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PREFACE

he eiz=ligare yeferences imtroduced im the text
by the letters gere pefer to the Universal Transverss
Neroator grid, Zons 3. If the references were
quoted in full, they would be precesded by the letters
WQe

The sketches of outorops shown in some illustrations
are traced directly Irem field notebooks, with ne
sabellisiments whatever,
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1 Desec t of and stateaent,

The Sulitjelma mountains lie on the Norwegian-Swedish border
at 67° 10" N, 13° 20 E. They inelude the highest susmit in Arctie
lorwey, Suliskongen, 1914 m, The slopes of the mountains ave covered
by extensive glaciers, but above the 900 metre contour vegetation is
scant and during the summer the rocks are very well exposed for
geologioal study. Glaciation was clearly far more extensive in the
recent past, with ice-soratehing and polishing, roches moutonndes, and
old moraines widely visible on the lower slopes of the mountains,

The action of the ice has tended to emphasise variations in relief due
to varying hardness of the rocks, and this has proved very useful
during the field investigation of the gabbro., The high ground covers
an area about 12 im. E~W by 10 km, NeS, matohing approximately the
outerop of the sSulitjelma gabbro complex,

A classio account of the geology of the whole Sulitjelma
region was given by Th. Vogt (1927) and the Swedish Sulitjelma region
has recently been deseribed by Kautsky (1952) as part of his
investigation of the Sulitjelma~Salojsure region. The greater part of
the mountains, including their highest summit, lie in Norway, and were
mapped geologically by the present writer during the suzmers of 1963,
1964 and 1965, (See map in pocket).



The Nerwegian part of the Sulitjelma massif consists of two
areas of high peaks separated by a lower col at 1200 ms covered by an
icecap~like glacier. The northern, smaller part of the massif
consists of three summits (heights 1702 a,, 1688 m. and 1798 m., from
W to Ey gerse 543520, 549521, 556527) on a rounded ridge running about
2 km, SW=NE, known collectively by their lapp name, Sorjusfokka or by
their Norweglan name, Kokedaltind, The southern massif is higher and
nuch more extensive and consists of the suwmits (from W to E),
Vardetoppen 1722 m., Stortoppen 1830 m,, Vaknadokka 1700 m., Foint
1717 m., Foint 1787 ms and Suliskongen 1914 w. (g.ras. 547481, 553482,
561467, 574492, 588493, 599484), Apart from Vaknadokka these form a
rather discontinucus ridge crossed by snowfields between Storteoppen
and Point 1717, between Foint 1717 and Point 1787 and between Foint
1787 and Suliskongen. The ridge runs in an are for about 5 im.
oonvex to the north, forming a wall of peaks north of the main
Sulitjelma glacier, which Vogt referred to as Salajekna. The peak
Vaknaooklka lies to the 3W of the main glacier, separated from
Stortoppen by a deep owm with a small glacier falling into it from the
sain glacier.

To the south and north the srea is bounded by lakes, To
the south lies lLamivann and to the north the two lakes Fvre and Nedre
Sorjus, lying in the eastern part of the valley Sorjusdal, which runs

down to them from the extreme N¥ cormer of the gabbro ocuterop. To



the west the mountains are bounded by a high, rather irregular
depression, containing a nusber of small lakes, a group in the north
being known as Smasorjus, and a group further south as Duoldagop.

The well known Sulitjelma copper minea lle to the SW of the
Sulitjelms mountains, after which they are named. The nearest
settlement is at Ny Sulitjelma, which was used as a base during the
inveatigmtion, while most of the umines are onm the northern side of
a deep valley, Ny Sulitjelma lies up at 550 m. in the mouth of a
large ¢wm, about 3 kms S of the Duoldagop lakes.

Accesa to the mountmins 18 simplified by the existence of
two alternative footpaths into Sweden, which are conspicuously marked
by the Sulitjelma Turistforening (Rambling Club), who have excellently
equipped mountain huts at the western ends of Lamivann (g.r. 521460)
and Zvre Sorjus (gere 543552)¢ The tracks leave from Ny Sulitjelma
and go to the head of the cwm where they diverge (at g.r. 506483),
The western track them goes north between the two lakes of Duoldagop,
passes east of the Smasorjus lakes and over a pass into Sorjusdal. It
runs down the southern side of the valley to the western end of fvre
Sorjus, and then south of the twe Sorjus lakes and north of Hammeren
into Sweden. The eastern track crosses a lov ridge into the wvalley
north of Vardetoppen, goes up this to the glacier, and ocver the snow
col between the two massifs of the Sulitjelma mountains., From the

other side of the glacler it proceeds north down the wide shallow



Geological sketch-map of Sulitjelma,

Scale 1:100,000. Based on earlier geological maps by
5 j8gren, Vogt and Kautsky, and recent work by Henley,
Larsen, Nicholson and Mason,
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valley west of Hammersn to rejoin the vestern track south of Nedre
sorjus (gere 602963)s At the sastern end of Nedre Sorjus the tracks
pass another mountain but velonging to the Swedish Turistforening.

he central area of the sulitjelma mountaine is couposed of
the rocks of the Sulitjelma gabbro complex. Those form all the
highest summits and with their sotamorphis derivatives cover an
estimated area of Lkt square \m. on the Norwegian side of the border.
I1f, as Kautsky's map indicates, there is about half this area on the
Swedish side of the porder, this figure agrees well with the figure of
65 square loas given by Vogt for the area of the olivine=-gabbros (Vogt
1927, 261)e

The principal rock type of the gabbro complex is olivine=
gZabbro, wvhich appears in the fisld ns o WASSLiVe, :cllov-uoathoring rocks
Seme bands show large, daricy ophitie crystals of pyroxsne on wemthered
surfaces, MNore basic gabbros, peridotites and pyroxenites also oogoury
which normally veather rusty bLrowil, and have & characteristie irregular
weathered surface, There are also rocks conslsting of some 90%
1abradorite, and in the field these cen be recognised bY their vhite
golour. IR joealised regions within the complex, and over sm extensive
ares in its SW corner the primary igneous rocks have bheen uralitised, to
produce massive green aetagabbros, which still display many of the
features of the unaltered gabbros, auch as bending and reliet ophitic

texture, In & few places the gabbro has had & crude schistosity
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imposed upon it to yield a rather soarse=grained amphibolite, not
displaying any obylous gabbro features.

The struoture and petrography of the complex will be
described later.

Surrowmding the gabbro comloxtothoﬁanﬂw is & sone
pnormally less than 10 m, thiok, of messive hornfelses or their
derivatives, There is also an area of pognfelsed contact rocks 3 of
the gabbro complex on Vaknadokka, and in the cwa between Vaknacokka
and Stortoppen.

Associated with the gabbro complex are igneous brecclas.
There is a large outcrop of these on the ridge N of Point 1787, N¥ of
suliskongen (gere 590500) and ssaller outcrope at the contacts of the
complex in the valley NE of Sorjusdokka (gexe 568527}, on the northern
side of Jorjusdal (gere 527595) 4 neAT smesorjus (gere 517533) and om
Vaknadokka (gers 558464). These rocks have a light coloured matrix,
vith an igneous texture, usually rich im biotite, and contain particles
of country rocks of varied composition, now thermally metamorphosed to
hornfelses.

The country roocks surrounding the gabure gomplex have been
assigned to two tectonic units in this thesis, Their names have been
taken from Kautsky's divisions of the Seve nappe &cross the border in
sweden. (See pel7 Jo The gabbre and the rocks with wbdich it lies in

primary igneous contact are assigned to the Gasak nappés Struecturally



below these rocks lie amphibolites and schists, which can be traced to
the E into rocks assigned by Kautsky to two nappes, the Vasten nappe
above and the Pieske nappe below. In the area studied there is no
evidenge of a major structural or stratigraphical break in this
sequence 50 the rocks have been grouped inte one unit, which will be
termed the Pieske-Vasten nappe, Henley (in preparatiom) describes
these two strustural uniis as the upper and lower unit,

Throughout the region to the south of the gabbro complex at
the contact of the Gasak and Pleske-Vasten nappes is a horizom of
amphibolites containing lenses of metagabbroic character, and aleo
lenses similar to the metaporphyritic amphidolite lying at the top of
the Fieske-Vasten nappe, The writer considers this horizon to
represent a tectonic malango formed at the contaot of the two nappes.
The evidence for this view will be presented later. The field name
“dioritic gneiss" was given to this unit because of a superficial
resemblance between the metagabbro lenses and a coarse-grained diorite,
and becsuse two of Vogt's analyses froa this horizon (Vogt 1927, 305~

306 snalyses XX and XXI) approximate to the composition of diorite.



2, Historioal and gggvious rosealrthe

e Sulitjelma area has been of interest to geologists and
other natural historians for two main reasons. The first is, of
course, the important deposits of copper ore vhieh are mined in the
settlement of Sulitjelsa, the second the fact that the Sulitjelma
mountains are one of the highest mountain massifs in northern
Scandinavia, The early period of geological research in Sulitjelsa
1s susmarised in Th. Vogt's Hemoir (1927) and he also provides a list
of publications about the ares. However, since his account is in
Nopwegian, & brief susmary of work which relates to the gabbro complex
will be given here.

A remarkable soientific study of the glaciers of the
Sulitjelsa mountains was made a8 tarly as 1808 by the Swedish natural
philosopher C. Wahlenberg, who camped at Virijaure in Swedish
sulitjelma, ascended SuliskongeD, and produced a map of the peaks and
glaciers. J. D. Forbes in his book "Norway and its glaciers"
(Edinburgh 1853) zave a good account in fnglish of vahlenberg's work
(p. 228-229). He considered Wahlenberg's study to be comparable in
quallity with De Gaussure's work in the Mont Blane area qd far in
sdvance of any other glaciological studies sade in Scandinavia at the
time.

The firet geologist to visit Sulitjelma was K. Fettersea in

1875, e jdentified gabbro boulders in the moraine below the southern



gulitjelma glacier, and therefore puggested that there was gebbro in
the high peaks) although according to The Vogt (pe 3) ™he atill
interpreted them a&s essentially formed of sehist", However, he failed
to disecover the ore deposits, The ore was discovered shortly after by
a lLapp, Mons Fetter, snd a brief account of the deposits was given in
1879 by T. lassen who led the first niners %o the region. Heanvhile
¥, Svevonius in 4877 found gabbros in situ in the morthern Sulitjelma
sountains, He later returned to Svedish Sulitjelma and described the
olivine=bearing rocks of that area, inoluding those of Hasmeren, im
1896+

J. He Lo Vogt also first visited Sulitjelma in 1877 while
working for the Norweglan geologlcal surveye He ascended Vardetoppen
and in a survey memoir (1890) gives a brief desoription of the gabbros,

metagabbros and amphibolites he savw on this exeursions

EME and dipping porthwards, up to a height of about 1250 me above sea=
level, - therecafter follows first ' f1aser=-gabbro’ eee and later the
ordinary massive gabbro which is sometimes fresh, though most often,
as for example on the peak of Yardetoppen, strongly altered".

J. He Le Vogt visited Sulitjelma frequently in subsequent
years, but his work was primarily congerned with the gopper ores He
came to the conclusion that the ore had formed megoatically, in
association with the injection of & large gabbre i{ntrusionj am idea
nis son Thorolf was to extend and clarify in his 1927 memolrs

1n 1892 a systematio geological survey of the Sulitjelma



district was begun under lijs Sjgren, with C. Nordenskj¥ld and
p, J. Holmquist acting as his asaistants. The results of this work
were published in the Geologisks Fyreningens PYrhandlingar of Stoekholm
at regular intervals over the next few YOars, the final resulte being
published in 4900 along with & remarkably detailed 1175,000 geologioal
map. Sjdgren established a stratigraphical sequence for the various
metamorphic rock=-types in the area which is compared with the sequence
proposed by the present writer in table 1. (facing pe3B)e He was also
the first to descride the fossiliferous marbles east of Lamivanne
There can be 14ttle doubt that vhen this work uwas complete the Sulitjelma
area was one of the best deseribed and mapped parts of the Caledonian
mountain chaine All subsequent researchers in Sulitjelsa owe & great
dedt to Sjigren and his so=workers for their gareful works Th, Vogt
aclmovledged this, dedicating his memoir on the Sulitjelma area to
5j8gren, but since it is the English sumsary of Vogt's memolr whioh has
been most widely read, 3jdgren's work has tended to be overlookeds

The next fov years aaw the continuation of geological and
sineralogical work on the ora=deposits. Sjégren considered the ores to
be "epigenetic" in origin i.e. O have formed from fluids percolating
along planes of movesent, shile J. He L. Vogty We Co Rrggger and
G, W. Carstens considered them to be magmatice In the preperation of
the local sheet of the 11200,000 geological survey, G, Holmsen mapped

the northern gontact of the gabbro gomplex from smdsorjus east to the
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swedish border. In 1921 T™h. Vogt published his first paper about
ulitjelma “Om Sulitelmakisenes geologl" and in 1922 a gemeral SUBBATY
of the work he expounded later in his memoir.
The publication of Th, Vogt's memolr ngulitelmsfeltets geclogi of
petrografi” (The geclogy and petrography of the ylitjelma region) in
1927 marked the end of the early peried of research in Sulitjelma.
Vogt susmarised and interpreted the work of the earlier researchers and
added a wealth of observations of his owi. He was interssted in four
major jinterconnected problems i=

1, The wode of origin of the copper orese

2¢ The relationships between the various basie igneous or meta~
jgneous rocks.

3. The progressive regional metamorphism of the Furulund schists.
4, The relationship of the fossilifercus marbles to the other
metamorphic rocks, and the light this sheds on the age of the rocks of
the Norwegian Caledonides as & wholes
It is fair to say that these remain outstanding probleas in
the aream. vogt conasidered Item 1, the crigin of the ore, to be 80O
important that it was to have & vhole volume of the memoir to iteelf.
Unfortunately this was never written, The volume whish was published
dealt comprehensively with Ttems 2, 3 and 4, This thesis is concerned
primarily with Item 2, the dasic igneous rocks. K, J. Henley has been
studying Item 3, the progressive regional asetamorphism of the Farulund
schists and R. Nicholaon has been studying Ttem 4, the fossil localitye

Yogt considered the Sulitjelma gabbro complex and the
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amphibolites to the south of it to be parts of the sume intrusion,
vhich had sill-like extensions to the north~east into Sweden and to the
vest and south in the thin samphibolite and greenstone layer which
persists throughout the Sulitjelma arsa just above the ore bodies. The
southern (lower) part of the imtrusion snd its sill-like offshoots had
been retrogressively netamorphosed and he mapped a sequence of zones of
jnoreasing retrogressive astasorphiss withim 1t (Vogt 1927, 2B2-283,
figse 71 and 72)e This intrusion he called the vgreat Sulltjelma
phbagolite’s OB Pe 280, he listed the assemblages charmeteristic of
each zon®, gsubdividing the sones yet further into a total of fourteen
subgzones. lie considered that these Eones represented & facies-sequence
and that they had formed under progreasively 3ifferent conditions of
petamorphism of the gabbro, He also emphasised that this process
ccourred simultaneously with the regional setamorphiss of the country
rocks.
1¢ is probadbly best to use Vogt's own words to explain the

sechanism by which he thought the intrusion formed (Eaglish summery
477478

wi, The pressing up of the magma BAsses from the unknown depth
geems %o de directly connected with the folding down of & mountain range
trough, that caused a hydrostatic rise of the magmi. This extensive
vertical movement in the Harth's crust is mainly of a flexure~like
pature without vertiocsl faults or subsidence of blocks. At the bottom
of the mountain range trough fractures and absorptions say have taken
plage, but nothing definitely is known about this.

2. The strata iptruded by the magma have been heated to a
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relatively high temperaturs which has been fairly uniform over large
areas. vithout entering into & disoussion of the relation between
the magsa injections and the regional metamorphism, & relation that
apparently existe, it may be stated that the magama, 83 a rule, intruded
strata that were already heated.

3, The uagsa is under the influence of the mountain range stress
which is gonceived of as a combination of a load and a pushing pressure
resulting in & partial movement of the stratae

4k, As a result of the combined mction of the high temperature of
the strata and the mountain range stress the magma is enabled to
migrate as an independent mass along the bedding planes, covering large
areas before it finally comes %o rest.

5, Owing to the presence of the mountain range stress the
ignecus masses may be pushed horisontally over considerable arcas of
theiy substrata after their orystallization. This especially takea
place in the sarginal areas.”

Vogt added eight analyses of gabbros, amphibolites and
chloritic rocks from his nphacolite” to the three analyses made for
5jdgren, FHe related the compositions of these rocks to Bowen's (1914)
and Anderson's (191%) synthetic data on the systeus forsterite-albite=
aporthite, torntorito-diopsido-cnorthito. forstorito—clinoonatntiu-
anorthite and hypcrlthono-albiu-northtto. He noted that the more
plagioclase rich rocks contained more magnesian olivine, and considered
that early oryutalliution of olivine and 1abredorite had ocourrad,
followed by later erystallisation of hypersthens and clinopyroxen®. He
attributed the dioritic composition of the smphibolites in the offshooting
gills of the phacolith %o & f4lter pressing msechanisa, vhich renoved &
dioritic magma from & crystal mush of initial gabbro composition. He
gave 2 careful desoription of the mineral composition of the amphibolites

in terms of the gacies-concepts Altogether his pemolr is an attempt to
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apply the relations observed in synthetic systems to an actual grouwp of
basic igneous rocks, and 1t is a tribute to Th. Vogt that it was written
in the same year as N. L., Bowen's "The Evolution of the Igneous Rocks"
(1927) which introduced this approsech to igneous petrologys

neferences will be made to Ta. Vogt's memoir throughout this thesis,
and his ideas will be considered in more detail where appropriates He
eontinued as director of the Geological Institute of the Norvegian
Technical University at Trondheinm until 1951, and under him a number of
diploma students wrote theses on aspects of Sulitjelme geologye These
are moatly eoncerped with the problem of the ore genesis, and so do not
soncern this thesis directly, although some of them describe the
petrography of the amphibolites associated with the ore in some details
Papers on the geclogy of the ore deposits were published bY Carstens
(1932) and Krause (1956)s  The magmatic nypothesis for the opigin of
the ore was abandoned, as evidence grew for a complex sequense of ore=
produeing ovenis.

The first major challenge to Th. Vogt's synthesis came from

3. Kautskye He undertook an extensive programse of geological mapping
in the years 1945~7 in avedish Sulitjelma and the Salojaure region to
the porth in what was Dow the Sarek Nationmal Parke He published the
results of this work in 1952, In this area the metamorphic rooks of
the Scandinavian Caledonides can be SeeR to be thrust over a basement

of granitic Archasan rocks, and a thin layer of Hyolithus gone Cambrian
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gediments, in a manaer analogous with the Moine thrust over the
Lewisisn, Torridonian and Cambrian rocks in the NW Highlands of Scotlande
The metamorphic rocks are described by Swedish geologists as the “great
Seve nappe’e

Kautsky considers that in the Sulitjelma region the Seve nappe
can be further subdivided into three nappes vhich he cnlls (from the
base upwards) the Pleske nappe, the Vasten nappe and the Gasak DApPP®s
To the north of Sulitjelma a fourth nappe is present between the Vastan
pappe and the Gasak nappe, called the Salo nAppes He describes the
1ithologies of formations within the nappes in detail. He considers
the Sulitjelma gabbro complex to be {ptrusive into the highest nappe,
the Gasak nappe, the porphyritic amphibolites to the south of the gabbro
gomplex to lie in the Vasten nappe, and the Furulund schists below the
ore horizon to lie in the Pieske napp®. The thrusts between the nappes
sormed after the main regional metamorphiss, though a system of large
scale snticlines and synclines, including the Langvani anticline which
folds the ore bodies, rormed after the thrusting. HKautsky also suggeats
that the Sulitjelma ore bodies formed from ore-bearing fluids permeating
along the thrust at the base of the Vasten nappe, and cites the “en
echelon” relationehip of the Charlotta, Giken and Palmberg ore bodies as
evidenoce for this point of view (pe 203)s He gives a ecorrelation table
(pe 206) showing how his 14thological divisioms compar® with those of

S538gren, Holmguist and The Vogte
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Kautsky's important suggestion, that Vogt's “Sulitjelan
phacolita“ je in fect a basie igneous complex lying above & formation of
zetamorphosed laves, with @ major tectonls preak between the two hes

been mcospted by the present writer (pe 5=6) and evidence to support

3ince 1951, workers from University College, london have been
engeged in detailed geological work {n the coastal parts of lorway at
the latitude of Sulitjelma and to the south. Huch of the ground has
veen geologioally mapped on & seale of about 1116,000. Interim reports
on this work were given to the 218t Internationsl Geologioal Congrees in
1960 (Hollingworth, wells and Bradshav 19603 Rutland, Holmes and Jones
1960y Ackermen and Niobolson 1960) and & detailed review of the
structural conclusions of the work was delivered to the Geologionl
Socdety of Loadon 1ast year (Rutland and Nicholson 1965)¢ The work 0
tar has been mainly strustural, and has shown that in the central belt of
the Caledonides, the mebtsmorphic rocks have undergone polyphase
deformation in a aimiler menner to the metamorphic rooks of the Highlands
of sootland. [fowever, although the dcminant mode of deformation im the
rocks has been by plastic deformation, Rutland and Nicholson also
consider that jmportant thrust structuras occour (see their goneluding

discussion Pe 101-102) »
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3. Secpe of the nrcunt ;asoareg.

Thus recent work, both to the west and east of Sulitjelma,
nas suggested that thrusting played a significant role in the formation
of this part of the Caledonian mountain belt. The presence of a major
thrust in the Sulitjelma region itself would clearly upset much of The
Vogt's synthesis of the geoclogical structure and history of the areae.
1t was for this reason that new research in Sulitjelma was undertaken.
Henley began work in 1962, and the present writer and lLarsen, of the
University of Cslo, in 1963, licholson and Rutland have been extending
the detailed work from the coastal region neaxr Fauske to Sulitjeloma, and
a paper on the section from Bods to Sulitjelma is ehortly to be published.

The writer of this thesis was therefore faced with the

following problems vhen he commenced work 1=

41, vas The Vogt's "Sulitjelma phacolite” in fact one lgneous
jntrusion, or was it two unrelated grovps of basic igneocus rogks, on
either side of major thrust plane?

2. If this was the cas®, vhat was the form of the Sulitjelma
gabbro intrusion? Vas thers any validity in The Vogt's differentiation
sequence and setamorphic faciss sequence in the basic rocks?

3, uas the thrusting of the post-notannrphie aature proposed bY
Kautaky, or of the disjunctive syn=I (pro—not-norphic) nature of the
nappes described by Rutland and Nichlllan?

L, How would the thrusting affect the stratigraphical sequences
determined by Sj¥gren and Vogt?

1t is hoped that this thesis will provide partial ansvera to

these questions.
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CHAPTER ONE
&tratm of the Country RockSe

The author puts forward the following tentative stratigraphical

Gasai Nappe (Upper Unit)

western sequence at Duoldagop Iastern sequente S of Sorjusjaure

(g) Cale-silicate group of DuoldagoPe

(£) Micmceous psammite with marble bandse

(¢) Kysnite=schist group. () Kysnite-schist groups
(d) Calcareous somi-pelite.
(¢) Calcareous amphibolites
(b) Graphitie schiste
(a) Calcarsous anphibolite.

Pieske-Vasten Nappe (Lower Unit)

(d4) Porphyritie smphibolite.

(¢) Schistose amphibolite grovpe

(w) Intermittent thin miemoeous quartsite.

(a) Furnlund schist groupPe

1, The Pieske-Vastenm Nappe (lower Unds)
(«) The Furwluad schist ETOuPs

An exteansive study of the Furulund schist group has been made
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by Henley. The writer has therefore begun his study above this
horizon. lowever, for the sake of completeneas, & brief account of
the Furulund schist growp is given here.

The group consists prodomi.nanuy of calcarecus mica=aschists
of varying grade, as desoribed by Vogt (1527) and Henleye There is a
characteristic sineral lineation in some horizons, produced by needles
of hormblende lying in a preferred direction upon gchistosity planes.
Henley has described the structures within the Furulund grouPe Two of
his fold types have been identified by the writer immediately belov the
contact with the schistose amphibolite group in the area north of
Lamivannj ¥, folds on E~W trending axes F}. folds on li=5 axes (see
table 2)e

Thers are schist bands in the schistose amphibolite horizon
above the furulund group vhioch are similar in 1ithelogy and structure
to the main Furulund schist grovps put lie smong rocks which Vogt thought
were part of the great Sulitjelma phecolitee

t of the Furulund schist and

(») Micaseous Emtuto at the contas
the schistose a® bolite .
This 4is & vhitish pioageous rock, forming a band up to about
3.l metres thick between the Furulund schist and the overlying sohistose
amphibolite grovpe It is only found esnst of the streas running inte
1amivann from Otervande (The outerop begins at about geres 550451)e
In pleces rusty weathering bands, about 1 m thiclk, equivalent tO the

pyrite impregnated norison found further to the west, occur above and
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"Lensoid" character of micaceous psammite.
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below it. It has a cleavage parallel to that of the rocks above and
below, and in places is closely interbanded by schist. The regional
lineation, expressed as a mineral elongation, ocours withim this unit,
In detail it sometimes shows a "lensoid" structure, similar to the
structures found in the schistose amphibolites above (fige 1.1).
(¢) T™he schistose amphibolite group.

The lower contact of this group corresponds to the base of
Vogt's "Sulitjelma phzoolite", and this group and the porphyritie
amphibolite mbove he included in his epidote-amphibolite zone within
the phagolite. The contact runs WNW to ESE along the steep slope north
of Lamivann, the amphibolites formimg high ground to the north, and the
Furulund schist group lower ground to the soutk, The contact dips
northwards into the hillside, as can be clearly seen for example where
the stream running out of Ctervann has cut a deep chasa (g.r. 533460).
The schistosity near the contact is parallel to it.

Lithologioally the rocks within the group vary considerably.
Near the bese chlorite s¢hist bands are common, In the Otervann ares,
throughout the group, but more particularly near its base, calcarecus
rocks ocours ast of Utervann (g.r. 537459) there is a band of impure
marble about a metre thick above the lower schist strip, but at the lake
a greenstone veined by calomrecus material is more commonly found at this
level. The greenstone particles show a WNW-ESE elongation, parallel to

the reglonal lineation. Similar rocks are found rather less frequently
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in the group all the way east from Otervann to the glacier.

