with a
major mylonite belt that has evidence of being
active in Precambrian, Eocambrian, Caledonian,
and Permian times (Ramberg & Smithson 1975).

Petrography
Granite

The major rock type present in the Holterkollen
pluton is biotite granite. Major mineral con-
stituents of the graniic are perthite (55%-70%),
plagioclase (Ang;-s) (10%-1562), and quartz
(15%-30%%). Accessory minerals are biotite (3~
§9), magnetite (1-3%), and sphenc (19%). Min-
eral grains are arranged in a hypidiomorphic

Fig. 1. Geologic map of the Holterkollen arca. The geology isby A. Gaut, J. Naterstad & T. Neft, On the index imup, £4 etc. refer

to road numkbers,




56 T.R.Neff & S. 0. Khalil

granular texture und vary considerably in size.
Some granites comtain perthite crystals as large
as 5 cm in length.

The quariz, plagiociase, and biotite crystals
are smaller but may be as large as 2 cm. As
quartz porphyry contacts are approached, the
grain size decreascs until individual crystals (ex-
cept for quartz) are | mm in diameter.

Granites are commonly poerphyritic  with
phenocrysts being cither perthite, plagioclase, or
quartz. Phenocrysts may constitute as much as
509z (volume percent) of the rock. At times the
groundmass texture is fine grained enough to be
classed as aplitic. However, such samples ap-
pear as granites in hand specimen and are map-
ped as such. Wedge and bent feldspar twinning
-and crinkled micas which indicate protoclastic
deformation are common. Also, some granites
are cut by thin (2-3 cm) mylonite zones.

The perthite contains both string and patch
exsolutton lameliae somctimes’,ﬁéxisting side by
side within the same crystal. Very minute sec-
ondary exsolution lamellae exist within the
larger lamellag. Visual estimates suggest about
equal amounts of Ab und Or. Rimming of perth-
ite by plagioclase is well displayed in some
specimens.

Quariz grains within the granite are gencrally
anhedral, have sutured boundaries, and fill inter-
stices between perthite and plagioclase crystals.
Secondary. alteration minerals arc sericite, kao-
linite, chlorite. limonite, and hematite.

Quuitz porphyry

The quartz porphyry appears as a massive buff
10 pink aplite. studdcd with rounded, glassy,
quartz phenocrysts ranging up to 1 ¢cm in diame-
ter. Sutured potassium feldspar and quartz make
up 60-70% and 25-35% of the groundmass re-
spectively with plagioclase constituting about
5%. Visual estimation of the groundmass
plagioclase composition shows that it varies
from Ang to An ;. Accessory minerals present
only in trace amounts are magnetite, rutile, and
biotite. Some of the quartz porphyry specimens
examined coniain  irregular  putches of a
micrographic, quartz-feldspar intergrowth.

Quariz.phenocrysts are generilly rounded and
exhibit evidence of corrosion. Some phenocrysts
also have hexagonal outlines and growth lines.
Secondary overgrowths on rounded or hex-
agonal quartz phenocrysts are also common.
These structures are shown in Fig. 3.
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Two different types of quartz exist within the
same rock and apparently reflect the following
crystuailization history:

Early development of phenocrysts by unim-
peded crystal growth.

Discquilibrium and corrosion of phenocrysts,

Late quartz crystallization in the groundmass
sometimes as a micrographic intergrowth with
feldspar.

Phenocrysts of perthite, biotite, magnetite,
sphene, allanite and zircon are sometimes pre-
sent in addition to quartz. Most perthite
phenocrysts are very similar to perthite grains
within granite. However. unliXe granite a sig-
nificant number are corroded and have muitiple
rims e.g. a core of perthite will have a rim of
plagioclase which is in turn surrounded by perth-
ite. Multiple rimming of perthite is characteristic
of akerite and syenite. Plagioclase phenocrysts
have cmbayed and scalloped boundaries.
Also bent, wedged and broken polysynthetic
twinning is common.

Quartz porphyry exhibits more deuteric alt-
eration than granite. Seritization and kaoliniza-
tion of feldspars arc sometimes quite advanced.
In addition many biotite phenocrysts are com-
pletely chloritized. Also magretite grains are
partially or wholly altered to hemalite or limo-
nite. Small miarolitic cavities (2-20 mm in
diameter) exist within some quartz porphyrics.

Akerite

Akerite is a light to dark-gray porphyry whose
groundmass is medium to fine grained and com-
posed of interlocking subhedral and anhedral
crystals. Major constituents of the groundmass
are orthoclase (60-75%), plagioclase (Ans-.e)
(10-20%¢), quartz (3-10%), and hornblende (5-
1092). Accessory minerals are biotite (1-5%2),
magnetite (1-3%), and trace amounts of augite,
zircon, rutile, sphene, and apatite (percentages
given are for portions of the groundmass only).

Phenocrysts vary in size from 1-10 mm and
range from 10% to 60% of the total rock volume.
Phenocrysts are composed of perthite (5-45%¢),
plagioclase (An ;) (5-1067). biotite (1-3¢%),
hornblende (1-3%), maguneiite (1-1%¢). and au-
aite (1%). (Phenocryst percentages are given for
portion of total rock volume.) Perthite
phenocrysts have string, bleb, and patchy ex-
solution lamellae. Microscopic examination of
perthites  indicate  an  cqual  Ab-Or  ratio
(mcsopcrtﬁitc).
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Fig. 3. A. Hexagonal quartz phenocryst in quartz porphyry. The groundmass is a micrographic intergrowth of quariz and
K-feldspar. (X60). B. Detail of A. Showing the cdge of the hexagonal phenocryst and micrographic intergrowth of quartz and
K-fcldspar. (X200). C. Edge of a rounded. corroded quartz phenocryst. The groundmass contains minute grains of secondary
quantz. (X60). D. Multiple rimming of a feldspar phenocryst in syenite. The core and outside rim are perthite: whereas the

intermediate rim is plagioclase. (X60).