The group attains its greatest thickness on the plateau
immediately east of Ny Sulitjelma. The rocks here are fairly unifors
schistose amphibolites. FHowever, north of Ny Sulitjelma, Jjust west of
the point where the tourist tracks cross the upper schist strip there is
a patoh of gonglomeratic rocks with a caloarsous matrix (g.r. 502485).
These were mapped and descrided for the writer by R. Frankland in 1964
(21ge 142)0

The varistion within the unit may be seen by considering the
section through it at Ctervann (fig. 1.3)s Below the base of the
amphibolite horison, inm the Furulund schist south of the lakes, there is
a thin sone about 3 metre thick of achist which has been impregnated with
pyrite, and also contains a vein of asbestos. This is the eastern
extension of the ore-horizom which is mined in Sulitjelma, Impregnation
by pyrite is found just below the base of the amphibolites to the cast as
far as the glacier, sometimes in one thin band, in other places as two.
However, ore suitable for economic exploitation has only been found for
1 km or so east of Ny Sulitjelma, and working of all ore east of Ny
Sulitjelma has now ceased,

The basal band of the schistose amphibolite group forms a
barrier which dams up the southern lake of Ctervann, It consists of
schistose amphibolites with calcareous veins without any lineation, and

ehlorite schist, North of this lens comes the lower mica=-schist strip,
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which has a band of shesred pegmatite lying in it, parallel to the
schistosity and the contacts, lNorth of this comes a thioker horison
wvith rather more massive amphibolites, containing much calcareous
material surrounding elongated fragments, producing a N¥=-trending
lineation with a gentle plunge (see structural overlay in pocket).
There is a parallel elongation of needle-like hormblendes. There are
also thin impersistant lenses of sohist and quarteite.

The upper achist strip ia garnetiferous. The garnets ahow
tails on the schistosity planes parallel to the linsation which occurs in
the rocks below. The achistose amphibolite group to the north contains
rather more massive amphibolites, though some bands are still calcareous,
Bands of porphyritic massive amphibolite appear alsoc., There are still
bands of chlorite schist, Some of the amphibolitie rocks are composed
of numerous elongated particles, and may represent stretched conglomerates
or agglomerates. ZEventually the massive porphyritic bands predouinate,
and the rocks are then assigned to the porphyritic amphibolite Broupa
(d) The porphyritic amphibolite.

This unit is characterised by bands of msssive amphibolite
alternating with bands of more schistose amphibolite. Vogt deacribed
this rock-type as "epidote-amphibolite without clinomoisite" (p.303) as
follows it~ 'On the plateau between Ny Sulitjelma and Vardetoppen «.e
two different types appear. One is coarse flaser-gabbro with rather
large felspar fragments, and the other a fine-grained and dark, almost

black amphibolite, in which one can scarcely see anything but hornblende
without a lens".



Kautaky also describes this unit (p. 67-75), and gives it the
name “porphyrite-amphibolite", which has been adopted in this account.
The coarse-grained bands contain white patches which are sither erystals
of felspar or pseudomorphs after felspar, sot in a fine-grained
amphibolitic matrixe The crystals appear rectangular in the sections
seen on the rook surface. The bands of this rock do not show any
schistosity or foliation. The ratioc of "meta-phencerysts" to "groundmass™
varies from band to band, some bands containing more than 50% of the
metaphenocrysts, as estimated in the field, The nassive bands vary in
thiciness from about 1 m to about 10 m,.

In the emst, on the "peninsula" of rock projesting north
betwesn the Norwegian and Swedish branches of the main Sulitjelma
glacier, dykes of finee-grained amphibolitic material were found cutting
the porphyritic amphibolite (gere 595454). Kautsky describes similar
dykes as charasteristic of this formation in Sweden (p, 220).

The outcrop of this unit ceasea abruptly to the west on the
plateau west of Vardetoppen (g.r. 515485) although to the east it
quickly becomes a thick band {(about 500 metres on Vaknacokka). The
lithology is resarkably uniform from the west to the east of the outerop,
80 1t seems unlikely that the disappearance to the west can be the limit
of all the original lava-flows, It seems more likely that the unit has
been cut out tectonically by the thrust sone under the Gasak nappe.

This theory is supported by the frequeat presence of lenses of the



porphyritie amphibolite in the base of the dioritic gneiss,

The fine-grained bands show a schistosity parallel to the
bands of more massive amphibdolite, and slso displey & lineation of the
hornblende needles which is parallel to the lineation in the schistose
amphibolite below and the dioritic gneiss above. Occasionally lenses
of schist, with large gernets, are found among this group. The bands
of massive porphyritio amphibolite frequently show houdinage, and more
rarely bands of massive fine-grained amphibolite have been seen with
the same structure.

In & few localitiea to the esast, on the rock promontory in the
glacier and above the cliffs north of Lamivann the porphyritie
amphibolites are net-veined by lewsocratic material.

Conclusions comcerming the lithology of the rieske-Vasten nappe.

The persistance of the regional linseation of the Furulund
schist up into the predominantly amphibolitis rocks deseribed above, and
the presence of the two schist bands of similar lithology to the
Furulund group suggest that all these rocks belong to the same sequence.
The presence of intercalations of schist and more rarely of quartsite,
vhick lie parallel tc the lithological banding in the amphibolites,
makes Vogt'a theory that these rocks represzent the base of a large
netamorphosed gabbroic intrusion, extremely unlikely. The porphyritie
appearange of some of the amphibolites, and the primary fragmental
character of some of the rocka in the schistose amphibolite group alseo



make this theory implausible.

On the field evidence, the writer regards these rocks as
wetanorphosed volcanic and hypabyssal rocks with sedimentary
intercalations, and petrographical evidenee will be brought forwerd
later to support tbls view (see aleo Kautsky p. 67). Thers is no
evidence in this area for a major structural break at the base of the
schistose amphibolite group, as Kautsky suggests. The lensing-out of
some parta of the schistose amphibolite group to the esst into the
Furulund achist group may represent a facies change from volcanic rooks
in the west to pelites in the east,

The amphibolitic rocks are therefore regarded in this account
as the stratigraphical continuation of the Furulund schist group. They
now lie above the Furulund schist, but no sedimentary structures have
been found which might throw light onto the original way-up of the
sequenceé., Sinee the Furulund schist in turn overlies fossilifercus
limestones of Ordovician age (Vogt 1927, p. 481, Kautsky 1952, p. 27-35)
apparently without a structural or stratigraphical break, all the rooks

of this sequence can confidently be assigned to the lower Falaeozoie.

The rocks of the Pieske-Vasten nappe north of the Sulitjelma gmbbro
gomplex.

In the valley which runs north from the Sulitjelma massif into
Nedre Sorjusjaure occur meta=igneous rocks which the writer considers
also represent part of Keutsky's Pieske or Vasten nappes. They show &

marked contrast in lithology and structure with the surrounding roeks
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(see map in pocket).

They conaist of smphibolites, some of which show distinct

ophitio texture in hand-specinem, along with more leucocratio rocks.

The rocks are banded, and sometimes the leucocratic types can be seen

to vein the ampbibolites, but the charsoteristic “porphyritic amphibolite™
type is not seen. The bands have a predominant NE-5W strike and dip Nv,
and a lineation is developed along the strike., This is in marked
contrast with the rocks meen higher up the sides of the valley which are
very caloareous schists foraming a series of minor closwres round even
more calcoareous rooks which might be termed calcareous semi-pelites or
ispure marbles (g.r. 580559). To the east above the amphibolitie group
is a thin band of marble and tale~schist, (g.r. 601550) and above this
sgain the ultrasafic rocks which form the mountain Hammeren.

East of !iasmmeren thers is an extensive outerop of very pure
yellovish marble, mapped by Kautaky as ‘marble with soda-granite veins",
in the Vasten nappe. 4 amall area of the region with amphibolite,
ultra-safics and marbles was mapped S¥ of Hammeren {g.r. 599541) by R.
Frankland, with the writer making the structural observations - a
reproduction of Franklsnd's map is fig. 1.4 and gives some idea of the
complexity of this region. It cannot be said that the structural
relations of the various rock-types in this area have been worked outy and
the writer is following Kautaky in assigning the marbles to the Pleske-

Vasten nappé.
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Between the amphibolite group and the rocks above ocours &
thin junction unit which will be described in more detail a little later.
The gontact is nearly horizontal in the south but runs steoaply down %o
Sorjusjaure in the north.

On the scanty evidence so far obtained from these rocks it is
not posaible to corrslate them with any particular unit in the sequence
to the south of the gabbro complex.

Junction Units.

(a) The Dioritic Uneiss.

It should be euphasised that this name was given because of
the appearsnce of the rocks in the field and has no genetic coannotations
whatever, The unit is found im a conspicuous band from west to east,
with its eastern extremity concealed by the glacier. Itz thiokness
varies considerably, from about 100 metres in the extireme weat of the
area to about 350 metres below the lower sumait of Vaknacokkas A8 &
unit it is oharmcterised by -

1. The presence of lenses of coarse-grained amphibolite ("diorite™)
composed of large crystals of hornblende and felspar,

2. The presence of & well-marked lineation of the hormblende
erystals in the coarse-grainsd lenses mentioned above and alse in the
finer-grained perts of the rock. The rocks within the unit are all
smphibolites, and near the contact with the gabbro some of the coarse-

grained lenses show the yellow weathering which indicates the presence of
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unaltered pyroxenes and olivine {a their cores., Theeontact of this
unit with the gabbro complex is a gradationsl one and the actual line
drawa on the map between "metagabbro" and “dioritic gneiss" is rather
arbitrary. The contact was taken whers the amphibolites seemed to be
beginning to show a welledeveloped secondary schistosity, although well
within the area mapped as metagabbro patches of rock with a distinct
secondary schistosity and lineation of hornblendes were found,

On Vaknadokia however, there is a patch of hornfels and
igneous breccis between the dioritic gneiss and unaltered gabbre, but
unfortunately a snowfield cbscures the gontaet with the dioritie gneisa,.
The gneiss on Vaknadokka does not show guite so well developed a
lineaticn as that further west, and the very coarse amphibolitio lenses
are larger, but otherwise there ie little variation in the lithology
from east to west,

Granite veins, now very deformed, are found in the gneiss in
one locality in the western part of the outerop. The coarse-grained
gneiss fragwents enclosed in the granite veins show a banding which
clearly formed prior to the injeotion of the granite; it can also be
seen that this banding was earlier than the predominant foliation of
the gneisa (figs. 1.5, 1.6),

The dioritic gneiss unit lies on the extension of the
contact between the Jasak and Vasten nappes, mapped by Kautsky in

Sweden, The ressons for assuming that it represents a junction unit



Fig. 1.6, Structures in the dioritic gneiss,

2. Early banding in coarse grained lenses of dioritic gneiss,



between the Gasak and Fieske-Vasten nappes are as follows ie

e The variation in the rocks found in contmet with this unit
above and belows In the west the dioritic gneilss lies above the
schistose amphibolite group, while to the east it lies above porphyritie
amphibolite, whioch steadily thickens eastwards. In the extrems west
marbles and micaceous psammite lie above it on the ground now being
mapped by J, L. Larsen. Proceeding esastwards, it is overlain by very
deformed granite and a patch of very contorted calce-silicate rocks,
then deformed and amphibolitised gabbro and finally on VaknaSokka
hornfelses and igneous breccias. while variations in facies of both
meta~igneous and meta-sedimentary rocks ocowr within the Julitjelma
aren, it is felt that these changes are too abrupt tc be explained in
this way.

2, The strong lineation developed within the unit. Thie is
parallel to the lineations developed in the amphibolitic groups below
and in the Furulund schist, where Henley has explained it as due to a
"homogenous strain" mechanism. However, north of the dioritic gneiss
in the west the lineation changes its character becoming the down-dip
mineral lineation and crenulation found in the Yuoldagop region, and no
lineation occurs im the hornfelses and gabbros above the dioritic gneiss
to the east, The very well-developed lineation in the dioritic gneiss
unit, compsred with the rather rere lineation in the metagabbros in the

gabbro complex above and the less wellw-developed linesation of the
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smphibolite rooks below, suggests that in these rocks, wmlike the
Furulund group, strain during the formation of the D2 lineation was

not homogenous, The dioritic gneiss horison was a scne of concentrated
atrain, which is tantamount to calling it the horizon of moveaent of a
thrust,

3« The difference in atructure in the rocks above and below the
dioritic gneiss, The dominant amall soale structure in the rocks below
the dioritic gneiss is the lineation mentioned above, but the schists in
the schist strips also show a variety of small scale folds, which can be
correlated with the sequense of strustures described by Henley in the
Furulund schist groups In the rocks above at Dwoldagop there is a well
marked down-dip lineation, plunging NW parallel to the axes of !‘2 ninor
folds in the micaceous psammite. “hile thess folds may bLe correlated
structurally with the F, phase of folding in the Furulund schist, their
atyle is quite different, Further east the hornfelses seen above the
dioritic gneiss near Vaknacokka are massive but show a banding which was
folded before the alteration of the rocks to hornfels.

The great ocontrast between the rock types above and below the
dioritic gneias makes it impossible to estimate the distance of travel
of the upper unit relative to the lower, as this would require a
correlation of some part of the upper sequence with the lower.

(b) The junction unit south of Nedre Sorjus.

These rooks are rather seldom seen, and ogecupy a layer about
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5=10 me thick between thc amphibolites tentatively assigned to the
Pleske-Vasten nappe, and rssorted rocks of the Gasak nappe. They crop
out near the edge of the lake, and in the beds of small streams running
down the sides of the valley west of Hasmmeren., They are mostly mica
schists occasionally with garnets, but sometimes rather more psammitic
rocks are sssns On the scale of the cutcrop they show no unusual

degree of deforsmation, nor are they more strongly lineated than the rocks
above or belov.

2« The Gassk Nappe. (Upper Unit).

This is the unit of metamorphic rocks into which the
Sulitjelma gabbro complex has been injescted., From the Swedish border
in the east to just west of Vardetoppen the southern contact of the
complex is with dioritic gneiss, although much of this contact is
hidden benesth the glacier. The only excepticn so far ssen is the
small area of hornfelses on the ridge on Valnadokka, mentioned earlier.
Another possible area of metamorphic rocks is the southern part of the
Suliskongen nunatak (see map in pocket ger. 598478) but this has not
been visited, Metamorphie country-rocks are seen to the west and north
of the gabbro, with only one lithological unit being traced continuwously
from one area %to the other, the "kyanite-schiat group".

The roocks surrounding the twin lakes called Ducldagop are
currently being studied by J. E., Larsen for a Diploma dissertation in

the Univeraity of Oslo and the mapping of the moks in this aresa was done



Current bedding in quartzite band in calcareous amphiboliteJ

Figo 1.7.
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by him, However, the lithology and structure of the region are
crucial to any study of the neighbouring gsabbro complex and the writer
is therefore offering a tentative interpretation of tae region based on
a week's intensive field work with Larsen, and numerous observations made
near the gabbro complex on other occasions,

The struecture in the Duoldagop region appears to be aynformal
(for a detatled interpretation of the structure see fig. 2.11), so that
the rocks outcropping near the lakes are structurally uppermost, and the
following sequence is based on this assumption.

There is also one plece of evidence that suggests that the
sequence for the Gassk nappe given on p. 17 may be the correct way wp
stratigraphically; a solitary obserwation of current bedding from a thin
quartzite band just north of the northern contact of the gabbro (see map
and fig. 1.7})s Correlations sc far made with the sequence dessribed by
Kautsky north of Sorjusjsure also indicate that the sequence descrided
here ia the same way up., Kautsky considers that the variation of
particle size in the highly-metamorphosed conglomerate at the base of the
Gasak nappe, overlying supposed basement granitic gneiss, indicates that
the sequence he describes in the Gasak nappe north of Sorjusjaure is the
right way-up.

The lithologiocsl unite will be described as before, from the

lowest upwardis,
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(a) Calcarsous amphibolite.

Theae rocks are ssen in contact with the gabbro complex along
all its north-sastern boundary., They include amphibolites and
calcareous aschists often with peds of calo-silicate minerals, or of
carbonates, They ususlly have a welledeveloped schistosity developed
by the preferred orientation of the micas and amphiboles, This unit is
{ndistinguishable from unit (¢) and the two have only been ngkcd
differently on the map because they are separated by a well-defined band
of graphitic schiste They alsc include a white quarteite band about 1 m.
thick which was deacribed on pe 31.

(o) Graphitic achist.

This forms a well-defined unit running from the complex region
south of lammeren in the east, to the gabbro contact about 1 kme south of
the western end of fvre Sorjusjaure. It la composed of mica-schistsj
typically with quite abundant graphite (enough to mark paper), but also
includes schists without graphite, but with porphyroblasts of kyanite
and garnets similar to those seen in the kyanite-schist unit. The
schistosity planes of the schist are usually steep and the kyanites may
show a preferred orientation.

The outerop is displaced by folds, which are not eanily
recognised in the schist itself, but can be distinguished in the
surrounding cale-silicate rocks, They will be described later (pe55).

fhe continuous line of the outcrop is apparently interrupted in the



-33-

valley west of Hammerem by the thrust separating the Pieske-Vasten and
Gasak nappes in this valley, lHowever, exposure hereabouts is not good,
and elsewhere the band shows zreat variations in thickness. However,
graphitio schists certainly do not appear in the amall gorge cut by the
stream in the bed of the valley (ge.r. 589549) though they appear vithin
100 me on the eastern side, The western side is rather marshy, and
graphitic schists are not seen for some 250 m,

The schist strip is thermally metamorphosed at its contact with
the gabbro complex; the gabbros near the contact at this point are
sometimes enriched in graphite.

(6) Calcareous smphibolite.

This unit resembles that seen south of the graphitic achist,
but towards the north the patches of Mpﬁro marble become more
consplouous, It includes schist and amphibolite horisons, one
particularly massive amphibolite band forwing the line of hills south of
gvre Sorjusjaure, Like the schist and caloareous amphibolite to the
south it displays a lineation,

() Calcareous semi-pelite.

These rocks form the low ground between the two Sorjus lakes,
(this area has not been included on the map) and alse the lower part of
the western slope of the valley west of lammeren (g.r. 580559) where they
shov a complex folded contaoct with the calcareous amphibolites above (in

a structural sense)., They were distinguished from the calcareous
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amphibolite group in the field by their much larger carbonate conteat.
They show a much less diastinet schistosity, and are easily scratched by

a hasmer. They include lenses of relatively pure marble but mostly
contain some mica. Some bands are composed of fragments whioh are rather
more carbonate-rich in a slightly more uicaceous matrix.

At this point in the sequence there is a break, caused by the
two Sorjus lakes and the arm of the gabbro extending to the western end
of Uvre Sorjua, which divides the rocks north and south of the lake.
The country north of the two lakes has only been very scantily
reconnoitered, but at the western end of Jvre Sorjus the kyanite achist
group is seen north of the arm of the gabbro complex referred to above,
Further to the east, the kyanite schist group lies north of the
calcarecus seni-pelite, but no detailed study of this region has been
sade. In view of the inversiom of the sequsnoe on the western side of
the valley west of Hammeren, (geological section fig. 1.8) and in light
of reconnaissance to the north of Nedre jSorjus, the placing of the
kyanite schist group immediately above the calcareous semi-pslite group
pust be treated with reserve, The present proposal is that the arm of
the gabbro has injected the relatively soft calcarecus semi-pelite so
that this lithological group is not ssen at the western end of
Sorjusjaure,

(e) The kyanite achist group.
This group is one of the more characteristic horizons. It




FIG. 1.8.

N-S and B-W geological sections in valley S of Nedre Sorjus.

Vertical scale = horizontal = 1 ¢ 15,000.

Showing an interpretation based on the assumption that there
the sides of this valley. Positions of sections marked on

is a thrust horizon on
structural overlay.




- 35 -

tends to have resisted erosion better than the calcargous groups so far
discussed, and forms & line of hills north of the dorjus lakes, coming
into contact with the sabbro complex west of gvre Sorjus and continuing in
contact with the complex until it is lost azong the complications of the
major thrust horizon to the eouth, lowever, throughout itas contact with
the gabbro complex the width of its cuterop narrows progressively, and
aince the dips throughout most of this region are moatly steep or vertical
it seems that this narrowing represents a thinning of the group. The
group continues across the border into Sweden, forming the peak
Almajalosjakna, and correlates with the rocks Kautsky descridbes as
"staurolite-xica schist" lying in his Gasak nappe sequence.

The rock is a coarse grained mica schist, usually with garnets,
and porphyroblasts of kyanite, which take the form of prisms often with a
preferred orientation parallel to the regional lineation. Forphyroblasts
of staurclite can sometimes also be recognised in hand~specimen by their
yellow colour. Contact metamorphic effecta upon this group due to the
gabbro are rather rerely seen in the field, but sometimes the kyanite
schist alters to a finer grained, schistose rock which is rusty
weathering (e.gs a strip of this rock ocours as s soreen a couple of
metres thick in the gabbro morth of lake 933 in Sorjusdal (g.re 516542).
There is a strong ressmblance between this rock and the “schistose
hornfels" cccurring between the Furulund granite and the gabbro complex,

and it seems that most of the rocks in that strip may be regarded as



contact metamorphosed kyanite schist,

The kyanite schist is distinguishable to the west of
Duoldagop (J. i, Larsen, see map), and also may be correlated with a
thin strip of kyanite bearing schist which occurs south of the lens of
Furulund granite which forms the northern slope of Kobbertoppen, west of
the gabbro (M. Wilason pers. comm.)s The group is lithologically very
similar to the lowest staurclite schist in the Baldoaive sequence to the
south (5jgren, Vogt and iHenley)s The N-S sections given by Vogt
(ple XXXVI) also correlate these two staurolite schist horizons.
Larsen's and Wilson's work will certainly throw more light on this
correlation,

The other members of the Gasak nappe sequence are seen in the
structure at Duwoldagop, lying in the core of the synforms They continue
round to the north of the kyanite schist group north of sorjusdal, but
have not yet been mapped in details (m the esstern side of the Duoldagop
synform they appear as an inverted sequence below the zabbro and
Furulund granite, dipping steeply north-sastwards, while west of the
synform they are almost vertical,

(f) Micaceous psemnite with marble bands.

Sjégren described this unit as “black rusty achist" and Vogt
in a copy of Sj¥gren's map of Duoldagop, (p. 38, fig. 24) calls it
"mgrice fyllit" which literally translated is "dark phyllite", larsen

refers to it simply as "“fyllit" (pers, comm.). ‘The rock is a flaggy
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micaceous psanmmite, very fine grained, splitting easily along well
defined planes which sometimea show crenulations, It weathers a
characteristic rusty colour, and containa carbonate rich bands which
weather out preferentially,

Associated with the horizon are persistent bands from 1-5 m,
thick, of relatively pure marble. In the Duoldagop region these lle
mostly stratigraphically below the psammite (and therefore on the sast
side structurally above it), but north of Smasorjus the marble is foumd
encloged within the psammite, Towards the Swedish border mardle
replaces psasmite ontirely, and this group can be correlated with the
lower of the two marble horizons described by Kautsky within his
staurclite achiet group.

The micaceous psammite has proved a very useful stratigraphical
marker horizon,

(g) Cale=silicate group of Duoliagop.

These rocks are very poorly exposed in the core of the
Duoldagop synform, This 15 a low lying area, covered by glacial debdbrins
and the two lakes, and the rocks are only seen in the beds of a few
streams, Here they appear to be banded calcesilicate rocks, without a
morked cleavage, In the few exposures seen there are no marble banda
or pockets,
Correlationa.

The r»rincipal rock types surrounding the gabbro complex have
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nov been Jescribed. Part of the interest of the Ni Sulitjelma area is
that it is the ground between the Sulitjelma sequence, regarded until
recently as a continuous stratigraphic sequence of rocks which have
undergone regional metamorphism (Vogt and 5j¥gren), and the rocks
described by Kautsky across the Swedish border, which he regards as a
pile of thrust sheets. It has been stated earlier that in the NE
Sulitjelma region only one major tectonic disecordance has been
recognised, and this is correlated with the base of Kautsky's "“Gasak
nappe™.  Correlations within the two structural units are shown in the
accompanying table (Table 1). “here one group in this sequence can be
correlated with sertainty with a group in a previous worker's sequence,
the oontacts of the two units have been joined by a straight line.
Sjdgren numbered his units from the top of the sequence downwards| the

uppermost units in his sequence are only secn in the south and west.
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CHAPTER TW0

The Structure of the Gabbro Complex.

Detailed mapping of the banding and contacts of the
Sulitjelma gabbre complex has revealed something of its original form,
and of the deformation it has undergone since consolidation. Contrary
to the opinion of Th. Vogt {p. 464) the gabbro is not concordant with
the lithological banding or the aschistosity of the country rocks. This
is well illustrated by the graphite schist strip in the NE which runs
into the contast of the complex. The cross cutting nature of the
complex cam also be seen by its progressive transgression across the
kyanite schist group. The ilsclated patch of gabbro west of Duoldmgop
which has been mapped by Larsen is also transgressive with respect to
the lithology of the country rocks and comes into contact with the
micaceous psammite group.

The detailed nature of the contacts of the gabbro complex is
well 11lustrated in the valley Sorjusdal, in the NW part of the complex.
The contact of the gabbro runs along the northern slope of this valley,
but its attitude and direction are very variable., On the hill
immediately weat of Jvre Sorjus (g.re 538550) it can be seen covered by
a poof of hornfelsed schists which form the top of the hill, The
foliation of the sciiists outside the narrow band of massive hornfels is

vertical and is almost perpendicular to the plane of contact, Further
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to the west north of lake 933 at the head of the walley, the contuct is
apparently vertioal and concordant with the schistosity, Here a screea
of hornfels can be seen rumning into the gabbro (g.r. 516542),

On the bed of the valley there is a large raft of hornfels,
now quite massive, surrounded by gabbro (g.r. 534544), It lies along a
continuation of the trend of a large soreen shich ineludes the graphite
schist group, and it is possible that it mey represent a foundered
portion of that soreen. There are extensions of the gabbro into the
country rocks slso, the most spectacular exauple being the wide
apophysis which runs north from the main part of the complex at the
western end of gwvre Sorjus., Another point where the discordance of the
gabbyro complex is seen is on the ridge north of point 1787, where a
screen of hornfels runs across the gabbro outorop (ger. 598508), but here
the situation is complicated by the presence of igneous breceias.

The gabbros of the complex show a distinect primary igneous
banding, produced by variations in the proportions of the main minerals
present, in partioular by the varimtiocn of the ratic of plagioclase to
ferromagnesian minerals (see p,58). It is not strictly rhythmic
banding in the sense that regular layers which are eariched in olivine at
the base and labradorite near the top can be distinguished., Bands from
1 em to several metres thick show different mineral proportions from
neighbouring bends, produsing an appearance rather like striped
sandatone. This banding is very similar to that described in the Newer
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Fig. 2.2, Appearance of primary banding of gabbro complex.

2. Near the summit of point 1787.
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Gabbros of Seotland (Shackleton 1948) dut not reslly like the more
regular banding of the great layoered intrusions,; such as Skaergsard or
Rhum, to which the temm rphythmic banding” is striotly appliocables In
this account the non=commital term “primary banding" will be used.

The banding of the gabbre is discordant with the sontacts of
the complex. This was obeerved in the exireme NE corner of the area
studied, across the Swedish vorder (fige 2e1) and slsmo in the valley
north of Vardetoppene As the banding dieappears about 100 me from the
sontact (see peél) it is not possible to demonstrate disocordance at the
contact iteelf, but where {t firot appears the banding makes a high angle
with the plane of contaote

Banding is well marked in a zone running across the complex in
an approximately i=¥ direotlon (£ige 242y 3e3)s The gabbros north and
ecuth of this sone show far less well developed dandinge In the well
banded sons, the banding 1g vertical or dips gteeply No Further northy
banding is almost entirely absent, and 2 few scattered observations of

inclined surfacss in the region of lake 933 in Sorjusdal (gere 520540)
show no clear pattern. To the south of the well banded horisons
observations are fewer bacause of the massive nature of the gabbro, and
the inscosssibility of the high mountain summits and ridges whieh form
this part of the complexe Such observations ss thers are show bhanding

near horisontal or dipping gently south (see struotural overlay)e

In two localities in the well banded gabbros apparent “wash~



Fige 2434

Possible "cross bedding" jin primary banding.

(g.r. 621506).




outs"™ in the banding appear to indlcate a way up, suggesting that the
gabbros "young® northwards (fige 2.3)e However, this evidence is in
direct conflioct with that provided by the iron to magnesium ratios of the
ferromagnesian minerals, which inorease across the well banded zone to
the aouth., Pigure 2.} shows the nature of the field evidense, and it
is commidered that the mineralogioal evidenve of way up is more
reliable, 4 poseidle synformal structure for the gabbro complex is
illustrated on the 5-5 section in the map pocket, Thias fita the
obzerved vanding pattern quite well, hut its maln basis is the
variation of compoeition of the ferromagnesian ninerals, so it will
be disoussed in more detall in chapter 3 (pe.72)e
The evidence for the origimnal form of the complex can

therefore be summarised as follows i~

l, In detail, the contacts of the gabbro complex are discordant
with the original bedding of the country rocks. They are aleo locally
diecordant with the schistosity. Dut, as Vogt observed, there is a
large sosle tendency for the schistosity of the country rocks to run
parallel to the contaots.

2¢ The primapy banding and igneocus lamination of the gabdro
complex are discordant with the contacts.

3. The primary banding is nleo diecopdant with the bedding of

the country rocks.



Thus it can be ceen that i~

1, The orose—culting nature of the ocomplex and its rather
irregular ocontacte mean that it hae not the relatively simple structure
which snables it to be desoribed as s hatholith, sill, lopolith or other
such term. If a name must be given to the intrusion, Dely's term
#chonolith" seems the best. (See Dmly "Igneous Books and the depths of
the Barth® 1933, p. 105 for a discussion of this name ) «

2. Assuning the primary igneous banding 40 have besn near
horizontal when the intrusion solidified, it is apparent that the
vedding of the country roocks, whioh makes a high angle with the banding
in at least two looalitles (rigme 2¢2 and 7.4) must already have been
tilted fram the horizontale
1 Breacisg.

The ignecus breccias associated with the gabbro complex oocur
mostly ss small patches at the contaots, partioularly where soreens of
country rock rum into the sabdro. However theye is ons large ares of
sreceia on the ridge north of point 1787. The brecoias consist of
fraguments of country rook, now metamorphosed to hornfels, im an igneous
laoking, often biotite-rioh matrix. The fragnents vary in sizs from &
fow centimetres to several metres aorossa Occasionally they show a
dietinct elongation or flattoninge

Haterial similar to the matrix of the breccias has been seen

veining the gadbro, and it seems reasonable to conolude that they were



formed after it consolidated, In some localities two generations of
breccla were seen, One veining the other.
The Furulund granite.

Galy one contact has been observed between the main mass of
the Furulusd grenite and the gabbro complex (fige 245) dut vein-like
offshoots of granite Jo cut the gabbro complex elsswhere. The granite
vas therefore probably intruded slightly later than the gabbro.

he main intrusion of the Furulund granite just W of the
gabbro complex is a jens-shaped body. It is foliated, and the regional
D, lineation has been imposed upon it. In the thickeat part of the lens,
the central parts of the granite are less well foliated than the margins,
epd have a well developed augen texture, No contact hornfelses have
been found surrounding the granites The granite lens has been folded
in the Duoldmgop syniors, and the structures imposed on it will be
deseribed along with those of the Duwoldagop reglone

1t has not been possible to determine the relative ages of the
Furulund granite and the igneous brecclas.

Other intrusionsS.

At the NW contact of the gabbro complex are & nusber of emall
intrusions which are coloured similarly to the Furulund granite on the
mape However they are distinctly rieher in dark minersls than the
granite and may represent & different phase of nagmatic activity. They

vein the gabbro, but their age relations to the granite and ligneous
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wrecoias are uncertain.

Deformation of the gabbro conpleXe

The deformation of the gabbro complex was studied in dotail im
the S¥ cornew. m-ma-ummmcmmtmma
olivine-rich gabbes and peridotite show a variety of types of deformation.
Imdtbmllmlommum-mﬂmm
are duplicated herej ia addition o small folds and faults thero are
boudine, often showing & rotation. The dominant wode of dsformation
hewever is by fresture, the folds being drag-folds sssooisted with shear
planes. Ouc!th--oronnobmmmﬂppdmih. or oo
(£ige 2e4)e

in the nhoumthpbbrohnbmmtmtosm
grained smphibolite, the sasll scele banding obliterated and a erude
foliasion parallel to ihe direstion of the shear developod. Near the
shoar sones the gabbro displaye small scale folds and veins of pegnatite
often follow the shear planes. Plocks of gebbro, still fer the moet part
metamorphosed imte green motagabbro, but relatively undeformed,; ooour
between the shear soned. The resuls of the -mmunnmu
produce an overall extension iu an spyroximately B=N directiom (£ige 244)s
A lineation appears on Sane surfaces in the shear planes, and is parallel
to the sxes of many of the folds. 14 also runs parallel to the D, linsation
imposed upon the dioritic gnoiss %o the south and the FPurulund granite to

the northe



FIG. 2-5.

GRANITE CONTACT WITH GABBRO AT G.R. 533503.
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Near the contuct with the granite the gebbro is partioularly
strongly petamorphosed and deformed, and has taken on & foliation. A
large soale sketoh map of a small part of the grenite-gabbro contact
shows the nature of the structures seen in this norizon (fige 25)e The
econtact is fer from being the simple eurved surface shown on the map
when comsidered in this detail. A similar dotalled map of a less
deformed part of the south western ocorner of the complex shows the
displacement of two mafic gabbro bands by & medium sized sinistral shear
direction, and some of the assooiated structures which are developed
(figs 26)e

The intensity of deformation increases gowards the aouth-mf
and on the south side of the valley the highly deformed gabbros merge
i.nporcoptiblx into the dioritie gneiss. The reglon near the contact
between granite and dioritie gneiss shown on the map in the west is &
gomplex zOne with lenses of metagabbro, granite and cale-silicate rocks
caught up in a tectonic melange.

Po the east, the blocks of undisturbed metagabbro become
larger, and un-netamorphosed gabbro becomes COMMONET, until eventually
the shear planes, often with veins of pegmatite, are the only parts of
the rock mass wvhich have undergone any amphibolitisation. It is striking
how the veins of more besic gabbro seeam to resist auphidolitisation far
petter than the more plagioclase rich varieties, 50 that vhere the main

part of the gabbro has been amphibolitised they remain as boudins or bands



FIG. 2.6. SKETCH MAP SHOWING DEFORMATION OF BAN

GABBRO AT G.R.536502.
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ssathering in their oharacteristic ruety mannels

In the rest of the complex the field evidence for deformation
can be seen in ihe attitude of the vandings 1t is aiffiouls to know
the precise original dip of the nanding, but in the Skaergaard intrusion
dager and Deer satinate the original dips in the layered series to have
been 00-}00, +he latter value only being reached very oclose to the
contaot with the bopder group (%ager and Leer 1939, Do 61)s A pc;sllhlc
synf'ormal struoture for the gabbre oomplex has already been described
(-8 section in map pooket)es If the assunptions concerning the node of
formation of the banding are sorrect, the complex must have undergon®
folding and partial inversion after consolidations. The axis of the
synform 1is displaoced relative to the axis of the later of the two
synforas conatituting the luoldagop gtruoture W of the sabbro complex
(pe 54)s tut 3% may be that the two structures are related to one another,
in some way that is not clear at present.
Struot the Countxy rockSe

The interpretation of the structures ip this thesis 1s® hased to
a large extent on the work of Henley (porse comms) on the Central and
douthern Sulitjelma areas. A suwmary of bis gonclusions conoerning
deformation is shown in Table 2. He recognises three main phases of
rook deformation, which he terms Dy, b, and D3, each associated with &
oharacteristic style and orientation of ninor struotured. The soquences

of deformation and metamorphism be desorides do not aiffer wreatly in the



TABLE 2

Summary of Struetural History of the Three Units

(Henley 1966)

Upper Unit
Gasak nappe)

Lower Unit
{Pieske-Vasten nappe)

Junetion Unit

— -

.

Brecciation & chloritisation !
I

Disharmonic folds which are -

Development of fine grained D. Development of fine grained
schistose fabric (Slgf 1 schistose fabric (S possibly

with fo%ding on axes trending

240-250 (Fl) ?
Plastic flowage (homogenous D2 Homogenous strain,
strain) with minor folds
developed with axes trending
parallel to the direction of
flowage (F.).
folds are ¥-— F2 folds are i-—
l. tight 1. isoclinal
2. on E-W axes 2. on E-W axes
3. with good axial plane 3. with good axial plane |

schistosity (82). schistosity (S,). '
Minor open foldas developed D, Several phases of minor folding
(P.). 3 in different parts of the region.
foYds are t— In Purulund Schist :-
l. open F, folds are :-— 1. on NS axes
2. on E=W axes 3a 1. open 2. open
3. axial planes dip S. 2. on N-S axes 3. with axial plane strain-
4. with incipient axial 3. with axial planes slip cleavage.
plane cleavage. dipping NW,
4. with axial planar strain
| alip cleavage.
F3b folde are -

1. open

. on E-W axes

. with axial plane strain slip
cleavage in pelitic beds.

N

|

Open symmetrical folding on N—S axes with vertical axial planes (formation of Baldoaive synform?).
Open large scale folding on approximately E-W axes to form Langvann antiform.
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Gasak and Pieske-Vasten Dappes.

peformation in the rooks of the rieske-Vasten DAUTGe

The deformation of the rocks in the Pieske=Vasten nappe south
of the gabbro complex is easentially similar to that described by Henley
in the Furulund schist of the central Sulitjelma region. In the
Furulund schist immedistely below the amphibolites, and in the schist
strips within the smphibolite, folds of !'2 and !'h style and direction
are seen. IR one caseé an l‘h fold is seen folding an Fy fold (geTe
5k2kSh),  The amphibolites do not display folding, but the more fine
grained bends show & marked preferred orientation of nornblende prisms
parallel to the Dy lineation, and there is acmé boudinage of the more
sassive bands, with the axes of the boudins elongated in the samne
direction. D1 structures are not sesnd in the field at all, but many
garnets from the schist horisons show "5 shaped trails displaying an
early fine grained fabric in the gore.

There is a local anomaly in the D, lipeation in the Ny Sulitjelms
area which was noted by Henley and is confirmed in the present studye
The lineation changes in trend irom E~¥ to NE=3W and from running
spproxizately aiong the strike of the schistosity to ruaning down the
dip. Thise ancmaly is probably asscciated with the Duoldagop strusture.
North of Lamivann the limeation trends approxisately NE-Si, but is alsost
horizontals

"here is little evidence of faulting as opposed to low angle



FIGURE 27. THE NY SULITIELMA AND GUDRUN ORE BODIES.
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thrusting on any large scale within the rocks of the Pleske~Vasten nappe.
Henley does not desoribe any large scale faults (though the Furulund
schist group displays excellenmt jointing, well desoribed by Vogt p. 116=
136}, However, quite a large fault separates the ore=body of the Ny
ulit jelma mine from that of the now abandoned Gudrun pins to the east,
The throw of the fault increasses down the dip of the ore=body which is an
ellfptical lens elongated E~#, and concopdant with the surrounding
echists, While the main ore~body is displaced by the fault, a later
impregration by pyrite runs up the plans of the fault betwesn the two
bodies. The fault is vertioal, and its tremd is roughly down the dip
of the sheet-like ore=body (fige 2.7).

13 s within the dioritic gneis ion horisone

The dominant struoture seen in the gneise horizon is the very
well developed lineation. The schistosity of the fine grained amphibolite
between the lenses of coaraer grained material seems to have developed at
the same time as this lineation. Some of the lenses show an earlier
foliation, #hioh is croses cut by the schistosity. This may be a relict
of the primary banding of the gabbdbro.

Folding is not usually seen in the junction horison, although
there ars some isoclinsl folds in calo-silicate rocks mapped within the
dioritic gneiss on the scuthern slopss of Vardetoppon. Theee have axes
parallel to the D2 1ineation.

The prevalence of the lineation suggests that the formation of
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the dioritio greiss melange was a D2 avent. According to llenley the
1;2 lineation represents un episods of homogencus bulk deformation of
the Murulund schiste Un this interpretation the dioritic gneiss horizon
is a zone of concenirated movement {see p. 20=29)e The relatively rigid
gabbro complex was unable to participate in the homogencus deformationy
and n zons at the base of it became sonverted inte a tectonic melange of
anphibolitic rocks. Thig 4oes not imply that there has been a great
anount of nmovement of the Gasak pappe rocks relative to the Fleske=Vasten
nappe rocksj but the crosee cutting of lithological groups and the
impocaibility of correlation hetween groups above and below the dioritie
gneiss are Aiffioult to explain unless quite large scale movement
ocourred.

The northern outcrop of the thrust horizon, south of
Sor jus jaure, has not been investigated in very groat detalle
Deforuation the G nappe s

The present atudy coni'irms lienley's comclusion that the
geguence of structural ovents in the Gasak nappe is similar to that
observed in Lhe Pieske=Vastien napple The injection of the gabbro complex
reproagents a clearly defined event during the orogeny, and the study of
{le struotures in the surrounding rocks is therefore olarified by a study
of the structures in the gaburo conplex itself, and in the zone of

hornfelsoes surrounding it.
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1e Strustures earlier than the i__:_q.otiou of the E‘“’N somplexe

The structures whioh most oertainly pre~date the intrusion of
the gabbro complex are seen in the xenoliths and rafts whioh ogour in the
gadbro, The sost spectacular of these are to be seen in Sorjusdal, in a
mgor-rtnmphm-tth.bozmorth.nuqmnucmmw
the towrist traek to Sorjusjaure (g.r. 53h54h), The rocks in this raft
are hard, fine grained hornfelses, but minor folds can be seen in thea
(f1g. 2.8)s Another raft oscurs in the igneous brescia just north of
point 1797 (gere 598508} In this pre-hornfels boudinage can be seen
(2ige 2¢9)e

Less certain pre-injection structures coour in the hornfels
surrounding the gabbro. They are less certainly pre-injection in that it
is not always clear ln the field vhether the structures near the contacts
of the gabbre formed prior to hornfelsing, or have been imposed on the
hornfelses later, Often exsmination of thin sections oan help, dut
sometimes even this evidence oan be ambigwous, A fairly large scale fold
{n hornfelses ocours south of the small patch of breccias on Vaknadokia

(gors 557465)s There are also folds in hormfelses near Smasorjus

(gere 513527). Mot encugh pre-gabbro struotures have been identified to

sake possible any generalisations about their gecmetry, but it sesms clear
that at the time of injectien of the gabbro complex the rooks had already

undergone a sonsiderable amount of deformation. As the 1‘.'z strugtures are

imposed on the gabbro complex, the pre-gabbro structures ars assigned to
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Henley's D, deformation episode. There is a possibility that several
episcdes of deformation ocourred prior to the injestion of the gabbro, and
that the events desoribed as D1 by Henley are different from those which
produced the pre-gabbro structures. However, at the moment the term D.‘
is applied to any structures clearly earlier than the formation of the
sain limeation and schistosity,

2e Structures later than the gabbro complex.
These will be described from two different areas.

The Duoldagop ares.

This area, round two amall lakes west of the gabbro complex, is
of great interest in any study of the atructure of the NE Sulitjelma
region, It shows ancmalous features compared with the rest of the
Sulit jelma region :-

1« The schistosity and bedding show large scale intense folding.
Other large scale structures, such as the Langvann anticline, involve
relatively gentle folding.

2e The D2 lineation atespens on a N¥ trend, and runs down the dip
of the schistosity, rather than along the strike,

Vogt (p. 87-9%4) presents a detailed account of the deformation
in this region, based on SjUgren's mep of lithologies. while his
interpretation is highly ingenious, and explains the pattern of surface
outerops quite well, the minor folds he postulates do not ocour. An

attempt is made here to provide an interpretation more in accord with the






Fig. 211,
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7ield evidence. The observations described were made with J. E. Larsen,

who is studying the area vest of the gabbro, bui the interpretation is by

the writer. LlLarsea is gontinuing to work on the area, and it may well be
that he will modify the conclusions reached here.

In the micaceous psammite and kyanite schist groups minor folds
can be recognised., The axes and axial planes have been measured, The
axes lie approximately parallel to the l?aa lineation and there is a well
developed axial plane schistosity, which is the main schistosity of the
ares. 'These folds are therefore termed T, and the schistosity S.. The
wavelength of the folds is of the order of 5=10 m. and they are revealed
by the preferential weathering of rather calcareous bands in the psamaite.

The olosure of the fold in the granite was also studied in some
detail. The axis of the folding of the foliation of the granite lies
parallel to the axes of the rz folds and the Da lineation, as is shown by
the stereograms (figs. 2.0, 2,11). The fold does however, rotate the
D, sohistosity and also the axial planes of the rz folds and is therefore
regarded as later than the main D, deformation episode.

In the channel of the stream flowing into the eastern Duoldagop
lake from the south post D, folds are seen (gors 521496)s  These have
almost horisontal axes trending approximately E-W, and a penotrative axial
plane schistosity develops near the hinges. They may be termed ’3& folds,
as they refold the paia D. schistosity. Their age relative e the major

2
fold in the granite is ueertain (this is termed r,b).
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The early syncline trace illustrated on the astructural overlay
is based on the ¢losures observed in the micmceous psemmite, but the
precisze position of the axial trace in the central Duoldagop regiom is
only inferred due to the poor exposure in this area. The axial trace of
the later fold of the granite is mapped in the positions of greatest
curvature of the refolded schistosity. Schryver (1966) questions the
validity of this method of plotting axial traces of minor folds, but in
major folds of this kind no other method of plotting the axial trace has
yet been put forward.

Fige 2412 illustrates the interpretation of the Duoldagop
structure. It has been drawn in perspeciive, roughly to scale, the top
surface on the sketsh representing the present ground surface. An
offshoot of the gabbro complex ocourring west of Smasorjus is shown joined
to the main mass under the sarly synform. This outerop consists largely
of smaphibolites, but with a little relatively unaltered gabbre which in
thin seotion ¢closely resembles the main Julitjelma gabbro, The Join
below ground is pure speculation but might possibly be confirmed by a
gravity or magnetic survey.

In the region north of Smasorjus, there is a change in the
direction of the achistosity from a N-3 atrike to more NE-SWe This has
not been studied in any detail but may be a strusture of the same episcde
as the late major fold at Duoldagop. It is well seen on the slope of the

hill north of Smssorjus,



FIG. 2.13. F, fold, S. of Sorjusjaure (g.r. 567551).
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South of Sorjusjaure.

The other area whers the structures surrounding the gabbro
gomplex have been studied is south of Sorjusjaure (on the extreme norsh
of the map). The outorop pattern is not so complex here as at Duoldagop
- the lithological units strike E~W and the schistosity is approximately
vertical., The bedding ls more or less parallel to the schistozity.

The D2 lineation seems to be in a similar attitude to that
ocbasrved round the NW coraer of the gabbro coaplex i.e. nearly vertical.
A later set of folds have been imposed on the early schistosity,
producing smother lineation plunging gzently westwards (fige 2413)e  These
later folds shov a spectacular series of closures in the calcarsous semi~
pelite weat of Hammeren, vhich are mapped out on the lithological mape
They are also responsible for the displacements in the outcrop of the
graphite-schist band., These folds seem similar in style and direction to
the Fh folds at Duoldagop, but more detailed structural work must be
carried out before this correlation can be anything but tentative.
Conclusions.

The country rocks of the gabbro complex have undergone polyphase
deformation, the sequense of events being similar to that described by
Henley for the rocks in the Baldoaive sequence. The gabbro was intruded
after the first (D1) evant, the evidence for this phase (or phases) of
deformation being structures seen in thersally setasorphosed xsnolitha in

the gabbro complex, and in the narrow band of hornfels. Deformation aftm
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the intrusion of the gabbro gomplex has imposed a conspicuous lineation
on the country rocks and the more deformed parts of the gabbro complex,
and thia Da phase of deformation seens also to be the phase during vhich
the "dioritic gneiss” horizon associated with the base of the Gasak nappe
wes formed.

Minor folds coaxial with the D.. lineation can be recognised

2
both west and north of the gabbro complex, and are termed !‘2. In the
puoldagop region a major synfors is thought to be associated with these
pinor folds, and to have been refolded later with a differeant axisl plane,
to form a complex basin-shaped structure. North of the gabbro complex

a later set of winmor folds on E-¥ axes has refolded the Dz strugtures.



Pe he O Com »
1. Genepal Comments.

The Sulitjelma gabbro oomplex 18 a layered basic igneous
ocomplex which has undergons sxtensive post~consolidation alteration. in
this ohapter the primary nineralogy of the complex will be discussed and
also the changes brought about after oomsolidation. These changes are
in ohronological order s~

1, Deuteric or early post magmatic alterations The fammation of
kelyphitie borders, brown hornblende, clouding of felspars sic.

2, Cotaclasis producing strain effects and gramulatiom of primery
igneous minerals associated with the D2 structural event in the
surrounding country rocks.

3, Amphibolitisstion of the gabbro complex contemporary with the
cataclasis, or immediately following it.

The primary minerals im the Sulitjelma gebbro cowplex are in
approximate order of sbundanoce labradorite, sugite, olivine, arthopyroxens
and pyrrhotites There is e variation in the composition of the
ferroauagnesiasn minerals from different parts of the gaburo caomplex,
which has been studied using the sleoiron-probe X-ray emission
micreanalyser. The five phases 1isted above are presend throughout ihe
complex, and all five are present in nearly all the unaltered rooks.

In sddition very many of the otherwise unaltered rocks contain & small



FIG. 3:1.
1. Igneous lamination of plagioclases in specimen T138.

x 100 approx.
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anacunt of bhrown hornblendes The status of thie minersl as a primary
crystallisation produot or as a product of post=consolidation alteration
is not certaine. The writer favours ihe second view, while Vogt
supported the firet. The relative proportions of the minsral phases
vary greatly, often within a short distance, and it is this minersl
variation which produoes the banding desoribed in ohapter 2e

The rooks of the Sulitjelma gabbro oomplex are "oupulates” as
defined by ¥ager, Brown and Wadsworth in 1960 The field evidence for
the Tormation of the banding of the complex by the settling of orystals
nas already besn presented (pe 40)s Textural evidence for oryetal
accumulation can be seen in many thin sections. Igneous lamination of
tabular felspars is particularly well shown in slide T138, fige lele
There has been s little interowmlus growth of the plagloclase crystals
indicated by elight zoning with a moTe aodio rim. Tuis growth, while
sreater than that desaribed by Weger et ale in the cumulative gaburos
from the Skaergaard tntrusion, is still provably small enough for the
rocks to be desoribed as northosurulates™ im their olassification scheme
for cumulative rocks. The other common cumulus nineral, in sddition to
plagioclase is olivine, and pyroxenes are also found as cumulus minerals
in the more mafic rooks.

The plagioclase oryetals are tabular in habit and in thim
section perpendiocular to the plans of ignecus lamination have &
rectangular appearance about 1% sme long and i mme acrosss Cumulug

olivine appeare as slizhtly smaller grains, usually rounded, Frequently
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the original olivine orystals have been gramlated by post=consalidation
deformation and their outline modified by the growth of kelyphitio
borders so that it is not poesible to determins their original shap@.
Cumulue pyroxenss, both ortho and olino, form stumpy priematic grains.
The intercumilus olinopyroxens forms large ophitic crystals, These
have been found in thin ssotion up to about 1 cme. AOTOSE and in the
field up tO several omS. acroAS. The intercumulus [yToxXens aslse forme
grains fringing olivine, Plagiocoluse apparently crystallised from the
intercumilus liquid onto the cumulus orystals.

In this sccount the rocks have been classified by the relative
abundances of plagioclass, olivine, and pyroxenss plus brown hornblende,
in aacordance with the scheme shown in the triangular disgrwm £ige 3e2e
Om this dlagrsm the podes of 21 specimens of ummetamorphosed rocks from
the Sulitjelma gabbro camplex are plotted and recaloulated to 1005 of
vhe caomponents in the corners of the dlagram. 19 of thesa rocks wered
collected by the writer and two are from the Harker slide colleotion.
The modes are listed in appendix 2 and arxe based on point=—oounts of
2,000 points for each specimen., The spread of the plotted points on
£ige le? glves an indiocation of the varistion in mineral ocomposition of
ihe rooks of the gaburo complex, but the Tigures should be treated with
cautions In many of the rooks kelyphitic borders round olivine are
well developed. The modes have been corrected to allow for this and

to represent as oloeely as possible the original mineral oomposition, on



the assumptions oconcerning the formation of the kelyphitic borders
which are given in chapter 4, p. 97

CelePo¥e norme of rocks analysed by the writer and of the
analyses quoted by Vogt are also plotted on figs 3+2¢+ In the two cases
vhere analysed rocks have beem point-gounted the twe corresponding
points are joined by a dotted linee It will de seen that the
correspondence is not very goods This is probably due to the factore
nentioned adbove, and also to sampling errors as most of the point-counts
were performed on ane thin seotion onlye CelePulis norms represent
weight persentages of mimerals of hypothetical composition, but for
gabbros which are practically anhydrous and contain minsrals with
similar specific gravities, and with ohemical compositions mbout the
same as those of the C.I.P.W. componenis, the differense between the
norm and mode should not bHe great.

¥hen these reservations are bdorme in mind, what does fig. 3.2
show? IS appears that only ome of the determined modes corresponds to
the composition of peridotite, and that falls in an extreme part of the
fielde Thus it seems that olivine and pyroxens 4id not acoumulate
together in large quantities, exoept when plagioclase was ssoumulating
alsoe. This would suggest that during the orystallisation of the
complex olivine + plagioclaae, pyroxeme + plagiooliase or olivine +
pyrozene + plagioclase were orystsllising, and settling to form = sush

of oumilus orystals,
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The commonest rock type is olivine gabbro with about 10%
olivime, 5Té plagloclase and 33+ yToxenes. Rooks with over HO% of
pyroxenes, olivine and labradorite aleo ooour, but none have been found
with more than 904 of thess components, sither by Vogt or the present
writer i.e, there are no dunites, pyroxenites or "anorthosites”
(1abradorite rooks) in the commonly accepted usages of these terms.

The resson for dssoribing the rooks of the Sulitjelma complex
as sabbros rather than norites ie sucointly stated by Vogt (pe 284) #=

"Ip spite of the fact that all thess rocks contain hypersthene
1 have counted them as olivine gabbros and not as olivine norites.
hypersthens is found in noticeably smaller proportions than d4allage and
often there is only a minute trace present, The boundary between the
gabbros and the norites mst in all cases be set at s somewhat higher
hypersthens content than is present here.”