Plagioclase and perthite both exhibit complex
rimming. Two and sometimes three zones are
recognizable in individual grains. Separate zones
may be cither plagioclase or perthite but identi-
cal compositions are never juxtaposed. For in-

stance, a highly corroded core of perthite may be
enclosed in a continuous rim of plagioclase or
the opposite case may exist where plagioclase is
the core and perthite the rim. Somctimes multi-
ple rimming exists where in addition to the two
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rims (,_]DS‘CI“iE‘)e,d ‘:]i‘)qv;. a third exterior rim has
‘been added identical in comparison to the cbré:

Coronds of horfiblende enclosing augite are
comiion. THe riny width varies eonsiderably.
Some rims:arg only & thin selvage of hornblende

an augite- Tn othees, unly a few spacks. of angite

remain in t hf* center. of a hornblehde cry$ial,

Akerite contding many rourded dark incla-
stans which may conbntule as much as 5% ofthe
total roek volumé. Inclusions are: umform in
appearange from ‘one euterop: te anether- and
contain ng 1df.m|imblc schistose or gneisose
strugtures.  characleristic  of
willrocks. Moredver, thére is: ng correlation
betwedn inclusitn volume- and wallrgek tvpe.
Samples taken from thn. dark inclusigns appear:
similar 1o 'm:.rm. except. 1hal=lhc maﬁc content is
higher, ranging up to 30, i

f

Syenite

Syenite is a d:uk buff purphyry whese ground-
nass has a thIdIOmUthlC granular texture gen-
eraliy conrser than akerite.. Uajor constitvents of
the- grmmdnmns are Iorthociase {63-709%).
plagidélase (uatwinned}) (0-13%2), guantz (3=
10483, and hornblende l3 IO"’?)‘ Acgessory min-
eruls. are mn&nunc (3-3%2), bivtite (< 1-14).
augite (< 164). apatite (’VIOE) sphefie [< 192,
and zirean (< %),

Phénocrysts dre generally evhedral to “sub-
hedeal and make. up 15-20% of the total rock
volume. Phenoery sts.are mainky perthite and are
very slm;l.nr (o those in akerite both in texure
and composition. Piduod 15e 15 present only in
concienirafions < $G. AL times, magnitité, biot-
ste. snd hornblende  grains are  present as
phenocrysts but only-in trace amounts.

Feldspur and perthite phenociysts Huve Single
or miltiple Tims add corrtiledl cores similar ©
thise present i akerite, (Fig. 3. D), Information
cullgwted by detailed examination of these com-
plex. rimmed cristals indicates that théseparate
rims are rfmlmb!v the result of suicessive stages
oF éivstalbizition mn-.nuptui by pericids-of cor:

rdsion and ot the resuttof exsolution. 1. ines; of

evidency supporting this are:

Crystal growth lines reflecting variations in An
are visible in plgioélase.rim., 1 exsoluiion wis,
the producing :niui‘:h’zi.ﬁi_mn then the iims should
Be wniforni i coimposition,

Interndl structures such as perthite lanellae
and growth lines are abruptly terminaed. Alsa,

meiamorphic.
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rim$ and cords are intricately emBaved and séal-
lopgd which sirongly Uk EslS.COTTOS 0N,

Syenite contains . many- rounded. dark inclu-
isions, similar 1o Iho%c W I.th}l‘l'"il-ﬂ. rite.

Akerite-syenire hybrid

Samples from the takerite-syenite hybrid zone
appear similar 10 ai\t,rlle but the frequency and
size of biotite phenovrysts are-feduced, at-a féw

locatipns to zero. There i5, Howéver, one inajor

differéihce ~ many plagioclases in the ground-
mass occurring as phenocrysts are uniwin-
ned or partially untwinned (uniwinned
plagioclase is characteristic:of syenite}.

Plagioclase phenocrysts in specimens. col-
lectéd from ‘ihie. hybrid Fegion commonly have
twinned tores surrpunded b,}_zon_cd. untwinned
rims, or vice versa. Both twinned and untwinned
zones show corrusion and rimming by string,
patch, and bleb pe rthite.

Corrosion and rmmitig while being prosent:

bath in the dkerite and Svenite arg more exten-
sive In the hybrid rock, thereyy indicating:that
diseguilibrium and reaction have been active.

Hornblende gtanitesdikes

Hornblende granite Issfine grained. light buff in
color. and even textured. Hordblende pranite
haswa hypidiomorphic granular lexture swith giain
sizds! varying from 0.5 to 5.0 nun. Mujor con-
sﬁlnli(‘nib aré perthire (63704 r) ph“lodmu {1~

5%}, 8nd quartz, (T 1552, A CHSUFY mmcr'ﬂs
are; hornblende (3 -’,‘"3?-"). m.wnuuu. (-2 923, biot-
ite (1 G%), zircon {3 9), allaniredd< 1 52Y and pyrile
[ 1% '

Exselution lameliag in perthites.aredilficult to
examing due to alteration bur it appears that they
are- mesoperthitic: Plagioclase Srysinls helong 1o
't\’vo;scp'airﬂtu: tvpes. Fhe:firse type’ has no or very
pouorly- devélnped polvsynthetic. twinning. i
viduid grains aye invariably rounded. embayed,
and rimmed by perthite or plagiodlise of the
RCCI.JIHI type described below. Plagioclase cores

¢ highly fraciuréd.

iht. Sefond type occurs in smaller, angul.u

=0

grains that show good pulvsynthetic twinning,

{An‘.—:\n‘.,) These erystalshave cores and rims
:;mul.u to those described abave; however, both
core and pim ke pelysvithétioally twifined but
nat in optichl continuity.
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‘Table 1. Arithmetic means (x).and scsﬁdﬂ{d déviation{s) for major anﬂ'mdngr.cl@m@q;é.

THO, AL, FeQ, Ted M0 HgQ ca0 “Na,0 X,0 LIS 814, Rb{5r.
¥ .30 13.i3 1.87 LT - .05 L35 TR 4077 4.Bh AT 75.95 2.17  Granité
s .1% .80 .67 S22 .02 S92, .40 S34 L3606 2.27 237 34 specs)
¥ .2l 12.28 L6l L7403 221 &3 609 0 4.67 07 75.89, 3,49 Quarid porphyry
3 .10 ..59 .54 228, 0T Lt 25 L .38 .04 1,75 2:27 {22 spees)
% .89 15.32 .16 1.1 15 62 .87 5.55 5.3 .17 67,46 1.8 Syauite
s .12 88 .47 aLo.m .23 a1 Ay TR 2,17 19 {7 spees)
X720 1s.86 360 195 17 .79 LBO 5k w79 200 B5ad (25 akerice
5 .0b Lal .13 KA T4 12 16 b1 AL .02 1.28 .22 {5 sper-)
£ .67 16.30 251 175 .18 68 l.B4 5,73 5,30 1D £5.76 - Akérire<gyenire
s .07 B B I I3 S 11 2 21 L1300 s03 YT — {5 spec.)

L26 LéL72 .77 .23 14 15, .38 5s29 0 5,49 0K 68.94 4.3 Hotnblende ‘granite

{L spec.)

# . .
Quartz {ills  angular i terstices ‘betwecn

plagioclase and perthite. A&l hornblende granite

invariably shows extensive.deuteric alteration.

Chemical relationships
Analyrical méthods

All mujor elements except MgO. Na,0, and Fe
were detérmingd: by x-ray Tluoréséénce using;
fused pellets prepared b\f'ml.\mg I part rock
powder with 9 parts of Na-tetraborate before
melting. Calibration curves were determined by
using interndtional and Mineralogisk guolumsk
museum héuse standards.

_Détermination of MgO and N7.0 was by
.am_n"fj;: absorption using synthetic standards.
The ferrous:iron ameunt'in the total iron velue
determined by XRF was ascerlained by titration
tsing K, Cry@:.

Determination  of RbfSr  was. by x-ray
fluorescence using:pressed rock powderpellets.
Mass absorption corrections were used in the
caléulafions.

Average composition of rock types

Tublé 1 11§18 the mican dnd standard deviation for
gach mdjor eleminl and RbiSr) Numbers of
analysis are afso given, The stamdard deviations
indicale that there issmuch variativn within each
rock 1ype.

Thete tide nosignificant compositional differ-

ences belween granile and quartz porphyry. The
qkernc and syenite are also chemicully similar.
Hm‘.c\mr the-akerie is slightly richer in A1,0
and CaO and s”bulv poorer in Si0. than the
syenité. Morddver, the RbISy ratio is higher in
syeiite: Theakévite-syenite appears petragriapl-
lcally 10,5¢ a hybirid type, but differs compasi-
trona] ¥ from akerile only with respect to NazO.

Major and minor clement oxide pereentages
for hornhlende granite: indicate that this rock
typéig intermediate in tOﬂ]pdSlUOH between Lhe
ring dike rocks. and those of the pluton. The.
Rb(Sr ratio, however, is not intermediate but
higher than the mean value of the other rock
1ypes:

Chenmical ‘analyses of ten Precambrian wall-
rocks are shidwn in Table 2. The samiples
analyzed were collected from lozations on ‘thie

north, east, and west of the Holter Lo len -pluton.
On the south side. omuops are haklng due to a
continuous alluviil ¢over, Reprcscnmtwcsml-
ples chosen for analysis inglude. gneiss, schist,
and-amphibolite,

Cheniical trends

Fig. 4 shows the separate major and minor
clements  plotted  against (3 Si+Kr -
((‘;H— \11?} Curnhtmn between separate rock
tvpm showé that sicd du!;Y decreasingtrends exist
for all wajor and finpr Slements €dcept K.
Maréaver, ‘there, i a.c¢onsiderable Amount of
averlap bglween akerite and syenite- arid paruién-
furly-between qu.n.z porphyry anid granite. The
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Table. 2. Arithmetic means (¥} and ‘mrandacd devia

waidr and minor elemsnts in wall rockss

NORSKAGEQLOGISK TIDSSKRIFT | (1980)

Eionis) l'ur

énck~ Total T .
type Ti0, | ALDY F::Uf Mo | g0 | Ca0 | ¥ai8 [R,0 P01 SIO, | Total
Cneiss 85 e85 {290 | Lo | 2oas]a.20] 51 | 2vss| 20 | 67,83 |gmi7o
Gnefas: 65 [ 15,00 | 6,03 | .04 | t.2g) 314 4Bk | 2.43) .36 | 6.3 | 9839
Schise 7L f 1468 | 5.96 [ .07 | .3.0%|.0.000( 1,35 | 4.60( .20 | 85.46 | 97195
Schist .68 | 16.45 | 4.51. ] .02 | 1.53]2.00] 3.18 | 32| 111 | sd.50] 6R.25
aaphigbglice) ceg) | thoee, oaar |an | Aude ez (2] o | ostos| e
amphibolteelizo | 17.54 f10.02 | .24 |.2.8306,.89 {3.08 | §.33}1.23 | sg.70l99. 11
Schist 1.80° | 15.35° ) 9.56 | .15 | 539 .42 298 3.3 .39 | s55:18)97.18
X 91 | 15:28 | 6090 | .12 | %:62% 3.6213.13 | 3.07| .22 | AL.2798.17
s Ly 1.06 | 2.96 | .68 |3.50]1.80)1.20 | .so| :09 7.63 | .67

hornblende granite plots on th., gzneml trengd Tor
all majorand minor elements except pos>1bly for
Fﬂ++