%hile a few specimens do show more ortho than clinopyroxens,
this statement oertainly holds good for the great majority of the rocks
of the gabbdro cempleXe

As was mentiomed earlier (pe 41) a narrow sone just inside the
contacts of the complex is not banded. This sone is often obscured by
astamorphism, but where fresh rocks are present they seem to be rather
trootolitio gaburos (e.ze 896, T158, T39)s Thess rooks are not fine
grained and oaunot be said to represent s chilled margin to the ocompleX.
'"he two ohemical analyses performed on thees rooks (appendix 2) are
adifferent from ome spothere The only fine grained amarginal facies found

is reprssented by specimen T136. Thie is a fine srainsd doleritie rock

with gramler plagioclase, clinopyroxens, green and hrown hornblendes



forming by aiteration of the pyroxene, abuniant ore and appreciabdble
upatites The rock was desoribed in the field as a hornfels and was
oollected within a metre of the scontact. It hae not besn chemioally
analysed, but the presencs of apatite as a major mineral, and the
presence nearhy of a similar rock with pyroxene rich patohes (whioh may
be fragments of partially sssimilated country rook) suggest that it
should not be regarded as a sample of the parental magma of the complex,
Ze M alogye

le [Flagioclase.

Plagioolase is the moet abundant mineral in the Sulitjelma
gabbro complex. Then apparently unaffected hy metamorphiem ite
composition varies in the range AnSO-An.’s. The orystals are aslightly
zoned, the borders having an amorthite content up to about 55 lower than
the coreas Complex twinning is charascteristic of the plagioclase
orystals, and during routime petrographic examination of thin sections of
the gabbro it proved possible to perferm plagioclase determinations ueing
extinotion angles to the twin planes in Carlsbad=-albite twins and the
table in Tréger (p. 102)s The alpha refrastive indices of some
plagioclassas whioh had been separated as powders were determined, using

the technique outlined in Deer, Howie and ‘useman, Volume 44 pe 131,

Speoimen alphs H.X. Kol thite
56 (unaltered portiom) 1,5606 + 0,00} 64 + 4

86 {altered portion) 1.5606 + 0.003 64 + 4



Chemical analyses of plagioolases from $96 and T15.

840
11233
Pe 03
raS
Cal

Na 0
)

Total

Proportions of cations on a basis of 32 (0).

396

50.65
31.93
0.00
0.24
14.07
3.88
0.05
0.07

100.89

Si
113+
F02+
Fe
Ca
Ha

K
Ti

Albite
Anorthite
Orthoclase

Albite
Anorthite
Orthoclase

{calculated)

9 0163
6.806
0.0

0 9036
2.726
1.360
0.011
0.009

33.2
66.5
0.3

31.9
67.8
0.3

1.5640
1.5670
1.5706

ns
56,80
27.46
0.14
0.07
9.7
5.53
0.08
0.05

99.17

1

5

4
5569

5

5654

608

i Molecular f

} Weight %
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Speoimep alphs Hole Hol,  anorthite
596 1,5640 + 0,003 24
8152 1.5665 + 04003 17 % 4
S174 15577 & 0.003 58 + 4
T144 145619 + 0.003 671 % 4
7202 145630 # 04003 170 + 4

The high valus of the anorthite ocontent of the plagioclase
from S152 was confirmed by the Cerlsbad=albite twin determination.

One separated plagioclase from specinen 596 was fully analysed
ohemiocallys The analysis, with a caloulation of the unit oell contents
is given in table 3, along with the analysis of plagioclase from &
motagabhro (T15). A Universal stags examination was nade of the
plagioclase in the very labradorite rich zabbro S1T4. Crystal grains
were studied by the Rittmann zonal method and the Pederov method, with

the following results =

o of opysial Twin Laws present Composition Kethod of
(svsuning low- _ examinstion

tempeTature optics)

1. Albite An,” Rittmann

Ze Albite &365 Rittmann
Acline A Aﬂse »
Hansbach

e Albite Mﬁ? Hittmann
Pericline An69

Ala As



No. of grystal Twin Laws present Composition lethod of
ixemination
de Albite An 459 Foderov
Ala A MGB
Mgo
o

( Peterminations marked * ure pot very accurate)e

The atudy of orystal 4. aleo showed that the poeitiona of the principal

yibration direotions lay nearer the ourves for plagloclase in the low

struotural state. Values obtained for ZVY were 82°, 81°. 79i° and B)&".

This suggestis a compoeition wbout An65 for plagioclase in the low

structural state. The pericline twins are wedge—shaped at the edge of

the orystal, and may well be deformation lsmellae. See £ige L7
X=ray diffractometer scans were made of separated powders in

CuKe radiation, and the values of the angular separations

M= 25(131) + 20(220) ~48(731) and B = 28 (1) =28 (Z01)

(Smith and Oay 1958) were dstoruined.

. 2 AD ‘ggggd on
Spechmen . 2 value of e
(Low structural atate)

896 1.002 0.822 69
$6 unaltered 0.082 Q.70 65

portion
86 altered 0.0814 0.848 64

portion
s8 0653 0,836 61

89) 0773 0,848 63
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If the weight percentage anorthite sbtsined by ohemical gralyeis for 596
(67.8§) 1s used on the figures in Snith and Gay (fige 1 pe 49y fige 2¢
pe 754) the values lie very olose to the curve they obtained for i
against composition in low struotural state plagioclasee, This curve
was plotted largely om the basis of data from analysed plagicolases from
the Stillwater and Skaergaard layered basic intrueions. The B value
alse lies near the low temperature curves

The plagioclases have undergone alteration, even in gabdhros
whioh retain the mineralogy and texture of primary lgneous precipitates.
Clouding is almost universally present and the amall amount of iren and
titaniwm appearing in the chemioal analyeis of 596 may woll partly be
from exsclved ore in the plagioclases The clouding is dus to minute
spooke of oTse Semetimes thewe are rod like with a marked preferred
orientation in the oryetals, pometimes they are granulary and
sometimes they are rod 1ike bu$ run in random airections, Many grains
are strained. I% has deen meniioned nlready that some yericline twin=
lsmellae may be due to atrain, bat in addition olear evidence of strain
is seen as strain-shadows betwesn orossed polars and in the bent albite
1amellae whioh oecour in many mections.

The data on plaglioolsse ecomposition reveals no systenmatie
variation in the gabbro oconplex. Tone of the data 1is very acouraite
however, and it may bve that a sysiemstic variation exists, hut has nod

been detected.



2e Olivine.

0livine is characteristic of the rocks of the Sulitjelma
gabbro complexas It ie found in all the unaltered rocks ulthough in
soms it 1e only present in small amountse In a few thin geotions it
has been pseudomorphed by a fine 4alc mineral and magnetite but 1t is not
seen altered to serpentine., In sost sections it is found am large
iywegular or tabular gralns, often surrounded hy kelyphitic vorders of
hyperathene and an amphibole-spinel intergrowth, Thesae have bean
studied in detail, and chapter 4 is devoted to theme The olivine often
contains oracks which are filled with gramles ol ores Ltrain shadows
are often visible between crogsed polars and tiwe original grains have
sometimes been broken up into a number of emaller grainse

The olivine ia colourless in thin seotion and golden in hand
spocimens Occasionally it shows well-developed {100}, {010} and {008}
partings @0 that the grains may e nistaken for pyroxene at a first
glanose Attempta were made to deteot oryptic layering in the gabbre
complex by looidng for variations in the coaposition of olivine. Ume®
mathod tried was that desoribed by Yodsr and Sabama (1957) in whiohk
olivins compositions are determined fram the dl}O spaoing in the orystal
lattices 4

130
angle of the d].}O 1ine in the powder pattern in & focuseing=orystal

was found from an olivine powder by measuring the Bragg

X=ray diffractometer, using quartz ae an internal standard and Co | 497

radiation. The varistioms found were small, as only olivines from the



werginal trostelitie facies and the upper purt of the leyorod series
were axenined. m:-nnsuh:\ohnromwutmmmmd
the olivine which were snalysed shemisally sre given in table S5¢ AR
attenpt was also made to determine the composition of olivime by
measuring the optical axiasl angle 2V, using Vhe Universsl stage, This
asthod wes alse abaudoned as the angles were found to 1lie very close te
5%, and 1t wes not pessible %o find suffielent suitably oriented grains
for socourate determimatiom. As 14 was oonsidered at tdis stage Hhat the
variation was relatively slight {on the basis of the X-ray data), it was
$hought Shat indirect pothods of estimating ¥ would pot be sufficiently
scourabe to detect it

In the end it was decided to investigate the variatiom in
olivine ocmposition by means of the sleotron-probe microanalyses,
determining the compositioms of the other major ferromagnesian ninerals
a$ the same times Olivines from 11 speoinens of yosks from aiffervent
parte of the gabbro oamplex wore studied. The full results of the
niorosnalysis are listed in sppondix 3, with a discussion of the
asourscy of the results. Teble 4 gives the results in the form of
gorsterite and fayslite ommpositions, sfbexr correstions have been made
for varicus systematic errors in the anslysis, whieh are diseuseed in
sppendix Js  The writer would like to acknowlege here the sseistance
of Dre SeJe3« Roed and Mrs. PeKe Nason of the Natural History Museum,

who performed these correciicons uesing an I.B.di, 7090 computers



FIG.33  VARIATION IN COMPOSITION OF OLIVINE & ORTHOPYROXENE

IN THE SULITJELMA GABBRO COMPLEX.
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Toree of the analysed olivines are from the marginal
trootolitic facles and are appreciably more magnesian than those from
the layered seriess Olivines {rom the laysred serics have been listed
in order of inoreasing iron content, and it can b»e seen that there ig
quite a murked variation, from 20,3 to 4846 molecular  fayalite. In
figure 3.3 the locations are showm of the specimens in which olivines
were analysed along with the fayalite conients of the olivine in each
specimen and also the orthoferrcsilite conmtent of the orthopyroxens under
the fayalite content im brackets. lespite the field evidence thut the
banding of the gabbro conplex "youngs" northwurds, the olivines become
more iron rich to the southe Thip ancnaly will be discussed in more
detall when the variation in the other ferromagnesian minerals hLas been
described,

bsterminations were made in the cores and borders of large
olivine graine in some specimens to detect any zoning that might be
present, iKelatively litile zoning was found, and that is always normal
i.e, with Pe lncreasing, and lig deoreasing outwards (table 4). A more
detalled examination was made of the zoning in the olivine from specimen
596, in connection with the investigation of the kelyphitio borders,
(8ee ohapter 5)s Two olivineas (5152 and 596) wers fully analysed
chemiocally (appendix 2) as a check on the acouracy of the electron=probe
analysise ‘The caloulated molecular compositions ore given in table 4

for comparison with the electron—probe valusa, and 1% oan be seen that



TABLE 4.

Electron-probe microanalyser determinations of olivines,

listed in order of increasing molecular proportion of

fayalite.

Marginal troctolitic facies

T158
596
Ué7

Layered series

5152
T206
1204
T12

T150
T4

T101
T191

Zoning in olivines

Fayalite contents in core and margin

Pa

15.6
17.0
18.9

20.8
21.7
24.3
25.2
25.4
36.0
43.2
48.6

T158
5152
7150
7101

Core

15.4
19.7
25.1
43.8

Additional data on 2 olivineg :—

Chemical analysis (see appendix 2)

Forsterite
Fayalite
Mn.Si0

2cinh
0325104

4130
composition on
this basis

v

—
-3 Fg
L ]

@O |

0.2
trace

2.779

Fazo

87

74.8
74.6
64.0
56.8
51.4

Margin
15.6
21.9
26.3
44.2

No. of

d

eterminations

3
see chapter 4

3

(VTR N UVEUVR VIR - s
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agreement is good.
3o Clinepyroxens.

Vogt desoribed the clinopyroxens of the Sulitjelma gabbro
complex as "diallage™, presunably becsuss i4 has a very well developed
{200} partings It is an augite sontaining an sppreciable amount of
titanium (though not sufficient to merit desoription as s titan-sugite)
which givee 1t a faint purplish colour in thin seotion, The grains are
ophitic in habit and 1ittle zoned, Exseolution 1smellae appear parallel
to {100} emphasising the diallage parting. They show straight
extinotion between crossed polars and a lower birefringense than the
surrounding augite, and are provably orthopyroxene. The augite also
contains exsolved plates of transluoent ores These lie in the {}Od}
and {110} planes and tend to be rectangular in outline with the edges of
the rectangles parallsl and perpendicular to the [o01)directions The
augite has oxtinction angles up to about d0° in seotione in the primm
ZON® o

The variation in the compositions of the ciinopyroxenes from
different parts of the gabbro complex has been studied by means of the
elactron=-probe microanalysers Difficulty was experienced with the
oaloium determinations in wany specimens, due 0 & lack of reproducibility
of standard counting rates, and 80 relatively lew acoeptable analyses
nere obtained. These are 1isted as molecular proportions of

olincenstatite, wollastonite nnd ferrosilits along with the



TABLE 5,

Electron—probe determinations of pyroxenes.

1. Clinog[;gxonea.

s,

Marginal troctolitic faciess=~

T158
Layered series:-

3152

T206

T204
T101

5.9

9.0
10.9
10.5
15.6

2. mmn!&x‘m. .

Intercugulug

Ots. Yo,

Marginal troctolitic faciess-

2.2
1.5

T158 14.2
896

U6t 19.1

Layered series:-
712 22.5 2.3
T15 22.1 2.8
74 28.6 3.0
T101 . 35,1

T191 38.9

Cumulus orthopyroxene:~
T191 36,8 3.9

n.d.
1.0

Ens,

83.6
19.4

15.2
15.1
68.4
64.9
60.1

29.3

Yo.

49.3

44.4
45.5
47.9
43.4

Clinocens,

44.8

46,6

43.6

41.6

41.0

!gllphitio

Ofs. ¥o.
16.7 0.3
21,1 0,2
23.7 0.3
25.9 0.4

Eus,

83.0
78.7

76.0
13.7



VARIATION OF PYROXENES
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orthopyroxene analyses in table S. In figure }.4 the compositions of
ortho and olinopyroxenes are plotted on a conventional diagram. Two
paira of pyroxenes coexisting in the same rock are joined by lines. It
can be geen that the variation in the olinopyroxens is lees than that in
the olivine and orthopyroxens, mainly because of its relatively mmaller
{ron and magnesium ocontent, The iron to magmesium ratio varies in the
same way as that in the olivines and orthopyroxenes. The clinopyrexenes
contain between 0.5 and 2.2 weight % 40, and up to T+5% A1,040  The
full analytical results are given in appendix 3.

Ophitio orystals of clinopyroxens may sometimes entirely
snclose plagioclase laths, which are dietinotly emaller than the laths
forming the maim part of the rock, as shown in fige 3¢5 drawn from
specimen 776+ The crystals are ocoasionally gramlated, 8o that what was
once a large ophitic orystal now consists of numerous small crystals but
retains ite original cutline. The clinopyroxeme is freguently asmooiated
with brown hormblends, and has undergons alteratiom to fibrous amphibole
in the metagabbros.

4. Orthopyroxsns.

The orthopyroxens present im the rocks of the gabbro complex
oooure in three distinct textural varieties (fige 3¢6) 5=
1. Cumuluas orthopyroxene, occurring as stumpy prismsatic grains
often with exsolution lsmellse of clinopyroxens, This is only found in

the more mafic rooks., Sometimes the grains show slight pleochroimm.



Ophitic_augite from S152.

x 10
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2, Intercumulus ortbopyroxens whioh often mantles olivine. 1t
1s sometimes difficult to distinguish fram the orthopyroxens in the
kelyphitic borders round the olivine but usually consists of larger grains
snd forms a muoch wider border to ihe olivine.

3o The orthopyroxens in the xelyphitio borders. This is not a
primary mineral.

The exsolution lamellae of olinopyroxens appear parallel to
{010} but are only found in type 1. The orthopyroxene oftem also
contains exsolved plates of ore similar %o those observed in the
slinopyroxens. In many gabbros orthopyroxens is abasent or very rare.
The proportion sesms to increase with the total proportion of ferro-
magnesian sminerals in the rock., Like the other primary minerals,
orthopyroxene shows the offects of deformatiom after oonsolidation ae
strain shadows or bent or granulated orystals.

Kleotron-probe mioroanalysis showed the same trend of iron
enriohment in orthopyroxenss as in olivines and clinopyroxenss, and also
distinguished clearly ths three textural varieties of orthopyroxene
desoribed above, by their different caloium contents. Cumulus
orthopyroxene was only present in speoimen T191 of those selected for
analysis, but in this specimen the wollastonite content of the cumulus
orthopyroxens is much higher than that of the intercumulus orthopyroxens
(table 5)e The majority of the analyses in table 5 are of intercumulus

orthopyroxens, but where analymes are available of kelyphitio



FIG. 3.6.
Textures in orthopyroxene and ore.

orthopyroxene

159 X225 T191 Cumulus orthopyroxene.
OMeh 5 (- 712 Orthopyroxens mantling olivine.
. 4K 25 S174 Intercumulus pyrrhotite.



orthopyroxene these are listed alongside, In all oaves the kelyphitie
orthopyrozens has only a fraction of a peroent of the wollaatonite
component whereas the intercumulus erthojyroxens has over 1.

The compositions of intercumilus orthopyroxenes have been

plotted on the conventional diagram in fige 344
5« Ore and accessory ninersim.

The ore mineral of the Sulitjelms gabbro complex is pyrrhotite.
It was determinsd by electiron-probe microanalysis (the resulte of these
determirations have not been corrected and so oan anly bs regarded as
gemimquantitative) and by a brief examination in reflected light of
polished thin sections. It often shows a distinet intercumulus habit,
for example in specimen 5174, s labradorite-rich gabbro from the layered
series (£ige 3.6)¢ The other acoessory mineral is apatite.

Cryptie layering.

The eleotrom~probe data on the iron to magnesium ratios of the
ferromagnesian minerals makes it clear that in sddition to the primery
layering visible in the field the Sulitjelma gabbro complex displays
oryptic layering., Wager and Deer (1939) defined oryptic layering as
being displayed in the layered series of the Skaergaard intrusion in
two ways t=

ls By the variation in the composition of minerals which show
continuous variation between two or more snd-members, fram higher

temperature forme in the lower, earlier oryetallised, portion of the



intrusion, to lower temperature forms higher in the intrusione
2« By the appearance and disappearancs at particular levels in

the layered esries of a nineral species.

Crpyptio layering of the first type is displayed by the
Sulit jelma gabbro complex, that of the sscond is not. In figs 3.4 the
comparison of the trends of companition variation in the Skaergaard and
5ulit jelma intruslons shows that the variation in oomposition is far more
marked at Skaergaard than at Sulitjelms. In both cases the trend ie
from more nagnesian minerals to more iron rich, snd this trend appears in
many other layered zabbros. Limited irop-enrichment on the S5ulitjelma
saale is Car commoner than exireae iron enriotment of the Skaergasrd Lypee

There can be little doubt therefore, that the rocks with more
iron rich minsrals at Sulitjelma orystallised later than those with more
magnesisn minerals. The fact that the most magnesian olivines,
orthepyroxenes and olinopyrozenss at Sulitjelma come from the marginal
srootolitic facies confimms thise It is on this basis that the way-up
indications from the banding seen in the £ield are rejected., THowever,
the pattern of mineral variation in the layered series is not eimply that
the mineral beoome more iron rioch to the S For exsmple, the minerals in
the gabbro from Vaknaookks in the extreme south {(lower left of fig. 3.3)
are appreciably less lron rich than thoae in the pyroxenite from the
gussit of Suliskongen (centre botiom of fige 3o3)s But field avidence

suggests that the banding at both these places dips gently or is



horisontal, and the specimen from Suliskongon comes from a highezr
altdtude (1914 m.) than that. from Vaknaookka {sbout 1600 me)s If the
atructure proposed earlier for ihe gabbro complex (B=8 seotion in map
pooket) is correct, the differencs in altitude approximatoely represents
the difference in natratigraphical” level in ihe layered gaburo complex
of the two specimens. It geems poesible that the impressive gouth faos
of Suliskongen may dieplay & vertical asction through much of the gabbro
oamplex, but even to reach the foot of this face would be quite a
difficult feat of mountainesring.

3. Deuterio or t-apgmatic alieration.

iffects due to early post consolidation alteration of the

gabbro oomplex inolude 1=
(a) Clouding of plagioclases
(b) TFommation of kelyphitio vorders round olivine.
(c) Pormation of brown hornblende.

The first has been adequately discussed in the section on
plagioclase, and the ssoond is the subject of the next chapter of the
thesies The formation of brown hormblends will be discuseed here.
There has been sans Acubt whether brown nornblende formed as & primary
igneous presipitate or ss an alterstion product of olinopyroxzens after
oconsolidations Alteration would involve the introduotion into
olimopyroxens of soda, titania and potash, ond the removal of silica and

1imee Browm hornblende is also found in assocolation with orthopyraxenss



. S

Textural relationships of brown hornblende (stippled),

brown hornblende -

clinopyroxene

13 2. 3.
1. x 140 SI52 Brown hornblende with its c-axis parallel to that of clinopyroxena.
2« X 65 T101 Brown hornblende forming rim round pyrrhotite,
3. x 400

T101 Relationship between brown hernblende and kelyphitic border.



-75-

Vogt givea a good desoription of its pleochroic schems and eptioal
properties (p. 289=290)¢

The brown hornblende most often ocours as patohes fringing
pyroxene orystals snd as rime roumd ore graine (£ig. 3+7 and fige by
drawing 1) Sometimes the brown hornblende grows with its ©
crystallographic axis parallel to the o~axis of the clinopyroxens, and
with the a0 planes also parallel (fig. JeT)e It ccours as large grains
in the gabbro pegmatites ocsasionally found in the gabbro oomplexn, in
whioh it often encloses plagioclase and pyrozene orysfals. A rook
(7179) was found comsisting of brown hornblends, Aypersthene and
1abraderite only. Its texture resenbled that of a hornfels and it wes
found in an area vhere hornfelaes and igneous braéccias are Common. The
nornblende was ssparated from the rook and snalysed {table 10)s Browm
nornblendes from differsnt parte of the gadbro complax were analysed by
the use of the electron~probe microanalyser (appendix 3).

Mge 3oT, drawings 2 and 3 show the relation between browa
hornblende rimming pyroxene (in this oase orthopyrozene) and the
kelyphitic hordex of the olivine. The brown hornblende appsars to be
oontinuous with the ocuter amphibole-spinel intergrowth border round the
olivine. This suggests that scme browm hornblende at least formed at
the same time sa the kelyphitie berders and eleotron-probe data will b»e
glven later (ohapter 4) whioh suggest that these formed by solid-state

reaction after the consolidation of the gabbro.



The formatiom of the brown hornblende ooourred before the
amphibolitisation of the gabLro complex along shear planes and in the SV
corner. The green horublends formed by this smphibolitisation
pcoasionally hes brown hornblende in ite core whersas brown hornblende is
never found msntling green hornblends.

The information comeerning the time of erystallisation of the
brown hornblende may be susmarised as follows 1=
1. The hornblende frequently rims clinopyroxens with an
interoumulus habits
2, It is found in gabbro peganatite veins.
3¢ It seems to Do sssooiated in some thin sections with the
formation of kelyphitio borders round olivine.
4« It is mantled by the green hormblende formed during the
metamorphism of the gabbro camplexs
These observations suggest that the formation of the brown
horavlende dates Trom a late stage in the orystaliisation of the gsbbro
complex., Hesidual 1iquid was ®till present and was segregated inte veins
to form the uabbro pegnatites. Poseibly in the consolidated parts of the
complex resction between olivine and plagloclase produoed the kelyphitie
margins while residual fluid permeating along grain boundaries altered
small patohes of pyroxens to brown hornblende. The cheaistry of the
prown hornblende will be dissusced in appendix 1 when 1t is compared with

the green hornblende found in the metanorphosed gabbros.



Cataclagtic alteration of abbros .

. . 2. 3.

l. x25 ™68 Fracture accompanied by alteration of olivine to tale and magnetite,
disrupting kelyphitie borders,

X 65 TP168 Localised fracturing of plagioclase.
3. x65 TP151 Sheared gabbro (N.B,

2.

Plagioclase crystals are outlined in this drawing,)
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It 1s interesting to note hers that Herz (1951) cousiders the
brown hornblende of the Baltimore zadbro complex, Maryland, U.S.i. te
have formed in a deuteric episode with temperatures at about 800°C,
whereas “illiams in his original acoount (1586) considered it to be a
produot of primary orystallisation. However Herz goes further and
considers the uralitised gabbroe with greem hornblende to be primary
igneous products or the result of deuterio alteratiom during ocooling, anmd
rejects the suggestion that the Baltimore abbro complex has been
wmetamorphoseds The comparison between the Baltimore and Sulitjelma
Zabbro complexes will be discusssd in chapter 7.

4. Cataclastic effegts.

Very few rocks have besn examined in which there is not some
evidence for post oconsolidation deformation of the constituent minerals.
Strain effects and granulation of minerale have already been desoribed,
Small shear zones run through many of the gabbros, showing little or no
displacement of the minerals on either side. They are marked hy
particularly finely ground minerals and scmetimes by alteration of
pyroxenes to fibrous amphiboles and of clivine to talec and magnetite (fig.
348, 1)s Some rooks display mors severe deformation, still without the
appearance of new mineral phases, and have a completely zramular texture
with clots of olivine or pyroxene grains representing the origimal larger
crystals of those minerals., One locality where such effects are

particularly marked is the col (sers 553513) where lensing out of pyroxens



o e o s en g it ar e o A 4 R IRV ol 4 £ WA 08 IR At e T T R AR NWCWEA TS

3 FIG. 3:9.
i r l. Sha?red gabbro, as seen in the field (g.r. 552513).

.'_'\.‘ “‘5 \.‘ 1" .

o Lol
AWy e

X!
2

2. Gabbro mylonite (plagioclase grains outlined).
x 65 T8 There is a small amount of biotite in the rock.

Sk T e

T L AR L T T s =




—"ﬁ-

orystals oan be seen on the rook surface tn the field (fige 3¢9y 1)e
Catasolastically altered gabbros are also found near the southern contact
with the dioritio gneiss on Vardetoppen, Stortoppen and Vaknacokkae The
most strongly deformed rocks become very fine grained and are deasoribed as
gabbro mylonites (fige 3¢9y 2)e They are found near the contacts of the
complex in the north and west.

The sstonishing thing about this cataciasis is that it has
ocourred with so little alteration in the cineral species present. The
gab ro mylonite in fig. 3,9 contains a little biotite and green hormblende
but many oataclastic rocks show olivine, orthopyroxens, clinopyroxend and
labradorite only. dJinae crushing promotes the rate of reation in
experimental aystems towards an equilibrium assenbdlage and it can be
inferred from the presence of kelyphitic margins that olivine and
1abradorite were not in equilibrium with one another soon after the
consolidation of the gabbro ocomplex, scme factor must have prevented
reaction ocourring. Two posaivilities are s~

1. Jiben the rooke wers orushed, the tempsrature was relatively low
so0 that resotion rates were 0 aslow that appreclisble reaction towards an
aquilibrium asseablage oould not ooccur in the time availablee.