F!g 3 shmm the Rb{Srratio platted dgaiist
(/3 Si+ K) - Ca+ Mg). Considerable, scatter is
present but a defnutcﬂmreas; insthe Rb/Srratio
is -evident on the rvight mdc of l"n. diagram,
Hornblende graniteplots off the trend but due [Fe!
‘the fact that .only one ziri'al)jsié' of hornblende

granite was run it is bt possible: to astertain
whether this is the result of an aétial basic
difference inschemistry between hornblenié gras
nite and the other tocks or only analytical impre-
cision.
All of the Holterkdllen rocks have a dif-
Serentintion index (normimive Q-+ Ab+ ©Or) gred-
ter thun 80 and therefore can be treatdd.as partof
the ' meu. system’ {Iunk. & Bowen 1958, Luth

Hornblende Akerite a Syenite
Granite & Granite + Qtz. Porphyry .
Mg P gl 3 e me & - -
’ L ‘ R N S P
PO - 1 F * " =, I T LA T T T
Ti I = et ° W ow T O e i et kA b
- H a * A
17k 21 . "é_ Y ]
Algl. - i SIS S AU
o soLoe st st
Fe™l I T - R N o N S
Mg A S AP R WL VEE DTN
cnz f _g‘: %y & drg; » . : . v
Ik 3 2 e - L D o W
8L
K -‘. . .E4 N [T i ' - =
g s d L & s i
4 )
5 B at as . .
Ior s w3 = L e B
Nog. . feo T S E R Ed ..
L H - R . . Z
o5 2'3 2'4 :2'5 2"8 2;9: 30 <. Mdjorand minorelemedni

26 27
h‘:ux) CaiMg)

varinion djagram.
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Hornblende Akerife o Syenite o
Granite ® Gronite + Qtz.Porphyry s
of ‘ "
? o * - -
Rb/Sr £l b .
5¢ o et
3L ) i
27 23 24 25 20 27 28 29 30

{4 Si1K)-(CaMg)

Fiz. 5. Rb{Srvanatinn diagran. Only part.of e rocks were afalyzed Tor Rb{Sr.

el al. 1964, SiEiner-et aly ’197\) Granité systeEm
plots shown in [Fig. 6 LS[Qb]JSh a clear path-which
includes hornblgnde granite. Moreover, the
trend coincides approximately with the Ihumal
tfrough a1 0.3 Ko™,

Holtetkellen fock ¢ompositidiis when plated
in the system.CaAlSL0, - Naai8,,0s — KA)
SLOs (Franco & Sehairer 1951, Yoder et al.
1957, James & Hamilion 1969, Morse 1970} (Fig.
7} establish a pattern where all rock type fidlds
vahn Holever; there 15 mére scatter than on
the ‘granite system' plot.

Haolterkollen rock compositidiis when plotted
on an AFM diagram alsoe full inte & small arca:
forming an overlapping patiern. 1tis clear (fom
Fig, 8 that:the akerite-syenite and granite-quurtz
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Fig. 6. Holierkollén.rock Eom-
positiuns plotted in thegranites

system,” RG4S0

porphyry ficlds idefine & cléaf trend exténding
almost to the Na+ K apex. Hornblende pranite
plots:stightly off-this trend.

Spatial varitiotis
In an offoaft to determing whether the ¢hemical
\fﬁriduona noted in the er anile and quartz
purphyry analyses are systemalic. a trend
surface: analysis of sclegted oxides: ratios, and
normé was carricidl out, Maps were didwn by
gompuler using a pragram by ©'Léary et al.
(1966). '

The value of a'trend surface analysis Is that the:
p'tut.ln generated is mon. genenlxzed than an
ordinary |sop1eth map, {.e. insignificant varia-
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Eig. 7. Holierkollen rock com-
positionsploned in.the System

GRAMTE
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-kﬁr’s‘iaoa Am-ALIOr.

Fi. & Haherkolien rock-com-
positions plotted vaan AFM

livns-areexcluded. Eventiough surfacessf2nd
through 6th degree weredrawn for each parame-
Zer; thie Sth degree surface was used beeause it
hestfitted sevéralpreliminary hand Jrown maps.
These maps were'tonstructed Yar the purpose of
choosing the correct trend surficd. Fitly-one
Jath points from the Holrerkallén pluton wire
usdd. The samples were: not taken in % grd

i " Mg diagram.

pattern dug 1o anatural uneven spdding of out-

‘crops, bt every effort was made 1o’ achieve.an

evén distribution.

The-trehd siiface maps do nat exhibita simple
quasi-concentric spdding Of cantours as shawn,
for example, h‘ the Grivastad afamite (Chriglic ot
al. 19705, Instead. all maps bdve 4 serids of
‘highs™and “lows? . i.e., argas of closed cintouts..
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Fip. 9. A, Fifih dezree vend. surfaceishdwing varidiions in Fa--

showing varianensin nofmativé An.

Hu_.hs and ‘lgws” situated

becausé they are present dlso o g hand drawh

maps.