2. ‘When the rocks wers crushed they wers in 8 dry conditions This
would slow reaction rates even at bhigh temperatures and prevent the
formation of hydrous phases such as hornblende.

The existence of metemorphism to amphibolite Zacies in the OW



FIG. 3.10.

Data on the MgO-SiQ,-H,0 system. (Bowen & Tuttle 1949).
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corner of the complex, associated with shearing of the gabbro (see pe
suggeste that oome deformation at least oaourred while the gabbro was hote

The reaotion seen in some fracgtures &=~

olivine + water vapour = tale + magnetite

may aleso give 8 olus to the temperature at shioh they formed. A8 has
been etated earlier, ths alteratlon of olivine to sorpentine has not been
obaerved, although the posslibility remains that same serpentine may be
present along with the very fine grained taloe However, assuning that
gerpentine hae not formed, and that the reaotions in the magnesium rieh
phuses from the gabbros oceurred under gondltions camparable with those
under which the Teactions oconr in the iron={ree system HgO—SiO?rﬁzo,
1imits oan he set in a orude way to the temperature of formation of the
oracks, using Bowen snd mattle's (1949) datas

Fige 3+10 18 a tracing of Sowsn and Tuttle's temperature and
pressurs diagram, ahowing the two onrves representing the nax imum
gtability &n the mgO-SiOQ-HQO system of tale and serpentine, For these
phases %o be present at all an exosss of the silica component over the
stojohiometrio proportion for forsterite must be present. it is assumed
that this is supplled by the breakdown of the fayalite component in the
olivina.

From the dlagram it can be aeon that the lower limit of the
posslule temperature range over a wide variation in pressure is sbout

500°C. The upper limit increases with pressurs between about 750 and

850°C.



These figuree must be treated with reserve. [The aasunptions
made are very sweepings The fayalite vontent of the olivine oannot be
8laply regarded as decomposing to provide siliea. Strictly speaking the
relevant data should be guoted from the four component system
HgO—F.D—Si.O?-HaO. As far as iho writer le aware eynthetic dnta on this
syotem is not yet availables In such a system an additional variable
appears dus to the effect of the chemical potential of oxygen on the
oxidation state of iron. Dut bearing this in mind, it seems fair to say
that the formation of tale frowm olivine is not compatible with the
orueing of the gabbro at a leamperatuve of 60O~700%C.

frofe lls %o 4o Rutland has pointed out to the writer that it is
possidble that the amphibolitisation of the $¥ cormer of the abbro complex
may have occurred along pre-existing fraoture planes, which would provide
¢asy access for the fluide whioh took part in the metamorphic
recryetallisations Thie would permit a cold deformation pbase before the
metamorphism. Whbile this theory accounts for the obeerved fleld and
mioroscopic relations, the writer feels that without any further evidence
to support it, 1t should be eliminated by Oocam's razor, as it introduces
further camplexity into the post ocomsolidation history of the Zulitjelma
cabbro, whioch would bave to ocool and then be reheated during the 1)2
metamorphic event,

The writer prefers the theory that the cataclasis took place

while the gabbro complex wes etill hot, and the country rocks were
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undergoing regional metanorphism to amphibolite faciese This means that
the cataclasis of the gabbro can Le correlated with lienley's 132
structural event.

5. Amphibolitisation of the Zubbro camplex.

This is & very widesproead proceds The mejority of specinens
oollected from the gabbro complex dieplay some amphibolitimsation of
pyroxenes. The term wuralitisation” has been applied %o describe the
altaration of the pyrolenes of gabbyoa to Tlbrous amphibolea, having been
firet used by Williams in 1806 of the gabbros in the Baltimore compleXe
It hag been used oocasionally in this acoount, sn in a descriptive eense
4t ie an appropriate term, although there ars differences of opinion on
whether the process is to he pregarded as a Jeuterlc or metamorphic ones
The writer prefers the more oumveraome term "amphibolitisation™ in that
this conveye to the reader more clearly the xeaning} alteration of
pyroxenes to amphiboles leading in the ultimate case to the formation of
amphibolite,

"he nomenoclature of the more or less amphibolitleed rooks from
the gabdbro camplex presented some problems, as a large numger of
specimens which bad undergone various degreos of amphlbolitisation had to
ne classifieds The following sohsme proved useful for this purpos®e
The rocks are classified on the basia of s~

1, The proportion of pyroxenes altered to amphibholee

5, 'The degree to whioh the original igneous texture is rotained.
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hibo 4 zabLrog.

These show an appreciable degree of alteration of pyroxens to
anphbiole, but pyrozens remains as a greater proportion than 105 of the
terromagnesian minerals.

Metagobbyrog.

Less than 10b of the ferromagnesian minerals remain as unaltered
pyrozens. The rock retains its ophitic texture; the amphiboles
pesudomorphing the original pyroxenss and olivine.
iet ] lits,

These are mphibolt-plagloclur-olimaotaito rocks,; whioh do not
show reliot ophitic texture., They are still clearly foymed from rooks of
the gabbro ommplex. kvidenos for this may be an ccoasional large reliot
plagicclase lath showing ocamplex twinning or even in some cases merely the
lecation where the specimen was collected, If no evidence of formation
from the rooks of the gabbro complex is forthooming, the non=-cousital
term "amphibolite" is used.

These nice distimotions are important as many of the country
rooks surrounding the gabbro complex are amphibolites. It proved
possible to Aistinguish metagabdbroic amphibolites from the others in most
cases.

Alte the m £ the .
In many thin secticns of mphibolitised gabbro two or more

varieties of smphidbole ocan be reocognised, Both tend to be fine=grained



FIG. 3411 AMPHIBOLITISED GABBRO Sé.
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x 65 S6 In this thin section, three different types of
alteration of olivine may be 8eén. In the upper left it has

material., The pseudomorphs after olivine at the top left are
surrounded by the relicts of kelyphitic borders, indicating
that these formed before the amphibolitisation of the olivine.



and fibrous in the less smphibolitised gaboros. Orthopyroxens is
replaced by an optically positive colourless smphibole with oblique
extinotion Letween orossed polars, and clinopyroxens by an optioally
negative pale zroen amphibole which also has oblique extinstion. In
metagabbros only one amphibole is present, a greem hornblende in coarser
aggregates than the fibrous amphiboles of the amphisolitised gubbros,
Thia often contains small bdledbs of quarts.

Sometimes olinozoisite grows at the interface between amphidole
and plagioclase., It is usmally mymekitic in habit and its appearance
was desoribed by Vogt as follews (p. 302) 1=

"The olinozoisite is not found dispersed throughout the
plagioclane but has a very ocharacteristic ocourrence at the contact
between plagioolass and hornblende. Here it formsblister like
¢linosoisite individua whioh sit on the hornblende and have their convex
part against the plagioclase, so that they give the impressiom of having
grown into that minerals The whole appearancs very much reoalls the
ordinary plagiveolase-quarts myrmekite, which grows slister like inteo
potash felspar. The clinozoieite has grown myrmekitically along with a
colourless bYirefringent mineral which can scarcely b»e determined, but
which I aasume to be albite which was separated during the formation of
olinogoiaites The proportion of clinesclsite is fairly emall, and ocan be
eetimated at 25."

As Vogt observed the fommation of thia olinosoisite is
acoompanied by decaloification of the plagioclass. This changes in

t : +.1)
composition from abous An65 ] Anb°-55' The olouding disappears bus
good albite twinning remains though complex twins besocame rarer. The
ohange may be illustrated by comparing the ocmmpoeitiom of the analyeed
plagioclase from metagabbre T15 in table 3} with that of the primary

izneous plagioclase of specimen 596, Often numerous small arystals of



TABLE 6.

Summary of mineral changes due to amphibolitisation of gabbro,

Unaltered gabbro Minerals appearing in Amphibolite or
minerals. amphibolitised gabdros. metagabbro minerals.
SN
Plagioclase (An65) > ~—> Plagioclase (An50_55)
Clinopyroxens - Pale green hornblende \\*\\\\\\\h
\\EEh‘kﬁE\ Clinozoisite
Orthopyroxens > Cummingtonite-\\“ﬁk (Quarts)
Secondary

orthopyroxens
/
Olivine

Greenhornblende

The arrows only indicate obvious replacements; transfer of various chemical
components between phases must also have occurred e.g. tranafer of silica into olivine,
or of magnesium and iron out of olivine to form orthopyroxens.,



plagioclase wholly or partly replace the original large laths, hut it is
unoertain whether this is due to recrystallisation of the plagioclase
during amphibolitisationm, or to cataclastio granzlation similar to that
desoribed in the previous seotiom of this chapter. The plagioolase
graine often display quite strong soning and their cuter rims approach
andesine in ocomposition.

Olivine is never seen altering diveotly to amphiboles Muny of
the amphibolitised zabbros do not contain any olivine although it is
present in all the unaltersd gabbroe. The alteration of olivine to
orthopyroxene is observed, so it seeme probable that sarly in the process
of amphibolitisation olivine altered to orthopyroxens, whioh
subsequently altered to amphibole. The changes in the minerals on
anphibolitisation are summarised in table 6. There ie textural evidence
that amphibolitisation ocourred after the formation of kelyphitie
borders round olivine (fig. 3¢11)s As has been stated earlier (p. 76)
green hornmblende mantles hrown.

In order to determine whether or not amphibdclitisation was an
1sochemical process, a specimen (36) from the castern end of the valley
N of Vardetoppen (gers 547502) was examined. This contained streaks of
metagaburo running through unaltered gabbro. ™Mgs 3412 shows a
photograph of the outorop it was taken fram. The amphibolitised
portions of the specimen were out uway from the unaltered portions by

means of a diamond sawe The two portions were then qround until they
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TABLE 7.

SiQ
7407
A1283
Fe 03
Fea
Hno
Mg
Cal
Na, 0O
K25
H20+

H20-

Total

Recalculated to 100$ of anhydrous oxides -

Si0

7102
s,
Fe 0
Foa 3

Mno
Mg0
Cal
Na O
K25

Amphibolitised and unaltered portions of S6,

comparison of chemical analyses.

Unaltered portion

43.55
0.33
19.44
0.76
5 062
0.10
10.14
12.24
2.42
0.16
0.80
0.00

100.77

48.67
0033
19.49
0.76
5.63
0.10
10.16
12.27
2.43
0.16

Amphibolitised portion

48.34
0.32
19.73
0.66
564
0.08
10.25
12.41
2445
0.14
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paesed through a 90 mesh ajeve and analysed chemicallye The results are
given in table o

It oan be seen that for all major axides, the differences
yetween the two analyses are of the same order of magnitude as the
analytical eyrors The only large difference {s in the percentage of
H,0 driven off sbove 105°¢, which is higher in the saphibolitised gavhros
1t is intersating that there is no significant difference in the
proportions of sods and potash, as anphiboles contain considerably more
of these oxides than pyroxenes. It oan be concluded that im the
formation of amphibole not only pyroxene but an appreoisble amount of
plaglioclase was replacede

The green hornblende of the metagobbros is distinetly different
in chemical compoeition from the brown hornblende found in the unaltered
gabbrose Table 10 compares the composition of brown hornblendes with the
camposition of green hornblends from metagabbro speoinen T15: The
eignificance of these resulte and the results of spectrophotometric
determinations of absorption specira from these hornblendes are

disocussed in appendix l.



FIG. 4-1, KELYPHITIC BORDERS TO OLIVINE IN SPECIMEN $96.
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cHAPTER FOUR

Ke +} and t fo .
Gensral Lemarkpe

The kelyphitic borders gurrounding olivine orystals in the
otherwise unaltersd rocks of the Sulitjelma gabbro ocomplex have been
rentioned sevoral times already. Vogt gave a good description of the
reaction rime of various types surrounding olivine (pe 318=398) and wae
careful to draw a distinction between reactions gzones produced by the
reaction of two solid phases and those produced by the reaction of
cunulus crystals and intercumulus residual magna (to use the moders
terminology of Tager ot ale)s

"Zelyphitio borders™ in this account is the namé given to the
reaction wones whioh Vogt ascribed to solid state reaction. They are
easily recognisable and distinot from the hypersthens rims produoced by
reaction of olivine with magmae Mgs 4¢1 shows a photeaiorograph of
kelyphitie borders in the specimen which has been studied by means of the
electron=probe microsnalysers

'fhe inner border of orthopyroxens usually consists of gyuite
large grains whioh run across the whole width of the bopder and may exterd
aglong it for a distance several times the width. Earely, the border
consimts of small orthopyroxene priems with their o-—axes perpsendicular %0

the plane of the orthepyroxenp-onvm interface. The orthopyroxens is



usually colourless, but in ome or two spesoimens displays slight
pleochroism.

"he narrow middle border of amphibole alone is not always
present. The amphibole has a similar oompositiom to that in the outer
border, and individusl orystals extend across both middle and outer
borders. It is pale green.

The outer border is an intergrowth of amphibole and spinel,
The spinel forms small, colourless, isotropic worm-like bodies roughly
perpendicular to the interface with plagioolase. The intergrowth shown
in £ige 441 is coarser than the average. In soae specimens the spinel
ie so fine that it can scarcely be seen at all even under the high power
of the microscope, which may explain why Vogt did not desoribe the spinel
phase in the outer Lorder although be described on the same page of the
memoir spinel in kelyphitic margins from Andopen, in the Lofoten Islands
of lioxthern Nozway.

The borders are found in many parts of the Sulltjelma gabbro
complex. They are commoner and better developed in the weatern part of
the complex than in the east, and tend to be beat developed in the
merginal trootolitic facies., Kelyphitic borders of thie type are
common in other gabbros in the Caledonian mountain chain. Kelyphitie
borders round olivime appear in the troctolites and peridotites om
Sérdy in the Troms region of Northern Forway (Rameay and Sturt 1963,

Sturt and Ramsay 1965). An example from the Deiland gabdro in N. Newwsy



is [igured in Jarth (2nd Edition 1952) pe 272, and one from Risgr in S,
Horway im Hatoh, #ells and ¥ells (Twelfth Edition 1961) on pe 316.
Kelyphitic borders round olivines are also figured in Brggaer's (1934)
clasaic account of the hyperites of southern Horway. The writer has
examined similar dorders from the Huntly gabbro in Aberdesnshire (Watt
1914, lead 1923) and they have also been desoribed from the gaburo
complexes at Haddo House (Read 1935), Insoh (Read, Sadashivaiab and Hag,
1961) and Belhelvie (Stewart 1945)e Bxsmples from basic igneous rooks
from other parts of the world are also numerous.

Controversy has arisen over the origin of these borders, &
recent example being am argument in the correspondence columns of
"Hature" bLatween deedom (1965) and U'Hara and Stewart (1966) on the
relation of the kelyphitic bordera in the sabbro oomplexes in
Aberdeenshire to the pressure at which the complexes oryatallised.
Kelyphitio borders in olivine gabbros are frequently referred to as
"goronites”. In this account this name has not been used as it is
applied to metamorphic reaction borders generully (Shand 1945, Murthy
1953)s The arguments in this chapter apply solely to orthopyroxens—
amphibole—spinel coronites whioh are found surrounding olivine orystals
in basic igneous plutons.

Elegtron=zzobe X-—rsy gior miorosnslveis of kelyphitic horderse.
In order to obtain more specific data relating to the formation

of kelyphitio borders, a detailed study wae made of the compoaitions of
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the mineral phases present using the electron—probe X=ray emission
mioToanalyssr in the Department of Hineralegy and Petrology, Cambridge.
A resent mccount of the design and operation of this instrument, vith a
desoription of methods for aorrecting the results has been ziven by Heed
(1964)s For thie acoount it is sufficient to state that the instrument
enables analyses to be made for elaments with atomio mumbers of 12 ox
more on a very small volume (aporoximately 1 mioron oubed) on the surface
of a polished speoimen coated with a thin layer of a conducting material.

In the interpretatiom of the results it should be borne in mind
that the acouracy of a determination inoreaces with &=

1. The atomic musber of the analysed element (for the elements
discussed here).

2, The total number of counts made in the characteristie
X~rgdistion for the element,

3s The quality of the polish of the specimen surface.

Other factors also affect the acouracy of an analyesis, but those
listed above are the most important ones which may vary in the analyses
quoted in this thesise To give some idea of the absolute acourasy of the
results, it is probably best to quote Reed (pe 265) 1=

"At present the figure usually quoted for the acouraay of
elestron-probe microanalysis is + 1§ of the concentration measured, for
reasonably large concentrations (more tham 104 eay)s As has been shown
here, reproducibilities considerably bLetter than this can be achisved,
but it is doubtful if better absolute ncouracies than this oan be obtained,

espeoially when gorrections are large. Acouracy is also less when
analysing emall grains, and when the area analysed is very inhomogensous."



The last sentenoe applies particularly o some of the analyses
quoted in this chaplere

The kelyphitiec bordsrs in speoimen 596 were studisd. The
olivine and plagiocolase from this rock have been fully analysed
chenically (table 3 and appendix 2) and a dulk roek analysis has also
been made (appendix 2). The mode of the rock is also given in appendix
2, Almost all the orthopyrezeme in the modal analysis is in the
kelyphitio border. 'The tera "sympleotite™ used in appendix 2, and later
in this ohapter refers to both the niddle and outer borders. The total
of crthopyroxens and sympleotite gives a measure of the dsvelopment of
the bordersy 24.4% of the rook. A polished, copper ooated, thin sectiom
was used for microanalysie.

All the resul$s have been corrected for dead-time, background
radiation, absorption and atomic mumber by hand oaloulation methode
descrived by Reed, The fluorescencs corrections are negligible.
Olivine.

The olivine grains were exenined in detail ir an attenpt to
detect any sening which night be presents This would clearly be slighs,
as the grains show no perosptible variation in birefringence in thia
seotion. Some grains did show a slight variation in iron content
betwsen core and margin, so a series of point analyses for iron were made

along line traverses in selected grains. The variation was oomparsble im
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magnitude to the random variation of the count-rate of the instrument, so
five counting periods of ten seoonds each were spent on each spot, and the
standard deviation of the oounts was caloulated. This enabled an error
to be quoted for the oxide peroentage derived from the count-rate, but
this {igure represents only the random error of counting and does not take
into scoount a great number of sources of eystsmatio error {appendix 3} and
Heed 1964)s The results are shown on the graph (figs 4+2)e 1% can be
seen that there is a significant decreass in the proportion of iron at
distances lese than 0.5 mm from the contact of olivine with orthopyroxens.
A simtlar traverse was made performing point analyses for
magnesium on the same orystal, as olose as possidble to the line traversed
for iron (fige 4+2)¢ Five counting periods were again taken at each
point, but the counting time was inoreased to 100 seconds. The apparent
zoning sesmed to be similar but emaller in amount to that seen im the iron
1.0 a8 decrease in the magnesium content within 0.5 mm of the boundarye
Hut the random variation in the count=rate for nagnesium wae greater than
for iron, 8o it is unoertain whether the apparent decrease is significant.

The measured silisa contents were i-

Distanoe from contaot & 510,
0el8 om, 38.92 x 0029
O.&B e 40.50 : 0.3'8
Qo8 mme 40.56 + 0424

2.%8 O » 38.60 b o4 0039



Attempts were made to detect varistions in Ni, Ca and ¥n in the olivine,
au¢ they were only present in trace guantitieas, and no appreciable
variation could be seen. It may be that Al increases noar the contaot
with orthopyrozene. Al was not measured, but the proportion in
orthopyroxene is very low indeed, so it was assumed that olivine also
contained very little,

The significance of the low values for iron and magnesium near
the boundary is uncertain. It is possible that they are due to some
property of the instrument, although the distanece of some of the low
readings from the contact with the orthopyroxens rules out the possibility
of the variation being due to increased absorption of characteristic
X=radiation olose to the contaot. Kot all grains showsd the decrease in
Mg and Pe towurds the margin but it was detected in others in several
traverses, and on two widely separated occasions, (Decsmber 1964 and
November 1963). Une possibility is that the apparent decrease is caused
by a decrease in the smoothnese of the specimen as the olivine—orthopyrox—
ene boundary is approached, but if there is such a variation it ocould not
be seen under the reflected-light microscope. The decrease may be
connscted with the migration outwards of Mg and Fe im the formatlonm of the
kelyphitis borders.

The uniform values from the centre of the grain ouggest a

molecular compouition for the olivine of forsterite ﬂ}.oﬂ, fayalite 17+0k.



FIG.4-3. LOCATION OF ELECTRON-PROBE ANALYSES IN
TABLE 8 ROUND A SINGLE OLIVINE GRAIN,
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(Spinel analyses made here,



Urthopyroxens.

Point analyses of the orthopyroxens werd made at nine points
round the margins of ome olivins grain (fig. 4+3)s These are given in
table 8. Analyses 7 and B were made at the same part of the margin but
at different distances from the contact with the olivine. The anslyses
were made at points which appeared to be smooth in reflected light, and
clear of oraoks and inclusions in transmitted light.

The analyses are very similar to ome another, the totals tending
to be @ little greater than 100f. The mean analysis was resaloulated to
give molecular proportions of the end-members enstatite (83.04),
orthoferrosilite (16.74) and wollastonite {0e3)e
Amphibole.

iAnalyses were made at six points round the contact of the
olivine graine (figs 4+3})e The analyses were made in both the middle
and outer border, and the composition of the two worders appears to be the
SaAMe « It was not possible 1o make a complete analysis as the instrument
will not determime sodium or water, or the oxidation state of iron. The
partial results are listed in table 8. The unit cell contents were
oaloulated 7rom the partial analysis on the basls of 24 (0,0H) assuming
that the amphibole is & hornblende {tadle 8),

Spinsl.
The analysis of this phase preaented severe problems as the

worm=like intergrowths are only =5 microns acroas. To obtain a



TABLE 8.

Electron-probe analyses of minerals in kelyphitic borders

Orthogxroxene

1. 2. 3. 4. 5- 6. ?. 8. 9. Mean
SiO2 53+¢3  55.T 5549 56.1 55.0 55.4 55.8 55.2: 55.5 2545
Fe0 11.9  11l..6 12.3 12.0 12.2 12.0 12.3 11.9 12. 12.0
Mg0 33.3  33.9 33.4 33.0 33.6  33.2 33.6 133.2 33.9 334
Cal 0.2 0.2 0.2 0.2 G.2 0.2 0.2 0.2 0.1 0.2
Total - 100.9 101.4 101.8 101.3 101.0 100.8 101.9 100,5 101.5% 101.1
Molecular composition on this basis i1-—
Enstatite 83.0%8 Ferrosilite 16.7% Wollastonite 0.3%
Amphibole
A. B. C. D. E. F. Mean
Si0 45.8  46.5 46.3 45.8 45.1 43.5 45.5
Al 33 16.6 16.8 17.3 19.1 18.3 19.8 18.0
Fob 5.1 5.4 5.3 6.0 54 5.2 5.4
MgO 19.4 20.3 19.8 18.0 18,0 17.7 18.9
Cal 1.2 11.2 11.2 11..0 11.2 10,9 11.1
Total 98.1 100.2 99.9 99.9 98.0 98,1 98,9

Becalculated structural formula, on the basis of 24 (0,0H), assuming
the alkali and water content, and the ferrous:ferric iron ratios are
similar to those of the analysed hornblende from T15.

Structural formula on the

basis of 32 (0)

Si 6,00

AL 2.00 § Be00

Al 0.80

Fe 0.58

Mg 3.7y ¥ 2%

Ca 1.57 )

Spinel

10 2. HB&D

810 1.4 4.2 2.8 51
Al 33 67.9 68.5 68.2 Al
Feb > 15.2  13.1 4.1 Pe
Mg0 16.1 14.7 15.4 g
Ca0 0.5 0.6 0.5 Ca
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oreliminary indication of the differences in concentration between the
spinel and smphibole phaseés in the symplectite, X~ray scanning piot;rOI of
a small srea were made (fige 4.4)s In these pictures, the intensity of
{1lumination inoreases with the concsntration of the analysed olement.
In fige Aed the snalysed element and the type of X=-radiation used in the
analyeis is written under each photographe Alusinium and irom are
concentrated in the spinsl phase, and calcium and silicom in the
amphiboles No concentration of magnesiun can be seen.

In the quantitative determination of the spinel, the following
procedure was used. The current of the slestron beam was reduced %o 1/%
ite normal value, This increased the effective power of the electron
lenses, snd eo reduced the size of the area analysed, Unfortunately it
deoreused the mmber of counts obtained for any element by 1/5, and
produced a corresponding reduction in the acouracy of the results,
#nile in the previous determinations it had proved sufficiently accurate
to locate the elsctron beam by eye, viewing the specimen in transmitted
1ight, a different method of loocation was used in this ecase. The electron
beam was scanned slowly along a line acrose part of the sympleoctite and the
intensity of the silicon Ko radlation was monitored, The position of
the electron beam was recorded as the x=coordinate on a catbode ray tube,
and the intensity of the silicon K radiation as the y—coordinate, Thise
produced patterns of the iype shown 1n fige 4.5 pifferent areas were

acanned in this way snd when the 5i intensity recorded on the spinel womms



FIG. 4-5. LINE SCANS OVER SYMPLECTITE.
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approsched the background value the beam was fixed in this position on
the line scan, nnd Al, Si and Ng deterwminations were madey Then the
position of the electron beam was read justed if necessary to minimise
the Ca intensity, and Pe and Ca determinations were made.

Even with these precautions the two best analyses includs a
small amount of caloiwm and silioon (table 8)s The unit cell ocontents
nave been recalculated on a basis of 32 (0)s It can be seen that there
{s an excess of eilicon and uluminium ions above 16, suggesiing that the
3102 in the analysis is due to "ocontamination™ from the surrounding
amphibole due to lack of resolution by the instrument, The irom and
magnesium are slso deficient. This may be due to inacouracy,
particularly in the magnesium analysls.

Jaloulation of the bulk composition of the symplegtite.

In order to compare the chemistry of the bhordere it ie
necessary to lmow the composition of the amphibole + spinel intergrowth.
In this caloulation, the middle border has been included with the outer
borders

The volume percentage of spinel in these twoe ocuter borders was
estimated from the X=ray scanning pictures shomn in fige 4s4e The
sluminium K and caleium Ko{ plotures which gave the best "positive” and
"negative" images of the spinel phase were traced and an composite tracing
baged on these was used to estimate the proportion of the surface of the

thin section which was composed of spinsl. The Ca K picture suggested
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a smaller area of apinel than the composite traoing, and the Al Kot
ploture a larger areas The composite tracing was point counted at 1 mm,
intervals (NeBe fige 4e4 is reduced to about 2/3 the size of the original
scanning pictures)s A total of 2,941 points waes sounted, ylelding s
volume percentage in the symplectite of epinel 10.0%, amphibole 90¢0%e
Speolfio gravities of 4.14 and 3.39 respectively were asssuned for the two
phasese These were derived from the calculated molecular proportions
and the figures in Deer, fowie and Zuesmann (Volume 5 ps 61, and Volume
2 pe 296)e Onoe again, it was assumed that the amphibole is a
hornblendes

From this data the composition of the symplsotite was

caloulated as follows (weight percentages) 3=

8102 40,0

A1203 2446

Total iron as FeO 645
g0 1844

Cal 9.8

"Total"™ 393

Ipterpretation of the regults.

To make the gomparison of the compositions of the vopders

easler, the chemical analywes of the olivine and plagioclase, and the
mean electron-probe analyses of the arthopyroxone and symplectite are

set down again herxe 1=
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Olivine Urthopyroxeng Jymplectite ilugdocinge
3102 1944 955 4040 a7
Al% 0.0 a 2446 3149
Total
iron as HeO 16.7 12,0 605 0e2
Kgo 4344 3344 18.4 -
Cal trace 0.2 9.8 14.1
Ratlo
HgOshgO + FeO  0.722 04736 04739 -

(The AL,04 value in the olivine analysis is added to 840, see appendix
3)e

The values for the NgOiMg0 + FeO ratio make a late magmatic
origin for the kelyphitic horders as propossd by Hers (1951) and Veedon
(1965) exceedingly unlikelye There is abundant evidenoce that late
magnatic fluids are enriched in iren relative to the early crystallised
phases, whereas the orthopyroxens and symplectite borders have much the
same MgOig0 + FeD ratio as the olivine.

It seems most likely that the borders formed Wy chemical
resotion betwsen olivine and plagioolase in the solid states A simple
reaotion will be considered hers, making the follawing assumptions i-

1, The present symplectite=orthopyroxene interface represents the
original plagioclaee-olivine interface. This is reseonable on textural
grounds {fige 4.1)s It follows that orthopyroxene formed from olivine,
and sympleotite fram plagioclase.

2., The mobile elements were irom and magnesium, and to a wuoh
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amaller oxtent cvaloiume Silicom and aluminium were pasgive.
3, The replucement of olivine by orthopyroxens and of plaglociase
by symplectite took place at conatant volume.

Let us firet consider the alteration of plagioclase to
sympleotites Ve oan caloulate the composition which arises if iron and
magnesium are addod jo the plagioclase analysis until the weight
percentage of silioa drope to that in the sympleotite (40p)s 'The
MgOsFe0 ratio is kept at the asame value as in the olivine. This gives

thisg result i=

-3102 4040
Al 203 25e1

58
kigd 15.4
Cel 11.1

1f we assume that this compoaition change took place at
constant volume there is an increase in the speoifie gravity of the
symplectite over that of the plagioclase by 21.2%. 'The assumed apecific
gravity of the sympleciite which was used in the weight percentage
composition calculation wae 3.20¢ The composition of the plagloclase
suggeste an sctimate of its specifio gravity at 2472 (Deer, Howie and
Zusanan Volume Sy pe 137)e Thess figures give an inoreane in specific
gravity of 1764 Thus the working hypothesis acoounts for the change
fram plagioolase to sympleotite quite well,

However, difficulties arise with the alteratiom of olivine %o
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orthopyrexene. It is posaible to shtain 2 olose approximation to the
composition of the orthopyroxene by subtracting Fe0 and Mgl in the
appropriate ratio (Murthy 1958). But this indloates nothing more than
that the Ng0 s (MgO + Pe0) ratios are similar, as both phases oconsist
slmost entirely of the three oamponents FeQ, XgQ and 5102. The assumptio
of equel volume replacement runs inte severs diffioculty «» ortaopyroxend
and olivine of these compositions have almost the same spacifio gravities,
and yet the postulated less of irom and magnesium means a reduction im
the mass of the olivine on conversion to orthopyroxene. Thie produces
a reduotion of 265 of the origimal volume of olivine on converaion to
orthopys-oxenes Ia speoimen 396, im whioh orthopyroxens constitutes
9.56 of the rock this implies a reduction in the total volume of the rook
of some 3}.8f whem the kelyphitic bordere formed. Thers is no sextural
evidence for such a reductien.

1f the sceumption of egual volume roplacement is retained
aifficulties are enocuntered over the chemistzy of the horders. It
heoomes necessary 0 assume that silioca and alumina wore mobile and not
only 4iffused ssross the hypersthene-eymplectite contact bul sowoss the
symplectite~plagioclase and hypersthene—olivine contaots. This soems
unlikely to have oseurred in view of the relatively slight soning of
olivine and plagioelase,

In spite of the velume difficulties, the writer considers the
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gimple diffusion model outlined earlisr to be the most planaible for the
farmation of the kelyphitic horders. Few of the kelyphitic hordere in
the ollivine gabbroes ocenpy is large & volume percentage of the rock as
thoss in 896, CSpecimen 596 is fram near the contact of the gabbro
complax, and parts of the specimen have undergone amphibolitisation. I%
may be that this masks any textures which might have arisen from a
volume change whem the kelyphitic borders formed. It seems most likely
that 4he d4iffusion took ploce in an aqueous fluid which entered the roock
along sgrain boundaries ané permeated the olivine and plagioclase for &
small distance on either side of the interface.

Tre theory proposed here for the origin ol the kelyphitie
serders may be summed up as {ollows i«

le They were formed by reaction in the solid state.

2. A sinple process of 2-way diffusion across the original
tnterface Setween olivine and plagioclase with iron and magnesium
aiffusing into the plagloecluse, and a little caloium diffusing into the
olivine explains the chemical compogition of ihe horders quite well but
creates volume difficultios.

3, Textural evidence cited in the previous chapter suggeots that
they formed before the 32 deformation epizode and the accompanying
amiphiholitisation of the gabbro complexe

4« ‘Mo formation of amphibole from plagioclase indicates that

water must have been introduced when the yorders formed, The oxteonsive
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developaent of the bordere near the confacts of the ;jabbhro complex
suggeate that thic wuter may have Laen derived from the country rocks.

1t was probably the transporting medium for isng across the olivine~

plagioclase interfaoces
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4 brief acoount will be given of the petrography of each unit in
the stratigraphical sequence on pe 17.
1. The rooks of the Pieske~Vasien nanpes

(a) The Puzulund schist groupe

The petrograply of the Furulund schist group has been studied in
detail by Henley. A brief sumary of his resulte is given here. He
considers the main schistose fabrie to have arisen during the Dz
deformation episode and therefore designates the main schistosity surface
as 8,. The growth of the porphyroblast minerals garmet and hormblende
started before or during the Jl)2 episods, #0 thet their cores scmetimes
retain an earliey Cine grained planar fabric, which he designates Sp.

This acoount is ooncsrned with the meta—igneous rocks which 1ie
above the Purulund groupe It is sufficient to say 4hat the bands of
garnet-mics echis$ in the sohistose smphibolite group display all the
festures desoribved by Henley in the main part of the Furulund sohist
ETOUDe

(b) Hicaceous pessmiles

Only two specimens from this unit were taken for examinatiom 1im
thin seotion. DBoth are fine—grained and display a well-developed
schistosity arieing from preferred orientation of pics flakes. Ome



FIG. 51,
Micaceous psammite and schistose amphibolites.

clinozoisite hornblende calcite

fine flakes of
1. muscovite 43 af

l. x 65 U499 Plagioclase augen in micaceous psammite.
2. x 140 S48 Schistose amphibolite with late chlorite.
3. x 65 S5 Calcareous chlorite schist,
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specimen (U4S) is a quarts-muscovite-epidote-ors assemblage. Lpidote
takes the form of subhedral prismatic porphyroblasts. Ths other speoimen
(U49) 18 a quartz~biotite~hornblende-~caloite~clinosoleite assemblage.
The hornblende appears as primmatie porphyroblasts, with the o—axes lying
in the plans of schistosity. Calcite forms lenses parallel to the
sohistosity planes and olinosoisite apiears near the edges of these lenses.
There are augen~like metacrysts of plagiooclase about 2 mm. across. These
show ocoasional relict polysynthetic twinning, but not sufficient for an
agourate componition determination, though thelr low H.l. suggests that
they are more sodic than the oligoclase found in the schistose amphibolites
above. They have mimute inclusions of olinosoisite, musocovite, biotite,
quarts and hornblende, The schiatosity sweeps round tham suggesting that
they may be pre-sohistosity features (fige Selyl)e
(e} Ihe schistoss smphilolite groupe

The rooks in this group display as much variety in thin section as
they do in the fisld, Many are calo-silioate rooks camposed of epldote,
quartz and plagioolase, or sohists oamposed of chlorite, epidote and
quartge True amphibolites do cocur interbanded with these other
varieties. The amphibole is usually = green hornblende, though it is
sometimes rather pale. The carbemate minerals are very abundant forming
lenses and patohes in rooks throughout the groups Both caloite and
dolomite meem to be present. The textures of the rocks are also very

variable. Sometimes hormblende forms large porphyroblasts with a



preferred orientation parallel to the D2 lineation. Many rooks are
panded with more oalcarecus bands rioher in epidote or clinozoieite
alternating with more hornblende rich bande.

Plagioolase is rather rare and not often twinned but measursment
on a few grains suggest that it la oligoclase with composition m20_25-
In one section (P216) large augen of potash felspar are found along with
reliot metacrysts of plagloolase, similar to those found in the
porphyritio amphivolites The matrix of the rook is ohlorits schist and
it comes from just above the lower sohist band, to the east of Otervamn
{gore 536461)¢ In this rock the chlorite grows in the sohistoeity planes
in a similar way to biotite or muscovite in the pelites. In the
amphibolites it may grow at random angles to the schistosity planes
(£1ge 5+1y3)e Chlorite sohists are usually found near the base of the
gchistose amphibolite group, or immediately above the pelitio bands.

Late chlorite of the typs shown in fig. 5192 is found in all types of
rocks in the Sulitjelma region, including metagabbros from the gabbro
complex, It seems to have formed during a late phase of retrograde
metanorphism.

‘The particles seen in some rocke from the schistose amphibolite
group in hand specimen or on the outorop oannot be observed in thin
seotion unless it is in the variations in the propertions of the minerals.
The presence of limeatonss and pelites in the schistose amphibolite group

shows that part of thie group formed under sedimentary conditions., Hany
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rocks, like the chlorite schists, are diffioult to assign either a
sedimentary or an igneous origin, while it seeme likely that smphibolites
such as 349 (fige 5e1,2) aay be meta~ignecus. JNear the top of the group

updoubted meta=—ignecus rocks resembling the porphyritic amphidolites

Two main types of rook can be recognised in the group. The
soarse grained "porphyritic” rooks contain two different assemblages,
hornblende-plagioslase=quartstepidotetbiotite forming the groundmass, and
olinozoisite-suscovite~plagicalase in pssudomorphs after calole
plagioclase, Sometimes the plagiooclase phenoorysts survive (fige 5e251)e
%hen they 4o they are strongly soned, and their cores may be as calclo as
Au}O whereas the plagisclase in the groundmase and near ths edges of the
phenoerysts has a composition of “30-35' Some of tha rooks do not
contain hornblends but have s very high proportion of the pseudamorphs
after the plagioclase phencorysts and & matrix coamposed of clinosolisite,
nmusoovite, gquarts and plagloclase. In some sections ohlorite is quite
abundant and appears to have formed later than the other minsrals.

The finsr grained smphibdolites oconsist of the hornblende~quartis-
phgioolmidoto—-btotito assewblage. GSome show relioct ophitic texture
and ogcasionally reliot pyroxens is seen surpounded by green hormblende.
There are sleo leucocratic lenses of fine grained rook with a 1ittle
hornblends but mainly composed of gramilar quarts, plagioolase and potash

folspar. These may be metazorphosed acid igneous rocks.



FIG. 5:2. Porphyritic amphibolites.

relict hornblende with
clouded cores

¥

le T 25 U24 Reliot plagioclase
of small plagioclase grains omitted).

lath in porphyritic amphibolite (outlines

2. x 65 8144 Plagioclase almost entirely replaced by clinozoisite.
3¢+ x 65 U76 Amphibolite from rocks 3. of Sorjusjaure,
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Pieske~Vasten nappe rocks S of Sorjusjaure.

Only a few thin soctions of these rooks have been examined, They
inolude pelites, amphibolites and calcareous schistas They oontain green
wiotite and blue—green hornblende with a rather low birefringence. The
plagioclase ie lees ocaleic than that in the amphibolites south of the
gabbro complexs A rough determination based on the maximus aymmetrical
extinotion angles suggests a compouition about An12_15. Siome of the
grains retain more calcic cores (up to about ;\nzs).

The rocks have no obvious reliot textures comparable with the
meta-phenocryste of the porphyritio amphibolite group to enavle their
pre=metamorphic nature to be discovered.

2. Junction Units.
The dloritic sneiss.

A representative sample of epecimens were collected on a traverse
scross the dioritic gneise approaching the summit of Vaknabokica from the
8%, Almost all the rooks from Vaknadoika show signs of cataclasis. As
the top of the dloritio gneiss ia approached this oataclasis beoames more
and more intense, and eventually produces a foliation. The upper part of
the dioritic gneiss consiste essentially of teotonised amphibolitised
gabbross The two processes seem to have gone on simultanecusly. Near
the top of the dioritic gneiss brown hornblende is sometimes found im the

cores of green, voth replacing the ferromagnesian minerals of the gabbro



FIG. 5:3.
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(in rooke as deformed as this it ie not jpossible to determine which
mineral a particular smphibole grain is replacing)s Tho brown hornblende
may indicate that the onset of formation of the dioritio gneiss had already
commenoced during the earliest atage of post~consolidation alteration of
the gabbro complexe

The specimen from the traverse mout typloal of most of theee from
the pest of the dioritio gneisa horizon is shown in fige 5331 The
appearance of the dioritic gnelse in thin section confirms the field
observation that this unit is a tectonic melange of basic ignesus rockse
A chenloal snalysie was performed on a specimen from the hase of the unit
(T222y appendix 2) whioh was Lakem from a coarse=grained lens. 1% does
not resemble the gabbros in composition deing noticeably richer in silioca
and ivom and poorer in magnesis.

The Jungtion unit 3 of Nedye ©Sorjus.

It was stated osrlier that on the scale of the outorop the schiat
which foims the junction betwsen the Pieske~-Vasten nappe rocks and the
Gasak nappe rocks in the valley ¥ of Hamueren shows little aign of
reotoniam, such as the lineation and lensoid character obsserved in the
dioritic gnelss,

It is impomeible to generalise about the petrography of this thin
schiat band as only ¥hree apecimens from it have been srought back to
exanine in thin sections Onme (1270) is a rather fine=grained quarts—

biotite=plagioclase schist with garnet porphyroblastis. The othey



speoimens (U43, U44) come from the & shore of Hedre Sorjus (gere 586561)
snd are very peouliar.

U43) is a graphitic sohint with crystals of pyrite whioh have Leen
broken up and strsaked into lenses along with quarte and biotite, Other
lenses contain quarts, biotite and untwinned plagioolase. The matrix
materiasl hotween the lenses is very fine—grained echist with graphite,
biotite, muscovite and quartes The echistosity sweeps round the wineral
lenses. U44 has a matrix of the graphitic sohist surrcunding rod-like

nesses about lom. in diameter, elongated parallel to the I, lineation.

2
These are compossd of gramular quarts and blotite flakes in random
orientation, with sieve~like crystals of cordierite and porphyroblasts of
garnet and clinosclsite, which appear to have growm later than the
development of the fabrie of the rooke.

It ia not possible to understand the significance of these

specimens without extensive further study in the arsa.

The rociks of the Gasak Nappe.

{a) and (c) The cale-silicate groups.
The roocks from these two groups are deseribed together because of

their great resenblance both in the field and 4n thin section., Iroadly
speaking, three rock-types can be distinguishedj calcarsous schists,
amphibolites snd caloareous rooks with diopside.

The calcarecus schists have mineral assenblages suoh as blotite-

quarts-plagioclase-epidotes hornmblende. Some of the less calcareous rooks



FIG. 5.4,
Calc-silicate groups, and quartzite band.
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1. x 65 T42 Biotite-plagioclase—quartz-epidote-hornblende schist. The biotite is dark green.
2. x 140 T195 Quartzite from band in calc-silicate group (a). Quartz grains outlined.

3. x 140 T55 Transition between pelitic (bottom) and calcarecus (top) bands in calc-silicate

rock. Hornblende has been shaded to distinguish it from diopside. The dark
coloured, high relief, grains are sphene.
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have almandine zarnet rather than epidote. Both epidote and garnet

occur as porphyroblasts which appear to have grown after the devalopment
of the main schistope fabric of the pocke The biotite is groeen and the
plugioclaae bas a composition of ‘“‘25-30 and chows clight normul szoninge

The amphibolites have greem rormblende, plagioclase, quartz and
clinosolsita. The plagloclase is strongly soned with cores as caloic as
Anw but the edges seem to approach ths composition of the plagiosclase in
the oslcarecus sohist.

The most lime-Tioh rocks contain diopside, plagloclase and quartse
The plagioclase seems to have a camposition about .1n4°, tut in some thin
seotions the diopside~andesine asvemblage appears to be breaking down to
hornblende~ clinozoisite—oligoolase (£ige 5e4)e
(b) graphisic schist.

The pelitio rocks surrounding the gabbro complex are of greater
interest than the caloarsoue rocks in that the aluninosillcate minerals
and garnets in them zive an indication of several phases of mineral
growthe As & few thin seotions {rom the hornfelses and igneous breccias
slso contain alumimosiliocate minerals and garneis, shose textures uay be
compared with those in the oountry rocks, it is possidle to show that
growth of some minerals preceeded and of others succeeded, the injeotion
of the gabbro complex. For the mament, however, the soquence of
sinerals in rocks which show no evidencs of hornfelsing due to the

injection of the gabbro complex will bLe desoribed.



FIG. 5.5.

prismatic
sillimanite

Graphite schist oup, and calcareous semi-pelite.

fibrolite graphite
schist

1., x 140 Ul3 Relationship between sillimanite, garnet and biotite.
2. x 140 U39 Kyanite porphyroblast altering to muscovite in graphite schist.
3. x 25 U79 Microfold in calcareous aemi-pelite.
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The rooks fram the graphite schist group are not always graphite
bearings (The graphite bearing roocks tend o have assemblages such a8
nuuoovito—qnnrts—graphlto—plastoclm). Assemblages such as quarts~
p1agioolumcovito—biotitmlnmdtmlmimul1oato oocur. Some
rooks contain staurolite, Two aluninosilicate minersls are present in
the graphite sohist group and other pelitic rocks im the ¥E Sulitjelma
area, kyanite and sillimanite. S41limsnite oocours in two different
habits, as quite large prismatio orystals and as very fine "fibrolite"
needles. Kyanite and garnet form porphyroblasts, kyanite often being
partly altered to muscovite (fige 5¢592) ¢

.ge 5091 1llusirates the relationship seen in a thin section
of specimen UL} betwean garnet and the two forme of sillimanite. It
appears that prismatie sillimanite grew before the garnet which encloses
it and the fibrolitic sillimanite later as it overgrows both garnet and
the prismatic eillimanite. It also overgrows biotite. The relationship
between kyanite and sillimanite in this rock is not oclear as kysnite
appears as isolated porphyroblasts not associated with eillimanite.

() Caloareous semi~pelite.

The rooks in this group whioch were exsmined in thin section
turned out 40 be very similar jn their mineralogy to the sale=-silicate
groupse Thay contain a higher proportion of carbonate minerals and
some specimens show a deoussate texture of the micas.

A speoimen (U79) was taken from the olosure of one of the



flgijifl Kyanite schist group.

Staurolitg kyanite

1. x 10 T284 Mierofold in kyanite schist, showing folding of micas and fibrolite.

2e X 10 T48  Atoll garnets (matrix omitted, but internal assemblages in garnets

shown).
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possible Pk folds discussed on pe 55+ lioro~folds could be recognissd

folding the biotite bearing bands in a diopside~quaris-plagioclase rooke

The biotite has recrystallised since the forwmatiom of the folds. In the
hinges of the folds id shows an axial planar orientation but further down
the limbe it retains an oriemtatiom parzllel to the compositional banding
(fige 54593)e

(e¢) Kyanite sohist group.

The minerals found in this group are similar to those of the
graphite sohist group, except that graphite does not ocours Kyanite,
ataurolite and garnet ocour as porphyroblasts. The same two forms of
sillimanite are seen, although fidrolite is commoner than the primsatic
variety. Late muscovite is sbundant in same sections associated with
sillimanite. The large porphyroblasts of kyanite which often lie
orientated parallel to the D2 lineation can de seen to be deformed and
fraotured in thin section, and are usually overgrown by fibrolitie
sillimanite. PFig. 5.6 shows s kyanite sohist from the Ducldagop region
(gere 520505)s A band rich in kyanite, staurolite and fibrolite passes
round & miorofolds This fold formed late in the orystallisation sequence
as it folds even the biotite and the fibrolite. The other sketoch shows
gome atoll gernets frcam the kyanite schist group close to the oontact with
the gabbre complex {(gere 968540)

(£) Micsceous pesmmite groups

These rooks ars rather fine-grained psammites with a gramlar or
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mosado texture of the quartz and felspar grains {both plagioolase and
potash felspar are found), Small oriented flakes of biotite and
muscovite lie parallel to the cleavage. More aluminous bands contain
primmetic sillimanite, and more caloarecus bands epidote,
(g) Calo=siliocate group of Duoldagep.

These rocks will not be described here. An acoount of their

petrography will be given by lLarsen.
Conaluw .

The porphyroblast minerals in the pelitic rocks oan be divided
into two types, thoseé such as kyanite and staurolite whioch crystallised
at the same time or earlier than the formation of the main sohistose
fabrie (82) and those suoh ss garnet and epidote whioh tend to overgrow
the main fabris. Bilotite, muscovite, quarts and plagioclase make up the
main fabric of the rock, though in seetion U79 there is svidence that
blotite recrystallised after the formation of an F3 fold, ibrolitio
sillimanite overgruwe garnet, biotite, igyanite and staurolite and so must
have oryetallised very late in the sequence of minerals. Fugoovite and
chlorite often appear to have grown later than the fommation of the main
fabrio of the rook. The ocalcarecus assemblages show that dicpside
developed as a regional mineral but later altered in some specimens t0
hornblende,

A detailed desoription of phases of growth of metamorphie

minersls in relation to phases of deformatiom, ond to the injeotion of
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the gabbro will bs postponed unmtil the petrography of the hornfeless
immediately surrounding ths gabbro complex has been desoribed.

The maximum metamorphic grade of the rocks seems to be fairly
uniform in the country rocks of the Gasak nappe surrounding the gabbro
(negleoting the hornfelsing due to the injeotion of the gabbro oomplex).
In the pelitic rocks the assemblages quarts~kyanite—etaurolite-muscovite-
plagioclase-biotite and quarts—alnandine-muscovite=biotite-plagioolase
seem to have been stable throughout the area. FPlagioclase in equilibrium
in the groundmass tends to have a oomposition An25__30.

It appears that the oconditions of metamorphism sorresponded to
the almandine-smphibolite faoles of Fyfe, Turner and Verhoogen (1958).

If the early formation of kyanite and the later formation of silliminite
are a guids $0 a changs in the eonditions of metsmorphism (silliminite ean
hardly be said to have grown in squilibriwm with all the other minerals
in moet rooks) then there wae a change from conditions corresponding to
the staurolite=quarts subfaclies to those corresponding to the silliminite-
almandine subfacies,

Hornfelses.

Horafelses are found in two different situation assoclated with
the gabbro ocomplex. ‘They form a narrow sone round the oontacts of the
complex, and they ocour as particles im the igneous brecclas. Both types
show evidenoce of metamorpbism %o the pyroxene hornfels facles, but the

particles in the breccias show a wider range of variation in bulk rook
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composition. Im thie section only the contact hornfelses of the gablre
complex itself will be desoribed.

The massive hornfelses found near the comtacts of the gabbro
complex and oocasionally in xenoliths in the gabbros show & variety of
mineral assemblagess The commonest are -

olinopyroxens = plagioolase + quarts & blotite

orthopyroxens = clinopyroxene = plagioclase t quaris + biotite

orthopyroxens = plagioolase + quarts ¢ biotite

These rooks have a gramlar texture and are fine grained. The
plagioclase varies in oomposition from An65_70 in xenoliths in the gabbro
to MdS-SO in some of the hornfelees from the contact asursole.
Calcareous hornfelses ooour, with asseablages such as clinopyroxens
(diopside)=quarts—caloite, but as these are more extensively developed ia
the igneous breccias they will be desoribed there, Aluminous hornfelses
oontain sillimanite and kyanite when silioa saturated, or spinel when
undersaturated with silioss The epinel is the green ferriferous variety
pleonaste, and in one thin section is rimmed by orthopyrozens and in
another by a oolourless spinel., Scapolite ie aleo found in some
hornfelees.

Some of the hornfelses have been altered sinoe the thermal
neteamorphisme Thay do not show alteration comparable with the deuterie
or early post consolidation alteration phase in the gabbro complex itself

(wee pe57) but they do show the effects of cataolasis, and of



FIG. 5.7. Hornfelses.

cummingtoniie

l. x 140 526 Relationship betwsen kyanite, prismatic sillimanite and fibrolite.
2, x 65 T1l1 Garnetiferous cataclastio hornfels.
3¢ x 140 5100 Cummingtonite bearing "metahornfels".
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amphibolitisation of pyroxenes. A hornfels which has undergone
cataclasis is shown in fige 5¢7y2+ Amphibolitisation has led to the
production of cumningtonite from ortnopyrezens, and of green hornblende
from clinopyroxens. Clinosolmite appears in the caloarecus hornfelses,
and alnandine gaurnet in pelitic hornfelses, overprinting the hornfelsic
texture,

%hat light do the hornfelses shed on the sequence of growth of
the 5123103 polymorphs? Two specimens only were found %o oontain bolh
kyanite and sillimsnite, 526 and 5107. S5illimanite is quite widely
developed in the sohistose hornfels atrip &b of Smasor jus, but whether it
formed during the thermal metamorphism, or during the superimposed later
regional metamorphism ie uncertain.

Specimen 5107 and 526 are sufficiently interesting and erucial
to the dating of the intrusion of the gabdbro ocmplex to be described in
detail 4=
35107« This comes from a lurge yellow weathering xenolith in the gaburo,
near ite northera ocontact ¥ of lake 933 (gers 517542)s It consists
mostly of quarts grains in a mosaio pattern, but among these are grains
of rutile and of the prismatioc variety of sillimanite. Kyanite appears
as lenses of large grains with inolusioms of rutile and as occasional
small orystals in the quarts mosaie. It shows some alteration to
puscovite. Prismatic sillimanite shows a tendenay to preferred

orientation in the plans of the kyanite lenses. Kyanite is not found in
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contact with the prismatio sillimanite, so direot evidence of the time-
rslations of theas iwo minerals is not available.

The eignificance of this specimen lies in the presence of the
kyanite in a xenolith in the gabures The surrounding gabbro is not
amphibolitiged, although it shows asome cataclastic deformation. Thim
mesns that it is unlikely that the xenolith reocrystallised after thermal
notamorphiss, 1.8 it seems unlikely that the kyanite grew af'ter the
intyusion of the complex. The kyanite imclusions are lemses, and not
veins) und the smell orystals of kyanite in the quartazite tend to ooour
in streaks parallel to the lenses. There is mo fragturing of the gquarts
mosalc near the lenses. While it must be admitted that this evidence 1s
sll rather negative, it seems probable that kyanite orystallised before or
during the intrusiom of the gabbro complex.
826+ This is a hornfels of memi-pelitie composition, colleoted from a
large area of hornfels associated with igneous breaocias, just FHE of the
Sabsorjus lakes (gere 516529)s The specimen was oolleoted about 2 me
away from the comtact with the gabbro. The thin seotion includes some
anphibolite.