Twelve miips were construcied using the

following paramenters: Fe™**+ Fe**/Fev*++
+Fe**+ Mg, Ca, Na,O, normalive An, norma-
tive-quartz, MgO, CaQ, Rb/SF;, K., TiQ,. ALO;
and P,0;. All variablessare sensiive to cliemical
fractionation, éspeciilly Rber D_;.:: to space
constrainté 6aly six are given herg = Fertt 4
4 FerrFer+r pFem+ Mg, normative An, nor-
mative quariz. Rb/Sr, Na,0, and TiO, (Figs: 9,
10, and 11). The six werg chesen bechuse they
are typical and reflect difﬁ,rn—.m types: of vari-
ables-mapped. The nérmative An and quartz ar

from a meso-norm by Barth (1962). A% shown b)}-

Figs: 9, 10: and 11, gll maps cofrelate well one

with another with only slighi deviations in the.

positions of centérs:

Strontium isotope:relations.

Three of the rock types - akerite, svenite and
granite- UKLz, porphyry — have beerr radlomutnc—

Ally dated {1, Sundmli pers. comm. 197?} Ages’

af the syenite {“51 +3 my} and grunm quariz
pprphyry [2?0;,3 my} agree with field rélation-

cat Lthe margins of the:
pliton are real and not the resalt of edge effects

Muliiple Fimmin,

"+ Fe**{Fet** +.Fe*** 4+ &fg. B. Fifth degree trend surface

ships: The dKerite isochron. hewever, is.anomail-
ous:because it falis of the granite plot but with
considerably muoie scanter. The age incon-
sistency and scatter can be’ explained by taking
into aceount the contamination of dkevitic mag-
ma with Precambrian.avil] rocks -~ a.conclusion
reinforced by ihe presence of numerous intiu-
sions in the akéritg: Initial ralios for syenite
{0. 704“- 0()0"1 and  granite-quartz. porphyry
{0: 0\64" 000?) are. similar tg those-determined
by B. -Sundvoli, and Heier & Compston (1969)
for similar rocks clsewhere in the Oslo rift.

Discussion
Petrographic phenomena

i of feldspars. — Akerite, syen:
ite, and hornblende granite all contiin feldspars

‘exhibiting multiple nmmmg which is app arently

not the résult ofcxsululmn ‘Thig rimming there-
fore must rcﬂuct a'cormplex petropenctic hmmy
punctuated by’ periods of -crystaliization in-
ierrupied by stages of discguilibrium producing
corTdsion. ’

Two processes causing the riMmming are possi-
ble — flueiudtions in’ lemiperature and. changes i
vulatile. purtial pressure or both, Magma ina
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A

i
Fig. 10. A. Fifth degree trend surface showing vaniations in normative quartz. B. Fifth degree trend surface showing variations in

Rb/Ss.

Fig. 11. A. Fifth degree trend surface showing variations in Na,O. B. Fifth degrce trend surface showing variations in 110,.

chamber could slowly cool and start to crystal-
lize. Before the magma in the chamber was
completely solidified additional melt from depth
carrying heat could bec added to the system
causing elevation of the temperature above the

crystallization point. This would causé previ-
ously formed crystals to corrode. When cooling
and crystallization again commenced a rim
would form.

Fluctuations in volatile partial pressure would
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have essentinlly the same effect. Water vapor
emanating from magma crystallizing at depth
and entering into another higher Tevel magma
would cause the liquidus temperature to be de-
pressed and carlier formed crystals 10 become
unstable and corrode. Upon further cooling or
loss of vapor, crystallization would begin again
and a rim would be deposited.

It is probable that changes in temperature and
vapor content were both active at different levels
within the crust as the magma series responsible
for akerite. syenite, and hornblende granite
worked its way upward.

Perthite compositions. - All igneous rock types
present in the Holterkollen area appear to have
perthites that contain roughly equal amounts of
Ab and Or (mesoperthite). Plots of Holterkollen
rock compositoins in the "granite svstem' Fig. 6
show that all fall in the §¢5 Kbar thermal valley.
This position is roughly/midway between the Ab
and Or corners of the diagram. Therefore, perth-

ites existing in all Holterkollen rocks must

necessarily be mesoperthitic.

Texrural variations within the pluron. - A com-
parison of the wend surface maps (Figs. 9-11)
with the geologic map (Fig. 1) shows that chemi-
cal zonation within the pluton does not correlate
with textural variations. It is apparent. there-
fore, that the different textural zones present are
genetically unrelated to the processes which
formed the chemical pattern and are probably
the result of some phenomena occurring after the
rocks had achieved their final composition but.
before crystallization.

The aplitic texture of the quartz porphyry is
probably due to pressure release quenching.
According to Luth ct al. (1964) aplitic textures
are the result of rapid volatile loss during cooling
which causes the melt to quench as the crystalli-
zation point is suddenly changed to a higher
temperature. Chilling at contacts is not consi-
dered to be a major factor becauvse most of the
quartz porphyry is situated on the interior of
pluton.

Vapor pressure when the granite and quartz
porphyry commenced crystaliization  was
approximately 0.5 Kbar (at least according to the
granite system plots). This corresponds roughly
to the probable depth of emplacement of the
pluton which is 2,500 m. Field relations indicate
that the Holterkollen pluton was situated just
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under the base of the Cambro-Silurian alum
shale during solidification (J. Naterstad. pers.
comm. 1973). The total volcanic and
sedimentary section stacked above the base of
the alum shalc equals 2,500 m.

When the granitic magma during its upward
migration encountered the alum shale, water
vapor would tend to collect because the shale
would act as an impervious barrier. Morcover,
volatiles naturally move up the pressure gradient
to collect at the top of a magma column. As the
vapor pressure increased the barrier would begin
to be penetrated. Slowly at first, fracturing
would occur and the fluid would bleed off to
work its way through the overlying sedimentary
and volcanic column. Finally, when the surface
was reached, a vapor explosion would occur.
suddenly reducing the vapor pressurc to 1 Atm
in piaces directly under the fractures. At this
time the granitic magma would quench. forming
the aplitic groundmass of the quartz porphyry.

It is possible that some magma may have been
ejected with the vapor. Fclsite porphyries
(ignimbrites) described by Bropgger (1933) from
nearby areas could have been derived in part
from vents above the Holterkollen pluton.
Chemical analyses reported by Bregger show a
striking similarity to the Holterkolien quariz
porphyry and granite analyses.

Quartz porphyry phenocrysts. — Two explana-
tions appear as possible for the gencration of the
quartz porphyry phenocrysts:

Assimilation of quartz grains by ingestion of
metamorphic wall rocks during upward migra-
tion of the melt,

Primary crystallization of the grains.

Assimilation seems unlikely because giassy
quartz grains as large as | cm are unusual in
rocks that have undergone metamorphic defor-
mation. Moreover, if an assimilation model is
assumed the grains at the time they were in-
gested by the moving magma would necessarily
have been several times larger than they now are
because considerable corrosion is evident. In
addition the phenocrysts show no undulatory
extinction which is chuaracteristic of meta-
morphic quartz. However, it is possible that
later anncaling would remove the strain induced
by metamorphism.

The supposition that the phenocrysts were
produced by primeary crystallization is supported
by the cxistence of grains with hexagonal crystal
outhnes. It scems likely that the only way to

el
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produce such a shape is by unimpeded crystaili-
zation from a melt.

Quartz is usually latc in the crystallization
sequence of ‘granite system’ rocks. However,
the Hollerkollen quartz porphyry coatains
phenocrysts that evidently crystallized carly and
quartz in the groundmass that apparently formed
late. Therefore, especially since the phenocrysts
arc generally highly corroded, the genesis of the
quartz must have been by a two step process
separaled with a period of quartz instability.

For quartz to be the first mineral to crystallize
in quartz porphyry given their bulk compositions
as plotted in the ‘granitc system” (Fig. 6), the
vapor pressure would have to be high enough to
shift the phase boundary far enough toward the
NaA 151,04 - KA1Si,0, edge to allow the quariz
perphyrics to lic in the quartz phase field. High
vapor pressures are required for this to occur. A
problem with the hypothesis is that the quartz
porphyry and granite all plotin or close to the 0.5
Kbar thermal trough,,-"which seems incousistent
with a beginning of crystallization at high vapor
pressures. [t is possible, however, that after the
quartz phenocrysts formed and the magma
moved upward to higher levels in the crust, a
new crystallization wrend was established for 0.5
Kbar. The compositions plotted on the diagram

are adjusted to the final conditions of crystalliza- -~

tion nor to the initial ones i.¢. re-equilibration of
crystallization from high pressures to 0.5 Kbar
would produce a shift of the crystallization path
and cause the rock compositions after solidifica-
tion to be significantly different from that of the
magma in which the quartz phenocrysts were
forming. According to Steiner et al. (1975),
crystallization trends in the granite system are
ditficult to predict. Therefore, the actual trace of
melt composition change accompanying the re-
cquilibration necessitated by a lowering of the
vapor pressure to 0.5 Kbur cannot be
ascertained exactly. However, the magma com-
positions at the time of phenocryst formation
would necessarily be situated to the left and
toward the Ab-Or edge of the diagram relative to
the plotted quartz porphyrics and granites.
Vapor pressures during phenocryst generation
cannot be determined with accuracy because of
the path shift, but must have been batween 5 and
10 Kbar.

During the upward migration of the magma
and throughout most of the time of final solidifi-
cation, quartz phenocrysts would corrode be-
cause the magma composition due to the vapor
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pressure decrease would no longer lic in the
quartz phase field. Rounded, corroded quartz
crystals do not occur in granite because slow
cooling would give ¢nough time for the quartz
grains to be totally consumed, whereas, in the
case of the quartz porphyry, the rock solidified
too rapidly to allow the quartz grains to be
destroyed.

Spatial variations in chemistry

Diffusion during cooling. - According to Bate-
man et al. (1963} and Neff (1969), chemical
variations within a pluton may be produced by
diffusion during cooling of an originally
homogenous magma. The variation patterns gen-
erated by this mechanism are simple concentric
oncs quite unlike those of the Holterkollen plu-
ton (Figs. 9. 10, and 11). Thercfore, the complex
contour arrangements that do e¢xist in the
Holterkollen pluton are probably not the result

- of a simple single stage magma injection with

later slow cooling accompanied by diffusion. A
more complex explanation is nceded.