The main part of the section consists predominantly of quarts,
plagiocolase (*46 in the cores, irregularly somned) and bictite. The
biotite has a decussate texture. In this matrix are very irregularly
shaped porphyroblasts of stsurolite and kyanite, and masses of sillimanite.

Fibrolitic sillimanite fringes both kyanite and prismatie sillimanite.



-117-

In one place, kyanite, fidrolite and primmatic sillimanite can be seen
togethere The relationship is shown in fig. 5.7,2.

It is not possible to state heyond argument that the kyanite
formed before ihe sillimanite, but the irregular shaps of kyanite crystals
sugsests that they may be partly broken down, whereas the sillimanite
orystale retain their orystal outlines,

In parts of the section there haa bLeen some late-stage growth
of muscovite and clinozoisite. Accessory minerals are apatits sad ore,.

This ssotion provides the best evidence for the order of growth
of the 1123105 polymorphs that has besn found, It is tentatively
suggeated on this basis that kyanite grew bhefore the intrusion of the
gabbro complex, that priamstic sillimanite grew during or a little after
the intrusion, and tuat fidrolitic sillimanite srew afterwards. An
obvicus alternative theory is that the kyanite grew at the time of
injection of the oomplex, and both generations of sillimanite later,

But it is Aiffiocult to explain the textures of the minerzls on the
assumption that kyanite grew after the intrusion of the gabbro complex,

The strip of hornfels rumning SE from Smasorjus from g.r.
521521 to 539510 between the gadbro complex and the Purulund granite has
undergone partiocularly marked cataclasis, and also some regional
metanorphisms This has produced eillimanite echiste with ocoasional
patches of less altered hornfels, and other patohes resembling deformed

igneous brecoias,



T T T e

&t ailicflL U RS TESATE e

Cule radiati

Radius of camer

3

. i of

otation approximately

arallel

Hel

c—a

of silli

nite.

ATl RSTLN R BT T ITY T

PRl 20t W2, AL Sdon T 0

TET
"y

TTTERIR LY TR W, T

IE AR o, Lt il e A sl

S At L oA TFE



- 118 =

Both fibrolite and prismatis sillimanite are presemts The latter oftenm
shows a preferred orientstion parallel to the promounced I)2 linsation
which has besn imposed om this sirip. Speeimen S170 is partiocularly
remarxable in that the sillimsnite oscurs as augen=like btundles of fibwes,
slongated parallel to the I)2 lineation, and partly altered to muscovite.
The besal sestions of & bundle of the fibdres gives a rather indistinot
centred positive acute biseotrix figure om exssination between srossed
polars im eonvergent light and in s priem section '.nn fivres show
oxtinction poeitions lying withim a spresd of about 5° under ortbo-
soopio {llumimation, under crossed polare. This suggesis that the
sugen are formed of fidres of sillimsnite with almest, but not quite ihe
smme erientations; the leng sxis of the oluster being almest parsllel %o
the e=axes of the sillimanite fibwes. This was oonfirmed Wy taking an
Xezay oscillation photograph of ens of the sugen, oscillating abeut the
axes of the fidres which were perpendicular to the X-ray bemm. The
result was & phetegraph intermediate in charsster between &n oseillation
photegraph snd a powdsr phetegraph, ihe spote smearing cut inte rings
(£3g. 5.8 0.f. Hompy, Lipoen sad Sooster fig. 124.2). The repeat
mmmmmwmmuuutmu
sillinanite.

It seems 4ifficuls to explain this preferred oriemtatiom of
the stllimanite fitres if each gvew indspendantly. It seems more likely
that the sugem are pesndamcrphe, s whether after igaalite or s single
large exystal of sillimanite is impessidle %o say.
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1gneous bresciss.

The looation of these rocks in the gabbro oomplex has already
veen described {pe 5 )¢ They show s remarkable variety of rock type and
textures. Only a brief petrographic socount of them will be given here,
as they are not directly concerned in the main topio of this thesis, but
they dessrve more detailed attention in the future, Although they are
probably igneous rooks, and forwmed slightly later than the gabbro complex,
they are desoribed in this chapter on the country rocks because the
partioles in them may be compared vith the hornfelees woich have Just
besn desoribed, and there is & possibility that the rocks as a whole may
have formed by melting of oountry rock near the contacts of the gabbro
complex, Vogt, in his memoir mentions the existenve of ignsous breoccias
in the "great Sulisjelma phacolite” (p. 146). However, these occur in
the amphibolites in the upper part of the Pieske-Vasten nappe, and
probably correspond to the leucocratio net veining of the porphyritic
amphibolite group mentioned briefly on pe 23 of this acoount.

The igneous breccias which will be described here consist of
rather roundsd fragments, from 1 om. to several meires across in an
apparently ignsous rock matrix. #hile ococasionally there is some
evidenos of post consolidatiom alteration, both of cataclasis and of
amphibolitisation, on the whole the rocks retain their original igneous
charactere It may be that they have been protected fram post
consolidation deformation and metamorphism by the hornfelses and gadbdbre

whioh surround them. The matrix material of the iimecus brecoias



Ignecus hreccias.

anthophyllite cordierite

1 2. 3
1, x 25 S182 Skeletal garnet overgrowing biotite and quartz in igneous breccis
matrix.
2. X 140 332 Anthophyllite, biotite and quarts.
3, x 25 5193 Possible relict ophitic texture in hornfels xenolith.
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consists essentially of plagioclase (An35-An65) potash felspar (mtoroolime
or orthoclase, often pertbite), biotite and quarts. It is usually ooarse
grained, the biotite flakes being up to 2 ome longe The felspars and
quarts tend to be granular with rather irregular zrain houndaries. In
one thin section there are miorographic intergrowths between quarts apd
plagloclases In addition to the minerals deseribed above, almost all
specimens contain very large siceletal garnet erysials, overgrowing the
other minerals {(fig. 5.10)« Apatite is an abundant accessory mineral,
and in one section forms a major constituent. Ore is alsc gresent in
irregular grains., Ons thin section contained oordierite, mostly altered
to the micaceous substance known as "pinite". In some spsoimens potash
felspar is not abundant, and the matrix material may be desoribed as
"trondijemite”, The others may be Jesoribhed as granites or gramodiorites,
although their composition 1is very varied.

In the field it is often posaible to recognise that the
composition of the matrix slters in the neighbourhood of a xenolithj for
sxample a pelitic xenclith may be surroundsd by more garnetiferous matrix
materiale

The xenoliths in the ignecus brecciss are hornfelses, and all
the types recognised in the contact aureols of the gabbro complex appear
as xenoliths in the ignecus breccias alsos The greatest variety of
zenoliths is in the large arsa of igneous bdrecola on the ridge ¥ of

pte 1787 (zere 590500). Hers among others, can be seen pure quarts
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xenoliths, xenoliths oomposed of relatively pure marble, with aluminous
and siliceocus bands, and xenoliths showing a meta—ophitic texture,
suggesting that they were onoe gabbros.

A mumber of oaloarscus xenoliths wers found at gere 593505
They were relatively large, 4~5 me long and 1=2 m. 801088. In the
xenolithe calcite and quarts remain stable together. The xemolithe are
banded, socme bands being rioh in calcite, some in diopside and some in
grossular. Plagiovlase (about AnTO) can be seen partly altered to
scapolite. Miorooline and biotite are found in some bands, and acoessory
sphens is present. A smaller xenolith nearhy contained wollastonite in
the core. A thin seotion (T182) right through the xenolith was studied.
The matriz material is trondhjemitic (qusrtn-plagi.oolsso-biotih) tat the
plagioclase has an umwsuslly high anorthite content (moned normally An ,
to An7°), and pale green orystals of secundary hormblends sre presents
The outermost part of the xenolith is a quartsz-diopside-plagioclase (Ml.’ ‘)
assemblage. The middle zone coneists of diopside-scapolite-calcite with
nymekitio clinozoisite and a 1ittle gresn hornblende, whioh are probadbly
seocondaxy minsralse The core of the zenolith is composed of wollastonite
onlye.

It is thought that the production of wollastonite in the mmall
xenclith but not in the largs may be a result of different pressures of
002 at the time of thermal metamorphism. In the large, caloite rich

xenoliths, the partial preassure of 002 in the oentre of the xemolith
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would be apprecisble, while im the smaller xenoliths coz could sscape
jnto the surrounding igmeous magma. The reactiom

caloite + quarts == wollastonite + coz
is sensitive to the partisl pressure of CO, (Harker and Tuttle 1996).
The upper limit of siability of ealeite + quarts is 600%C at a partial
pressure of 00, of 5,000 1ba/in” (0,34 kb) and T70°C at 40,000 1bs/in’
(2.76 kXb)e The total pressure at the time of formatiom of the brecoias
was probably higher than this, but the proportion of the total pressure
represented by the partial pressure of 002 ies unknown, The highex
temperature is probably nearer the temperature of formation of the
brecclias.

It appears that the anorthite content of the plagioclase in the
matrix material of the brecols rises appreciably near the caleareous
xenoliths. Ome specimen from close to the edge of the large zenoliths
shows ourious sieve-textured plagicolases with a composition about An70.
They ocontain globular inclusiems of quarts.

The brown hornblende bearing hornfels T179, from which the
analysed hornblende was eeparated, also cones from a blook in the igneous
brecolss Brown hormblende sppears in several other specimens also,
tnoluding some from the col betwsen pt. 1787 and Suliskongen (geze
597492) which oentain patches which resemble the pyroxenite found on the
susmit of Suliekongen (specimen T191), Some hornfelses have been found

whioh show possible relict ophitic textures, where the original large
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pyroxenes have been replaced by aggregates of equant grains, and mamy of
the plagioclase laths have also besn replaced in a similar way by small
grains, although others apparently remain uarecrystallised (fige 5010)
The hornfels also contsin substantial smounte of biotite, and the
plagioolase shows patoly irregular soning.

$411imanite was found in & remarkable speoiwmen from the patch
of igneous brecoia W of Snfeorjus (£ige 5.10) (Speoimen 532, geTe 5165324 )
This epecimen coneiets of a very aluminous xenolith in & trondhjemitiec
matrix. The core of the zenolith is rather coarser grained than the
outer partss The outer part of the xenolith is typiocal pyroxens
hornfels with plegioclase (strongly soned, outer portiom about ‘“20)’
quarts, pleocchrois erthopyroxune snd ores The inner part consists of
the assemblage blotite-staurolite~anthophyllitemcordierite~quarts.
Large garnets grow in this, and also prismatic grains of sillimanite.
Petwoen cordierite and quarts a narrow reactiom rim ocours. It has low
birefringence and m lower R.I. than the quarts and the ocordierite, but
the rim is too narrow to obtain an interference figure. The anthophylliite
ococurs in raether irregulsr prismatic grains, and the staurolite foms
enhedral to subbedral orystals, some even showing the characteristic
"oross" twins.

The cordierite-anthophyllite—quarts ssscaiation is an
interesting one. Acoording to Fyfe, Turmer and Verhoogen an asssmblage
of this kind is characteristie of the hornblende=hornfels facies, for
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which their type example is the granite aureoles at Orijirvi, desoribed
by E£skola in 1915, In the pyroxens hornfels facies guarte~cordlerite-
bypersthens would be stable instead, The division occurs with the
reaction

anthophyllite == enstatite + silica + 1120.

In the csse desoribed here it is unlikely that a change in
sotamorphic facies appears within the thin weotion. It ceems probable
that the reactiom is driven to the left by a high chemical potential of
water, which might well arise locslly in s xenolith in igneous brecoia.
Cordierite-anthophyllite assemblages have been recorded from themmal
aureoles, for example dy Tilley in 1935 from Kenidjack and Botallaoiy,
Cornwall, but when thay ocour on a wide soale the composition of the
rooks has beon altered by petasomatio processef.

sufficient has been said here to indicate the variety and
petrological interest of the igneous breccias. Their mode of formation
is not obvious, but it seems very 1ikely that the emall areas of
fringing hormfels, such as that om Vaknadokka (gere 558465) or that by
Smdsorjus (517534) might have formed by lesal remelting of eoreens of
country rock by the magmatic heat of the gabbro complex. The extensive
area of ignecus breccia on the ridge ¥ of pt. 1787, bowever, secas
unlixely to have formed in this way, unlose it is merely a relatively
thin sheet overlying the gabbre complex, forming only the orest of the

ridges This is by no means jmpossible, as the foot of the cliffs east
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of the ridge has not been visited. But the brecoias do ocutorop over &
vertical range of some 500 me or more, o the sheet would have to be
folded in conformity with the topography, or elss be very thioke
Alternatively, the brecoias in this extensive ares nay be intrusive, with
the granitioc matrix representing a true magma, more or less contaminated
by the fragments of oountry rook it has aoowmilated, Dut speoulation is
useless without mors evidenoce than is available at present. Yhat 1s
required is detailed mapping of the northern slopes of Suliskongen, and
an extsnsive programme of sumpling, but the area is remote and only clear
of enow during late July and August.

It seems that in some epecimens, almaniine grew after the
consolidation of the igneous breccis, and the hornfelsing of the xenoliths
in 1t The skeletal habit of the garnsts is difficult to explain
otherwise. That the garnet is zlmandine was ocheoked by a chemical
analysis of a garnet (appendix 2}, This gave a recaloulated composition

as follows i=

Almandine 64.8

Andradite 246

Grossular 2e3

Pyrope 274

Spessartine 248
Cenglusiops.

In this ohapter a petrographic desoription of ihe rocks vhieh
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surround the gsabbro complex has basn glven in order to demonstrate that t-

l. ‘Thers bave been several phases of mineral growth in the regional
metamorphic rocks surrounding the gabbro compleXe

2. The earlieat phase, the growth of kyanite and staurolite
porplwx_'obluu, preceded the intrusion of the gabbro camplex, or posslibly
was contemporary with it.

It has been assumed, following Henley, that the main schiatosity

(32) displayed hy most of the oountry rocks formed during the b,
deformation episode, and therefore after the intrusion of the gabbro
complexs While speoifio petrographic evidence for this assumptlion has
not been provided it explains two observations well =~

1, The very narrow contaot aureole round the gabbro oampleXe
Purther out, the less sassive contaet metamorphio asssublages have heen
obliterated by the later reorystaliisation during and Pollowing the 1)2
deformation spisods.

2, The large scale concordancs between the oontacts of thes gabbro
ocomplex and the country rook sohistosity, noted by Vogte

In addition the impositionm of foliation and linsation om the

gabbzro oouplex itself asscciated with the metasmorphiam of the priuary
igneous asssmblages to amphibolites, supports the suggestion that
extensive recrystallisation cecurred during and after ths D2 epinode.
The imposition of foliation and lineation on the Furulund granite

oocourred during the same episode.
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It ie now possible to present an acocount of the deformation,
minexal growth and intrusion in the Gasak nappe rocks of the RE Sulitjelma
area during the Caledonian orogeny, This is givesm in fig. 5.11, in whioch
time is represented ss the horizontal axis, and the growth of metsmorphiec
minerals shown in bars of varying thickness. For camparison, Henley's
synthesis of data on mineral growth im the ssme unit is given, (fize 5412)
based largely on his obesrvations in the laldoaive synform S¥ of the
gabbreo oamplex. It should be noted that his conclusions for kyanite and
staurolite are only tentative.

One thing a oomparison of the two diagrams does malke clear is
that the intrusiom of the gabbro complex “orms a well-defined event in
the early part of the struotural and metsmorphic sequence, which makes it
sasier %o decide which minerals sgrew before the main D2 structural event.
I will be sesn that the two achemes agree in placing the maim growth of
the alwandine amphivolite faoies minerals, hornblende, simandine, epidote
and fibrolitic sillimanite after the D2 episode. DBut one important
difference is that Henley regarde this ns the climax of metamorphiom.

Por example, he has obeerved "S" shaped trails in garnets which correlate
with e_sctron~probe determinations, showing that the cores of these surnets
are far more munganese rich than their margine (farte nnd Henley 1.966) o
This he takes as evidence that the garnete grew in a prograde enviromment,
although he points out that other sxplanations are possibles These

observatione, howsver, are from rocks in the Pieske=Vasten nappe. The
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rocks in the Gasak nappe do not give such clear evidence of mineral growth
during rock dsformatione The present writer, on the other hand, helisves
that kyanite and ataurolite were present in the country rocks before the
intrusion of the gabbro complex. Admittedly, the textural evidenoes for
this is not irrefutabls, but the alternative is to regard the kyanite

and staurolite found in the hornfelsea as the result of contact
metamorphismm, and the kyanite and staurolite in the country rocks away
from the gabhro complex as due to later regional metamorphiem.

If it ie assumed that kyanite and staurolite grew before the
intrusion of the gsabbro complex, two possibilitiss arises FEither the
rocks underwent two phases of almandine-~amphibolite facies metanorphiem,
the firat to kysnite grade, the sccond to sillimanite grade, w»ith a oool
period intervening during which the gabbro was intruded, or the zabbro
was intruded into rocks undergoing amphibolite facies metamorphiom. The
writer prefers the second hypothesls, partly because of the sinmilarity
between the Sulitjelma gabbro and the Hasvik gabbro on Sfrdy (Sturt 1966)
for which there is more positive evidence of intrusion during amphibolite
{acies metamorphiem, and partly because s mmber of observations can be
explained by this hypothesis., These are =

le The umisual degree of development of kelyphitie margins and
brown hornblends, which can be explained if the surrounding country rocks
were hot,hy the long time avallable for deuteric reaotions to oocour while

the complex was at elovated temperatures after consolidation.
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2¢ The local remelting of the country rocks to fom igneous
brecciase If the rocks wers already hot, less magmatioc heat from the
consoliduting gabhro vomplex would be reguired to melt them,

3« The transition from Lyrown to green hornblends in rocks near the
top of the dioritic gneiss horizon on Vaknadokkas If movemont comnenced
on the thrust plane shortly after the consolidation of the gabbro complex
while it was still hotter than the country rocks brown horablende wight
form initially, and comaon groen hornbleunde later, when the temperatures
becams closer to the regional value.

4« The invereion of ibe melamorphic vones on the clopes K of
Lamivann shown in Vogi's map of the metamorphic zones in the furulund
sohist (Pl. XXXIX}e Thie observation hze been oonfimed by enleye. It
can be explained if a maes of relatively Lot rock was ihruet over the
cooler Purulund schistes Thie sugiestion was originally made by Prof.
Fe ¥e He Rutland,

All this ehould not be taken too ssriously. It does seem
likely, however, thut there is a difference in the structural and

metanorphic higtories of the Pieske-Vasten and Casak nappes.
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CHAPTER SIX,

4 djsoussgion of Th, Vost's facies ssauenve in the Sulitjelms phacolite.

$4nos it 1s Th. Vogt's olassle aooount of the mineral
assemblages in the Sulitjelms gabbro im terms of the facies concept that
has made the complex famous, now that the writer has regorded his own
observations it is appropriate to explain why Vogt's synthesis 1s rejeoted
in this account.

The broad outline of Vogt's views conoerning the gabbro complex
was given in the introduotion (p. 10=13), Pable 9 is copied fram his
memoir, and shows the detailed facies-sequence of assemblages he recognised
in the phacolite. Pig. 6.1 is a reproduction of his figures 71 and 72,
showing the metamorphic zones as he believed they ococurred in the
phacolite. Vogt regarded the metamorphic faclies series in the phacolite
as representing a series of mineral assemblages approximating to chemioal
equilibrium in accordance with Goldsohmidt's mineraloglcal phase rule,
although he recognised that equilibrium might not be attained in either
the facies series in the phacolith, or that in the Furulund schists
(pe 374) »=

“In both thess series an approximation is reached to equilibrium
conditions, which however could seldom have been completely attained. e
have series with mostly impure mineral facies, which are ocombined with
gradual transitions.”

It is a little difficult to fathom the precise intrusive and

metamorphic sequence he envisaged for the gabdro oomplex, but the present
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writer's interpretation would be something like this i=

le The gabbro magms was intruded im successive pulses, while
regional metamorphiem and mountain building deformation wers going on.

2. The earliest intrusion of magma formed a thin #ill, just above
the present copper ore horisem. At this stage, metamorphism had enly
reached a low grade (chloritie grade) and the sill was metamorphosed to a
chlorite bearing greenstone. Looal metasomatisa altered it to a chlorite~
albite rook.

3« More magmas was intruded above this sill. By now the country
rocks were hotter, and the dolerites were metamorphosed to amphibolites.

4+ Pinally, a great intrusion of gabbro magma ooccurred and bulged
up the roof of the sill, so that it became a ;'phacolito". This produced
complex folding of the country rooks, for example in the Duoldagop region.
The lower part of the bulge was metamorphosed to "hermblende=gabbro" (the
rooks desoribed as metagabbros in this thesis) while the upper remained
hotter, so that the primary igneous minerals wers in equilibrium. In a
thin border round the top of the phacolite, the country rooks were
converted to hornfelses. The country rooks were now at their highest
temperature, the stable assemblage in the Furulund sohist being gquarts~=
oligoolase~hornblende-almandine~biotite.

Vogt thought that the influx of gabbro magma might be associated
with the increase in temperature in the country rooks, and that the

magnatioc heat of the successive injections helped metamorphose the mow
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solid and ocoler rooks in the phacolite below. Thus he oonsidered the
phacolite to be in a trus sense syntectonio.

There is ons severe inconmsistency in his ascount of the
differentiation of the gabbro complex. He desoribed the variation in
the Fesdg rasio of the ferromagnesian minerals in the unaltered gabbros
and oams to the conolusion that the more felspathis gabbros contained
more magnesian minerals. The present writer would ascridbe this
conclusion to inadsquate sampling. Unfortunately Vogt gave no indiocation
of the part of the complex his specimens came from, so comparisen with
the data in this acoount is impowsidle. lie deoided on this basis that
the unaltered gabbros were the rooks in the phacolite which were most
enriched in early orystallised components, following J. H. Le Vogt's
(1922) schems of differentiation of igneous rocks. The more siliocesous
igneous rocks from the lower parts of the phacolite were more enriched in
"rast-magna components". This mesns that the rooks he considered to be
intruded last of sll crystallised from the parental magma, and the rooks
he coneidsred had been intruded earlier orystallised from magmas whiobh
had undergone differentiation. Vogt overcame this diffioculty by
suggesting that the magme in the early siil would be more suseceptible to
differentiation by filter preseing than that which flooded into the bulge
of the phacolite. But surely even in 1927 it mast have been clear that
the reverse is the case, Extreme orystal fractionation differentiation

is observed in large basio imirusions, while thin #ills have more uniform
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ohemiocal and mineralogiocal compositions.

But Vogt's ingenious sequence cust be rejected on the basis of
observation of the rooks themselves. The present researoch coafirms
Kauteky's conclusion that Vogt's phacolite im in faot two different groups
of basic rooks separated by s major thrust horison., The realisation that
orogeny and metamorphism are samplex procssses involving mmerous episodes
of deformaticn and much greater lengths of time than was realised when
Vogt wrote his memoir, also makes his theory more implausible.

Vogt'e obeervations of minsral assemblages and compositions
however are accurate and if his theories are rejected it is necessary to
explain his observations in some other way. The main purpose of this
chapter is to do this.
le The gad complexe

Vogt's map of the umaltered gabbro outorop agrees quite well
with the more detailed mapping done for this acoounte The altered SW
sormer of the ;abbro camplex was mostly assigned by Vogt to the hornblends
zabbro zone, although a small portion was put into the epidote amphibvolite
sone. This it can fairly be assumed that he regarded the metamorphism
of the gabbro complex as having taken place under different PT conditions
(oorresponding to the metamorphio facies of his zonea) in different parte
of the complex. The present writer on the other hand considers the
different metamorphic assemblages of pinerals in the S¥ parts of the

zabbro complex to have formed under much the same conditions of



metamorphiam, corresponding to Fyfe, Turmer and Verhoogsn's almandine=—
amphibolite facises The equilibrium assemblage produced Ly metamorphism
was an amphitolite with plagiocolase of compasition about An30, green
hornblende and clinozoisite, and rocks approximating te this ocomposition
are found in the SW cormer of the gabbro complex near the oontact with the
Furulund granite. Vogt mapped tham as part of the epidote—amphibolite
zone. The "hornblende gabbros® (metagebbros) with and without
clinogoisite and with varying plagioclase compositions the writer regards
as rocks which repressnt partial attaimment of equilibrium, the partioular
assemblage whioh oocurs being determined by the avallability of water
during metamorphism and by the degres of oataclasis which occurred during
the Dz deformation episode.

2. The dioritio sneiss.

Most of the dioritic gneies horizon was also mapped by Vogt in
the hornblende gabbro sone, although its western end falls into his
epidote amphinolite mome., The greenstone zone and zone of chlorite-
albite rook are only found west of the area considered in this acoount
(fige Gel)e As the dloritic gneies consists mainly of oataclastically
altered and amphibolitised gabbros, it is aimilar to the metagabbros of
the S% corner of the gabbro complex.

3« The sohistose am 1ite or tio hi v
There is a gradual deorssse downwards in metamorphic grade in

these units, which is displayed by the pelitic bands whioh coour in the



- 135 =

sohistose amphibolite horisone The garnet isograd in the lower of these
bands crosses the band near Otervamn, the ochists E of the lake being
garnet fres, while those to the west sre garnetifercus (Hemley pews.
comms)e This ie simply the extension upwards of the progreasive inorease
in metamorphic grade cbserved in the Furulund sohie$ ¥ of Lamivanm. 3o
recent work by Henley sgrees with Vogt that the lower parts of the
»phaoolite” show an inorease in motamorphie grade upwards.

In the amphibolitic rocks it is not possible to document the
inorease in metamorphic grads so easily, tut if the plagiocclase
composition may be jaken as a grade indicator these do show an inovease
upwards in metemorphic grades. It is possidble howsver that the varistion
in plagioclase camposition may be due to the varying degrees of
attaiment of ohemieal equilibrium in the porphyritio amphibolites.

Vogt did not record the presence of chlorite-albite rook or
chloritic greenstonss east of Ey Sulitjelma. The present writer finds
this 0dd in view of the quite abundant chlorite schists near Otervanm,
which would have provided evidemoe in eupport of his theorys The
chloritewalbite rocks he desurides are thowe which form much of the
gangue in the copper ores, which the miners call "klorit", His
“greerstonss” are the ohloritic amphibolites found immediately above the
ore horimome These roeks fall beyond the seope of this acoouni, and in
faet are being imoluded in a detailed study by N.De Wileon of the

University of Manchestere The presemt writer would make two comments
vonsorning the
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chleritic rocks however =

1. There 1z abundant evidence for late gtage fomation of chlorite
in many of the rooks at Sulitjolmas Vogt observed this, and desecribed
it as s diaphthoresis of ohlorite to blotite, 3oth Henley and the
present writer have found late orystalllsed chlorite in rocke of many
kxinds (ses fige H.1 for example).