Wall-rock contamination. — The pattern shown
by the trend surface maps (Figs. 9, 10, and 11)
appears at first glance to be compatible with an
assimilation model. Centers (areas of closed
contours) occur near the edges of the pluton and
in the interior. Those of the interior may possibly

.be due to the consumption of roof pendants

because the top of the pluton is barely exposed,
wheras those on the edges may conceivably be
the result of piecemeal stoping at the pluton's
margin. This hypothesis is apparently strength-
cned by the fact that the pluton’s eastern contact
slopes gradually outward. A detailed examina-
tion of the maps and chemistry of the adjacent
wall rocks tends o weaken this argument, how-
cver, by showing that many centers of both
thighs™ and “lows’ do not correlate well with the
country rock composition. For example, Fig.
9A, the Fe =+ Fetr*t/Fett + Fettr + Mg™~
map, has three “hichs® and four ‘lows’ (arcas of
high Mg~ appcar as tows on the map). If the
assimilation model 1s correct all centers should

be lows because the wall rocks are significantly

higher in MgO (Table 1) than the plutonics. It
may be argued though, that a ‘low’ would be
present where wall-rock contamination took
place and a “high® wheie it did not. It seems
unlikely, however. that centers of the mapped
intensity would be produced where nothing was
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added. Some active mechanism would have to
be in aperation to cause such sharp deviations
either higher or lower from the average quartz
porphyry-granite composition. '

The normative An map (Fig. 9 B) has four
*highs’ and two ‘lows’. Again. because the wall
rocks are significantly higher in CaO than the
plutonics, all centers should be highs if the
mechanism producing the pattera was assimila-
tion. Another interesting feature of the norma-
tive An map is that more than half of the
plutonic-wall rock contact is traced or closely
paralleled by the 0.0 contour. This relationship
would seem unlikely if assimilation was active.

Fig. 11 A (Na,0) is not significant as far as the
assimilation mode} is concerned because the
Na,O content of the wall rocks varies considera-
bly. The average is slightly less, however, than
the quartz porphyry and granite.

Figs. 10 A and 11 B (normative quartz and
TiO, and indeed the rest of thc maps con-
structed, but not printed, give essentially the
same results as those discuésed above. A series
of ‘highs™ and ‘lows' exist, some of which are
explainable by assimilation considering the aver-
age wall rock content of the variable'in question
and some which are not.

In summary, it appears from the chemical data
that wall rock contamination can explain only
part of the observed pattern of ‘highs’ and
‘lows’. This conclusion is reinforced by the
scarcity of xenoliths in the Holterkollen pluton
even within a few meters of the contact.

Muliiple injection. — Centers on the trend surface
maps (FFigs. 8, 9. 10 and 11) can be classed as
either ‘salic’ or ‘mafic’. *Salic’ centers are high
in normative quartz, Fe** + Fe***[Fe*+ + Fet*+*
+ Mg, Na,O and Rb/Sr, and low in normative An
and Ti0,. The reverse is true for ‘mafic’ centers.

A comparison of the maps one with another
shows that the ‘centers’ correlate well in regard
to location as well as type. There is some
ambiguity, however, in the case of Na,O. On=
Na,O high in the northeastern corner of the
pluton is a mafic center for all other parameters
mapped. This anomalous Na,0 high is possibly
duc to an unusual concentration of Na* by fluid
transfer. Na* is soluble in the fluid phase
(Krauskopf 1967) and may have migrated up-
ward with vapor to collect under the alum shale
water barrier.

This close correlation of ‘highs’ as well as
‘lows’ both in composition and location is best
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explained by muhiple injection of various
magma compositions. Trends cstablished within
the quartz porphyry and granite.magma serics as
shown on Figs. 9, 10, and 11 indicate that some
sort of chemical fractionation was taking place.
The spread in quartz porphyry and granite com-
positions ‘indicates that the granitic magma was
probably undergoing filter pressing or gravity
stratification in a chamber existing below the
Holterkollen area. As this process conlintied
periodic pulses of activity channeled upward
masses of magma of varying composition. At
least 5 and possibly 7 separate injections look
place as indicated by the number of map centers.

Petrogenesis

The dike rocks (akerite, svenite, and hornblende
granite) coincide or form a definite trend on all

‘diagrams plotted. In addition they have siriking

petrographic similaritics. Therefore it appears
that they belong to the same f{ractionatton serics
— a supposition that is supported by all recent
workers in the Oslo Region. Moreover, it is
generally assumed that the parent magma was
mantle derived. In addition. it is quite apparent
that the difference between the quartz porphyry
and granite phases of the pluton is onlv textural,
The .major questions left to resolve are: how
the dike rocks are related to the plutonic rocks
and what is the origin of the granite-quartz
porphyry magma?

Several workers have commented on this
question. According to Barth (1954), all plutonic
and dike rocks belonging to the Oslo graben
magma series originated by anatexis of Pre-
cambrian crustal rocks. Heat necessary for melt-
ing was released from basic mantle derived
magma which had invaded the lower crust.
Czamanske (1965), in a localized study of the
Finnemarka complex, accepted Barth's hypoth-
esis and concluded that all of the plutonic rocks
in the complex were related by differentation of
the same parent magma. The rock types in
question included akerite, granite, and syenitce.

Barth’s hypothesis was challenged by Heier &
Compston (1969), who concluded that all of the
igncous rocks in the Oslo graben were muntle
derived. This conclusion was based on Sr*7/Sr
isotopic data. Their data, however, were col-
lected by the analysis of a limited number of
samples which did not include any from the
Holterkollen arca.

Raadc (1973), on the basis of U-Th distribution
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information. concluded that some Qslo plutonic
rocks were mantle derived and others the result
of decp scated anatexis. According to his clas-
sification  scheme, the  akerite-syenite-horn-
blende granite series is mantle derived whereas
the granite-quartz perphyry magma originaied
by anatexis.

A work by Ramberg (1976) based mainly on
geophysical evidence considers that the entire
Oslo igneous rock series is most probably of
mantle origin. The Oslo graben was produced by
crustal c¢xtension and thinning over a spreading
center. During this phase, mafic mantle derived
magma invaded the lower crust. Differcatiation
of the mafic melt produced felsic magma which
moved upward as diapiric masses to form the
cauldron complexes and plutons. Ramberg. even
though he favored a mantle origin for the biotite
granite bodies, did accept the possibility that a
minor amount of anatexis may have taken place
in the lower crust and the biotite granite plutons
one of which is the Ho}ferkollcn may have
originated in this manner. '

Recent unpublished Sr¥’Sr** data (B. Sundvoll,
pers. comm. 1977) apparently disproves an
anatectic origin for the biotite granite and con-
firms the conclusion by Heier & Compston
(1969) that all igneous rock phases present in the
Oslo Rift are mantle derived. Tnitial ratios of
both syenite and granitc-quartz porphyry from
the Holterkollen arca strongly imply a parent
magma produced by partial melting in the upper
mantle.

The chemical data generated by this work
appear at first glance to favor a single crysual
fractionation trend for the entire Holterkollen
rock series. This is shown for instance by the
good negative correlations and overlaps on Fig.
4 -~ the major and minor element variation
diagram. Fig. 5, the RbSr ratio plot. also
shows overlap between the dike and plutonic
rocks. In additicn the granite system (Fig. 6)
shows a strong correlation of ali rock types with
the 0.6 Kbar thermal trough. The AFM plot (Fig.
8) has overlap between all rock types even
though the rock compositions fall only on a small
part of the diagram. In the system An-Ab-Or
(Fig. 7) the Holterkollen rocks also form a rcla-
tively smooth trend. However. in this case, there
is a greater amount of scatter than on the other
diagrams. cspecially with the quartz porphyry-
granite points.

The single trend hypothesis does not hold up
too well, however, when examined in detail. In
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the first place. the akerite-syenite-hornbicnde
granite trend forms a part of the Nittedal
Cauldron serics which includes nordmarkite
(acgirine syenite) and culminates in ekerite
(acgirine granite). This creates a major obstacle
to the hypothesis. How can a single process of
magmatic differentiation produce nwvo large vol-
ume granitic end peints. c¢kerite and biotite gra-
nite? This appears to be very unlikely.

Another problem is the difference in age. The
syenite is 9 my younger (261+ 3 my vs. 270+ 3
my) (B. Sundvoll, pers. comm. 1977) than the
biotite granite, its supposcd differentiation pro-
duct. This age difference is supported by chifled
border and other field relationships which show
that the Holterkollen pluton was intruded before
collapse of the Nittedal cauldron and intrusion of
the ring dikes.

These two inconsistencies, namely the diffi-
culty of producing two large volumes granitic
rock types by a single process of differentiation
and. the age difference between the ring dike
syenite and the biotite granite, strongly imply
that all of the Holterkollen rocks did nor form a
single differentiation trend. It appears that two
distinct fractionation trends were in operation,
one producing the dike rocks (akerite, syenite,
and hornblende granite) and the other the
plutonic rocks (biotite granite and quartz
porphyry).

How did these two trends originate?,One
untested. theoretical possibility is that the parent
magmas for the two trends were formed by
immiscible splitting of the original basaltic, man-
tle devived melt into felsic and mafic fractions.
This process was proposed by Philpotts (1978) to
explain the common felsic-matic bimodal dis-
tribution of igneous rocks associated with rift
zones. Philpotts {pers. comm. 1977) considers
that the igncous rock suites of the Oslo graben
show strong evidence of a bimodal distribution
produced by immiscible splitting.

According to the most likely petrogenetic
modecl, the felsic separate migrated almost di-
recily from near the base of the crust to form the
Holterkollen pluton and other biotite granite
masses. Some fractionation had o take place
during upward migration of the magma to pro-
duce the chemical variations shown by the
Holterkollen pluton. The presence in the quarlz
porphyry of early generated quartz  which
crystallized at high pressures possibly as much
as 10 Kbar, suggests strongly that a felsic magma
was indeced present at lower levels in the crust.
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The mafic split rose more slowly through the
critst and differentiated en route to produce the
various alkalic rocks such as syenite and akerite.
It is also possible that the akerite has been
subjectied to contamination as indicated by its
scattered isochron.

Another major enigma remains. Why, if the
chemical variations shown by all Holterkollen
arca rocks are the result of nve unique fractiona-
tions, do the chemical data have apparcntly
smooth correlations between the dike and
plutonic phases? The best explanation is that
even though two separate fractionations were
taking place. they were proceeding under essen-
tially identical conditions of temperature and
pressure. This may have caused the curves to
overlap. Also the two magma series did have a
common parent. In addition, the magmas were in
such intimate association at depth and during
migration to the earth's surface, that there may
have been some cross-assimilation which would
tend 1o dampen differences. Moreover, the re-
ported chemical data treat only a part of the
Nittedal cauldron series. If ekerite and nordmar-
“kite had been analyzed and plotted. a considera-
ble divergence might have emerged. This is
implied on several diagrams where hornblende
granite plots slightly off the general trend.

Conclusions

Major conclusions resulting from the Holierkol-
len study. many of which are of nccessity tenta-
tive and may be changed by later work, are
summarized below:

The dike rocks have had a complex intrusive
and crystallization history.

Patches of quartz porphyry within the
Holterkollen pluton were produced by ‘pressure
quenching’ due to sudden volatile release.

Quartz porphyry phenocrysts were produced
by crystallization of a quartz rich magma at high
vapor pressures ranging between S and 10 Kbar.

Spatial variations in chemistry within the plu-
ton resulted from multiple magma injection be-
fore cooling.

Sr¥/Sr initial ratios show that all Holterkol-
len igneous rocks are mantie derived.

Immiscible splitting of a basaltic parent
magma produced a felsic separate which
migrated toward the surface and crystallized as
the biotite granite-quartz porphyry pluton.

The remaining mafic split became the parent
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magma of the syenite-akerite-hornblende granite
series.
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