Ze In the region near Utervann it may be that during the main poet

]‘)2 metanorphic event, a high ohemical potential of CO, tme to the

2
presence of marbles, und carbonate rich roole in or near the Lasic rocks
stabilised chlorite rather than amphibole (eee Fyfe, Turner and Verhoogen
1959 pe 220)e
Conolus .

Thus 1% is poscidble to acoount for the faclee sequence whioch
Vogt described by u mmber of ad hoe hypotheses, in 1ine with the preeent
theories of the nature and history of the basic rocks of the FB Dulitjelma
regions In defence of Vogt, howsver, it is nececseary %o add that until
Kautsiky'e (1952) lnvestigation of the Sulitjelma-Galojaure region across
tho border in Sweden no one considered that the basic igneous rocks of
the Sulitjelma rogion were not one intrusion. 3oth Je is L. Vogt and
SiYgren seom to have regarded them as all part of one intrusions The
Vogt was still alive when Kautsky gave a firet account of his conclusions,

and while he admitted that a little local thrusting may have occurred at

Sulitjelma, he denied that it had played o major role in the geological
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history of the area. Furthermore, at the most accessible part of the
abbro complex, ite SU ocorner, omly gradual transitions oan Le seésh
bhetween schistoss amphibolite and dioritio gneiss, and dioritic gneise
and metagablre. It woa only vieits to more remote areas such as the
sumnit ridge of Vaknadokka that demonstrated comvineingly to the present
writer the difference bhetween the gabbro complex propsr and the assorted

amphibolites which now lie structurally below i%.
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CHAFTER SEVEN.
Comparison with Other Areas.
1. Cgled rt B .

The Sulitjelma gabbro complex is one of several large gabbroio
or noritio intrusions oocurring in the northern part of Sorwaye. Fige
7+1 ehows the locations of some which have been desoribed in the
literature. They are from north to mouth, the Seiland gabhro camplex
(sel), the Vaddas ocmplex (Va), the Senja gabbro somplex (Se), the Lyngen
gaboro oomplex (ly), the Ruisoddar-Haldde gwbbro oamplex (Rai), the Rana
norite (BS) and the Sulitjelma gabbro ocamplex (Su)e This is not an
exclusive list, but these are all bhasio complexes which have features in
ocormaon with the Sulitjelma complex. There are also mmerous emaller
amphibolitio intrusions whioh have chemiocsl affinities with ths large
intrusions (Poslie 1921).

The two largest intrusions are the Seiland and Lyngsn complexes,
which form much of the spectacular coastline of Norway between Tromsg and
Rammorfest. The Seiland complex is the better knowm of the twoy partly
beoause it is the more acoeasidle, and partly because it has assoclated
alkaline igneous rooks. It is not one eingle intrusion, but includes
basio rooie of different ages. On the island of S¢rdy in the northern
part of the complex Sturt and Bamsay (1965) have recognised three distinot
phases of intrusion of dasic igneous rocks. The first phase of intrusion

formed the large Breivikbotn gabbro, and occurred at about the same time



as the earliest fold movements (?1). The smaller Hasvik gabhro oomplex
formed hetween the I*'1 and ?2 movemente, while the rocks were undergoing
regional metamorphism at almandine-smphibvelits feoles (Sturt 1966),
Finally, betwsen different episodss of deformation in the F2 folding
phase, norites, pyroxesne-mioa diorites, lsucogabbros and diorites were
intzruded,

It is the Hasvik gabbro which displays the most similarities
with the Sulitjelma gabiro complex., Xelyphitio margine are foumd round
clivines, partioularly in the olivime-rioh troctolites which oecocur in the
ozmplex, and there is only a narrow thermal aureole. In this aurecle
can be sean pseudomorphs composed of pyroxens hornfeles facies minerals
after almsndine smphibvolite facies minerals. Almandine amphibolite
facies minerals also grow after the hornmfelsing. For example, almandine
garnete are pseudomorphed by sillimanite, apinel, hypersthens and ore, but
within these pseudomorphs the themmal minerals have been partly
recomatituted to almandine. Tha oomplex shows distinot banding, but this
is of the "Sulitjelma™ rather than the Skesrgaard typee The ore minersls
in the Hasvik gaboro are pendlandite and pyrrhotite, often intergrown.

Other partes of the Seiland complex have aleo been studied in
detail, but unfortumately little work has been done on the nature of the
contaots, 80 hat 1t is uncertain which phase of dasio intrusioa the
complexes described msy helong to. Barsh {(1953) has given an scocunt of
the layered gabbro complex on the island of Seiland iteelf, and from his



aceocunt it is clear that the banding is of the Zulitjelma type. OUosterom
has given a careful account of the layered gabbros on the lsland of
st jerndy (1954, 1956, 1963)s The Lills Kufjord gabbro whioh he descrites
has three distinot peridotite dends, snd is almost completely unaltered.
Olivine ceases to be stable above the base of the second peridotite band
and orthopyroxens preduninates over olinopyroxens, so that im ths upper
part of the complex the rocks are im the striot senes norites. The
oomplex shows no contaot aurecle. However, much of the oountry reck
surrounding the complex i described as "gabbro gneims" and this may well
be an earlier basic intryusion which has beem partly amphidolitised.
Oosterom does not descride kelyphitic margine round olivines The gentle
dips of the banding in this complex, and its unaltersd nature may be
indications that it ig a later intrusion that the Haevik gabbra, Wt
without detailed siructural data it is impossible to be oertain. Heler
(1961) hes also descrided layered gsbbro from Stjermfy. The rooks of
the adjacent Pkafjord peninsula were studied by Krauskopf (1954)s He
found interocalations of nepheline syenite in the gabbro complex, and also
xonoliths of limestons. He dacided that the best explanation of these
£1e1d relations was a prooess of "gabbroization" (sic) hy analogy with
granitisation, but in fairnese it must be added that he had many
reservations about this view,

The lyngen gabbro bhas been lees studied than the Seilamd

complex, largely because of the mountainocus terraine that it fomms, A
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brief asoccount of some field relations and petrography has been ziven by
Bugge (1942)s As well as gabbros, he found serpentinised ultra-mafic
rocks. Handall (1958) has written a Ph.D. dissertation for the
Univereity of Newoastle about the area but the present writer has not yet
had the opportunity to read this. Parts of the gabbro complex have beem
mebamorphosed, and some primary banding can be recognised. In his
account Bugge also desoribes a small area of norites and peridotites
near Humn, on the island of Senja.

The Vaddas gabbro complex wae desoribed by Vogt in the same
memoir as the fulitjelma gabbro (1927)s It is similar to the Julitjelsa
oomplex in that unaltered olivine gabbroe overlie amphibolites whioh
extend 38 a sill-like body among the oountry rocks. Vogt considered it
to be a uyntectonic phacolite, similar to ths great “ulitjelma phacolite.

Housen (1942) haa given a oareful field and petrographie
account of the Raisuodday-Haldde gaduro complex on the Norweglan—finnish
sorders He considered it to be similar to the Sulitjelma camplex. For
example, it is characterised Ly olivine bearing rocks such as dunite,
troctolite, bharrisite and allivalite, but true peridotites are rare.

The olivine is very forsteritic. In moet of the complex only
clinopyroxene is found, but two pyroxens gabbros appear near the lower
contact. However, Hsused conasidered that the mineral variation was not
due to orystal settling under gravity, mt to a filter—pressing mechanieme

His main reason for coming to this conclusion seems to have been the



inaistinot nature of the layering by comparison with layered intrusions
euch as Skaergsard or Atum. The complex has been partly metamorphosed
and is situated close to the basal thrust of the great Seve napp®.
iausen desoribed the complex as s “Caledonian ophiolite™ and comsidered
it %0 be mynteotonic. He drew attention to the existanoe of several
suoh masses in the northern Seandinavian Caledonides, citing as other
examples the Rina norite and Sulitjelma gabbro.

Apart from the Sulitjelma gabbro, the Riza norite mass is
probsbly the other Caledonian baaie intrusion in northern Norway which is
familiar %o Bnglish-npeaking petrologlets, as it wne deseribed by Foslie
in 1921 in the Journal of Geologys Thie osomplex has thres distinct
parts 1=

1. A oentral sons of auarts norite,

2. A marginsl zone of normal norite whiokh s found at the upper
and lowsr contacts of the lens—shaped masse

3. Small boeses and bands in the marginal zone which are compoged
of lherzolite, trootolite and olivine gadbro.
In the norites the olivinee are always rimmed by orthopyroxene and their
composition {determined Ly optic axial an Jea) remains the rame
throughout the maes. Foslle oonsidered that the rooks of parts 2 amd }
formed by magmatic differentiation by conveotiom currents and. that the
oentral quartz norite was filter pressed {rom the orystal mush vefora
consolidation was complete. However later work by Foelie (1942)

revesled that the norite mass lies on the axis of a major eynfom and



is probably to be interpreted as a synform overturned to the south
(3trand, in Holtedahl 1960). Thus the quartz norite which is now
surrounded and partly overlain by the normal norite probubly origtnally
formed above it in a layered intrusions A small norite mass lies on
the axis of the uynform at Sdérfjorden and is probably part of the same
intyusion. The Néna norite has undergons partial amphibolitisation.

The investigations ocarried out on these oomplexes are very
varied in soope nnd quality and the smount of detalled chemical and
minoralogical work done on them is small, However, several points of
comparison with the Sulitjelma gabbro complex oan he mentioned s=

1. Primary igneous banding, of the type displayed by the Szlit jelma
gabbro complex is often found.

2. Olivins is present ae a primary mineral, at least ot some stage
of the crystallisation.

3o The igneous rocks have undergone oxtensive deformation amd
metamorphism after consolidation.

It io interesting to observe that in addition to Vogt and the
present sriter, other workers have desoribed the gabbros in a bdroad sense
ss "syntectonio®s In the case of the Haavik gabbro, the parallel is
aven closer, in that the intrusion is supposed to have osccurred between
the first and second deformation opisode, although it should ba “enembered
that Ramsay and Sturt's ¥, and P, may nut correspord in time with the

precent writer'a D1 and Dz. None of the other workers have performed



any detailsd etruotural analysis of the dsformation of the country rocks,
sut 1t i5 ressonable to regard "syntectonic™ in their aceounts as
implying intruelon during the main deformation and metanorphiem of the
country rocks., Several workers are at present atudying large basie
fiptrusions in northern Scandinavia, und it is likely that furiher
information will soon be available which may confirm the general
conolusione suggested here.

2 The Jotunheim complex.

It is s remarkeble colncidence that the highest mountains of
aouthern Forway should aleo be composed of basic ignecus rocks. A
classic aceount of these was given by Goldschmidt in 1916, and & reoent
seoount of part of the area has heen given by Battey (1965)s Two
associations of ignecus rooke have been recognised. One retains reliot
ophitic textures and some primary minerals while the other oonsists of
rooks whioh hava been reorystallised at gramulite faciess Doth have
undergone gubssquent retrogressive metamorphism along shear zones %o
amphivolites. They have alao been alterad to mylonite along fault
plensse.

In the area desoribed by Battey, the ophitic assoclation is
represented by the Mjdlkedola purpls gadbro. This consists of plagiocl=
ase (Anuo), orthopyroxens and clinopyroxens. The plagioclaue is
olouded, und the pyroxenses have exsolved oxe plates, Pyroxene and ore

have kelyphitic borderss the pyroxene of hornblende and garnet, and the
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ore of biotite and garnet. Sowetimee iron ore is partly convarted to
green spinel and plagloolase to scapolite. Dattey conaidera the
motamorphiam to be "dynamic®™ in character Lecause the rocks have ieveloped
a secomdary foliatiom and are orossed Ly a seriees of low=angle movament
planose It seems poseible, however, ihat these rocke may have undergone
auite oxtreme temperatures and pressures but that rolatively little
recrystallisation of the primary minerals oscurred due Yo a laock of an
aqueona medima, ao has Loen suggested in this account for the non=
aphibolitizad portlons of the Julitjelwa gabbro coaaplexe  3ut the
rogenblance between the Mjdlkedola gabhro and the Sulitjelma gaboro
cannot be said to be very greal.

The other groug of Lasic rocks are two-pyroxene gramulites.
pietricheon {1958) and Battey (1965) consider that they are a
metamorphosed layered Lgneous intrusiom, but the arguments on this ave
not relevant to this thesiss The Jotunheimen cowplexes lie in a large
thrust mass, bHut thiz thiuet is post metamorphic and unlike the Gasek
rapye. hile the hasic lgneous rocks have osviously been both deformed
and petamorphosed, thers is mo evidence at the moment to suggeet that
they are not pre—teotonice
3. The nowe b of flizhlands of Scotlande

A mmber of large bacic igneous plutona are found in tue
Palradian zocks of tlue ¥E Highlands of ccotlands It 18 not proyposad to

desoribe them in detail heie, as sumaries of their geologiocal settings



have been given by Read (1961, pp. 668=669) and Mercy, in Craig's
"Geology of Scotland” (1965 pps 243-245)s It is sufficient to say that
there is good evidence that they were intruded after the "0ldsr Oranites”
but before the "Newer Granites”.

Shackleton (1948) has drawn sttention to the existance of
primary igneous banding, appevently inverted, in one of these intrusioms,
the Huntly complex. His "way-up" evidence is graded bedding of oumulue
orystals, and as the banding is of the relatively indistinet Sulitjelma
type, the present writer feols this should not be taken as & relisble
guide. Dut there is no doubt of the steep attitude of the banding.

The intrusions post~date the early fold structures, but Johnson and
Stewart (1961) comaider that they were folded by the later BoyndiewBuchan
group of folds. Read, however, who has done much research in the ares,
considers that the steep banding is a primazy feature, and the intrusions
are essentially post tectonic. He has produced palaecmagnetic evidence
%o support this poimt of view (Blundell and Read, 1958)

The intrusions show many of the features seen in the Sullit jelms
gabbro complex, including well devaloped kelyphitic bordere and some
amphibolitisation of the primary pyroxens and olivine bearing assemblages.
It is generally stated that their metamorphio aureoles overprint the
regional metamorphism, but Fettes (pers. ooum.) who has Been studying the
rocks surrounding the Huntly complex, believea this may not be the oase.

Unfortunately, the Newer Oabbros are very poorly exposed, so that it e
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diffioult to investigate the nature of thelr contacts in detail.
However, they do not eeem to have the very narrow thormal aurecles of the
Sulitjelma and Hasvik ocomplexes.

Cryptic layering bas been discovered in the Insch mass (Read,
Sadashivaiah and Haq, 1961) and in the Delhslvie camplex (Wadeworths
Stowart and Rothstein 1966). Variation in the large Insch mass is
considerable and simple orystal fractionation differentiation may he
camplicated by partial sesimilation of country rook. The variation in
the Jelhelvie complex is very limited {olivine F|14_20, orthopyroxens
Ofe) s 183 clinopyroxens bh51Fs7’5042-En48ankVo 41) and it was only by
very aocurate mineral determination that Yadeworth et al. were able to
doteot it. It was their paper whiob suggested to the present writer
that it was worth while looking for small eystematic mineral variations
in the Sulitjelma gabbro complex. They aleo mention unpublished data
from other workers whioh suggest that the variatiom in the other Kewer
Gaboros is similare They ascribe the banding and oryptic layering in
the Selhelvie complex to gravitative differentiation in place , and
support Johnson and Stewart's contention that the Newer Gabbros are
parte of a eingle layered intruaiom, whioh was deformed during the late
fo0lding episodes.

Thus it appears, assuning that Johnson and Stewart are right,
that in the Soottish Caledonides as in K Forway, thers was some intrusion

of large differentiated basic igneous plutons during the Caledonian
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orogeny. The Newer Cabhros are probably not ns close in time to the
main episode of deformation and metamorphiem as the Sulitjeluna and Hasvik
gabbre complexes, but they still probabdly predate the last fold movemente
of the Caledonian orogeny.

4+ NMetanc

The Baltimore gabbro complex Maryland, U.S.i., displays many

features in common with the Sulitjelma gabbro complex and the Newer
Onbbros of Scotlands It i3 best kmown from Williame' desoription (1686)
of the alteration of pyroxenes to fibrous amphiboles, a process which he
named "urelitisatiom”, The oity of Baltimore covers much of the outerep
of the gabbro, and exposure is not good, but apparently before the oity
was built rounded weathered blocks of gabbro worked to the surface, and
were used by farmers for bullding walla. They were called "nigger heads"
and Willisms was able to map the gabbro by their occourrence. Sinoe
74lliams' acouount, Coben (1937) amd Hers (1951) have written papers about
the complex, Cohen made a struotursl study., He distinguished primary
banding, wﬁioh he attributed to a flow mechaniemy, from secondary foliation
which he considared had been impomed by later deformation, The distinction
was often diffiocult decause %the danding and foliatiom are nearly always
parsllel, Cohem thought that perhaps the gadbbro had been intruded
between the two mejor phases of movement im this part of the Appalachiem
mountain chain,

Herz made a nimerslogical atudy of the complex; having examined
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& seotion through the contact exposed in s new aqueduot, He found two
maxinmum concentrations of plagicclase ococmposition at M78-83 and Au“_.,o.
The variation in oompositions of olivine, orthopyroxsene amnd clinopyroxens
is very similar to that in the Sulitjelma complex, and the sequence of
amphiboles forming from the pyroxenes on amphidolitisation is similer te
that shown in table b, Dut serpentine forsation from olivine has
oocurred. Hers, however, rejeots Cohen's suggestion that the complex
has undergone metamorphiss and deformation and asoribes all these changes
to deuterio alteration., Iiis views on the hornblendes im the ocomplex
have baen mentioned already (p« 77)e He considers the granular
plagioclase~hornblende roocke to bHe the products of primary magmatiec
crysiallisation, and gives them a new roek name, "bojite". His reasons
for deociding these rosks are primary seem to be the ocalcic composition of
the plagloclase, and the faot that it shows well developed complex
twinnings The present writer would desoribe Hers's "bojites" as
mnetagabdbbroic amphibolites, and tends to support Coben's views om the
history of the eowplax.

Another Appalachiar partly metamorphosed basic igneous cmmplex
is the Cortlandd oomplex, Peokskill, New York, whioh Shand deseribed in
1942, He daveloped a new technique of field investigation whioch he
oalled "phase petrology", whioh involved the mapping of oritiocal minersl
phases within the complex, Horndblends is one sush mineral, forming in

large poikilitio orystals in some parts of the oomplex. Shand considered
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this mineral formed by solid state reactiion, but at a deuteric stage
rather than during regional metamorphimu.

Frobably the largest deformed and partly metamorphosed basie
izneous complex is the Bay of lslands oomplex in fewfoundland (Cooper
1936)s This complex is bvanded und strongly differentiated, but has been
separated into a number of separate areas by post consolidation deformatiom.

It would be possible to multiply the number of basic igneocus
plutons, partially metamorphosed and deformed, by going to other orogenie
belts, Some of the “aphiolites"™ in the Alps probably come into this
categorye. liowever, since ths ariter has not studied the literature om
them in detail they cannot be treated here,

It is hoped that this acocount of broadly eynorogsnioc gabbro or
norite plutons in the Caledonian and Appalashian mountain chaine has
shown that while they are far more synorogenie granites than gabbros, the
latter are by no means rare., GHome of them, at least, seem like the
Sulitjelma gaobro complex to have been intruded while the rocks were
undergoing regional metamorphiem, and close in time to major deformation
epieodss in the country rockse These aynorogenic complexes often have
kelyphitic margine round olivines and the relatively indistinct banding
which has been desoribed from the Sulitjelma complex. They seem to show
less extreme cryptic variatiom than the oowplexes in stuble parts of the
earth's orust, tut this may be becauee the orogenic ocomplexes have been
fragmented, so that no single piece shows the variation which the original

complex had,
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CHAPTER BIGHT.

Cogc;us;ogg.

At the end of the introduction, the four main problems which
faced the writer at the beginning of the study of the Sulitjelma gabdreo
were ocutlined, It is now appropriate to sumaarise the solutions which
have energeds

1. Vogt's "Sulitjelma pbacolite™ i# a basic igneous rluton which
has been thrust over a series of busic meta—igneous rocks, some of vhioh
ara pyroclastioc.

2, The Sulitjelma gabbro complex ia a layered intrusion of
{rregular form, folded into au synforme Faxrt of the intruajion has heen
fnverted, It Jieplays a murked degree of oryptic layering, implying a
certaln ammount of differentiation in place. This probably occurred by
fraotionation due to orystal settling under gravity. At times magma
currents were present during the settling of crystals.

3, The main phase of movement on the thruset below the gabdbro
complex ocourred during the D2 deformation episodes That is to say it
was contewporary with the major deformation of the couniry rooks, although
an earlier phase of deformation oan be recognised. It ocourred shortly
before or during a phase of growth of minerals of the almandine=
amphibolite faciess Thua the thrusting is similer to neither the poat-

maetamorphic thrusting desoribed by Kautsky, nor the pre~metamorphic



ayn-Fl thrusting desorided by Huitland and Nicholson.

4¢ A stratigraphioal scheme taking account of the presence of the
thrust 1s compared with Sj8gren and Vogt'e stratigraphical schemes in
table l.
Future reasearche.

thile the writer comsiders that the major features of the

Sulitjelma gabbro complex have emerged fram the past three years'
research, certzin aspects need to be better deasoribed, iore mineral
analyses, by both traditional ohemical snalysie of separated mineral |
concentrates and by physical techniques are required to confirm the
differontiation trenie. Mor this purpose more samples from the high |
ridges in the interior of the Sulitjelma mountains are required. There
ie a need also for neasurements of the primary banding of the gabbro
complax in these areas. The ignsous brecelas deserve further siudy.

More struectural and lithological mapping is required in the

Sor jus jaure region if correlation bhetweon Norwegian Sulitjelma and the
ground described by Xautsky is to be certaine Nicholson, lilson and the |
writer have done & little reconnzissance north of Sorjusjaure, which raises
seriocus problems in structure and correlation. |
The topie of tha first appendix 1s only related to the
Sulitjelma area in that the study was performed on analysed hornblendes
from the gaboro complex, but it also indicates the passibility of an
interesting line of mineralogical research with relatively simple

apparatus. The writer hopes to do more of this in the future.
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;o QO Q brown hormble .

1. sxplanstions and definitions.

fecent work has shown that the interpretation of the colours of
many minerals can yield infomation concerning the slectronic configuration
of transition metal ions within the orystal struoture by using a branch of
electron orbital theory known sa orystal fiold theory (Purns 1965a, 1965b,
Burns and Fyfe 1964). In comson speech "colour” means the impression
given to the oye by changsa in the intensity of light with wavelength,
within o limited range of wavelengths {3,900=7,700 &) called the "visible
spactrum™y This definition is not sufficiently pracise for the study of
orystalline materials by crystal field theory, so solours are described in
terma of "absorption spestra™s  Abasorption spectra measure the absorption
of radiation of different wavelengthse paseing through 2 transparent
substances Absorption may he expressed mathematiocally as the logaritha
of the ratio of the intensity of incident (Io) to tranemitted (I) light
of a particular wavelengthe

Aw 10510(10/1)

A plot of the variation of absorption A with wavelength givee an
abaorption apeotrum., For comparisons etween orystals of different
thicknessee and oumpositions a different expresaion of absorption ie

usede This is the molal extinction coeffioiant, defined by the



Apparatus used to determine absorption spectra.
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equation = A

e

where ¢ = the molal gonoentration (mols/1000 gme), t = thicknese of the
speoimen {mes)s In this account the specimens examined are in nomal
thin sectiona out for petrographic examination (thickness 0,03 mu.) and
are hoth hornhlendes, so the abeorptisne A will be compared direotlye.

Tn an anizotropic crystal the ohaorption spectrum varties with
the direotion of vibration of the light relative to the crystal atruciure,
whieh is the phenomanon known as “plesghrofiam™. It is necessary
thorefore to specify the direotion of vibration of the light and thie 1s
done by making measurements on light vidrating nlong the principal
vibration directians of the arystal which are here oalled of, ?, Y af'ter
the sorresponding refractive indices.

2e Aunparatus and %echniquesg.

The apparatus uaed was a microscops with stabilised ligh¥~source
and photometric oyepicoe devaloped by Pre N e He Henry for reflectivity
measurementa on ore minerals (Bowie and Henry 1964). The mioroscope was
already fitted with a subatage oondenscr, diaphragm and mirror for
transmitted lisht, so an improvised periscope arrangement of two plane
mirrors was net up to pass light from the interference smonochrometer to
the substage mirror (fige Asl)s A x20 objective was used, so that the
larger hornblende orystala studied covered a substantial part of the

field of view,



FIG. A-2.  VISIBLE ABSORPTION SPECTRA OF GREEN HORNBLENDE T15.
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Cryutals were seleoted [or examination in which one or more of
the principal vibration directions lay in the plane of the sections The
cleavages unl birefringence of the hornilenie wers useful rough guides in
seleoting suttable eryetals, & precise check was made by ensuring that
the extingtion angles onto the oleavagee corresponded to those of the
prineipal viuration directions The flold of view of the ghotometrio
e;epieee wus limited hy means of an eyepiece diaphragn so that only light
tranealtted in the prineipal vibration direction through the crystal undspe
etudy reached the photo-wlectric cells Thic wae done in white light.
The interference monoghromoter was then interposed in the 1light beam, and
the intensity of the light tranexitted ihrough the orystal and that
transmitiod through a neighbouring area of clear slide deterzined in light
of different wavelengthue As the limite of the vislble spectrun were
approached the vensitivity of the photo-cell decreased, until aceurate
measurenent could not be mades A mechanical stage was Jitted to the
mloroseope to ensure that readings for light of different wavelengths
wore always made at the vame position on the specimen cryetal and the
clear glides. (The Intorsity of the light tranomitted through different
parts of the clear alide varied appreclably).

In thie way absorption vpoctre wore obtained fram green
hornblende in apecimen T15 and brown hornhlande in apeclven T179. Those
are shown in flga. Ae2 ard As3e 48 n check on the accuracy of the

moasurenents "re 1. G, Durns kindly made nessurements of the ahaorption
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apectra of spacimen T15 ueing the Cary modsl 14 recording epectrophotometer
in the department of Chemistry, Camdbridge University. le has given a
desoription of this apparatus for mineralogiecal work (Burns 1966). This
instrument is not limited to measurements in the visible mspestrum but caa
extend observation into the short-wave infre-red., The spectra he
obtained are shown im full in fige. A«4, and oompared with the writer's
results in f£ig. A.2, Burns aleo tried to determins the spectrs of the
hornblends in apecimen T179, but found the orystals too emall for useful
results to be obtained,

The objeot of the trials with the reflectivity apparatus was to
see whethsr this technique might provide a means of determining absorption
spectras in the visible speotrm without the use of oomplex and expensive
apparatus like the Cary spectrophotometer. This is by no means the firet
attempt to determine sbmorption epectrs using an adapted petrographic
miorosoope, otut it is only with the introduotion of relisble photometric
equipment and of the interference monoohrometer that such determinations
have become sufficiently simple to be regarded as a technique to be
applied by anyone who can use 8 polarising microscope. The measurements
recordsd bere wers performed in 2=3 days, and with prastice complete
absorption spectra could be obtained from specimens in several thin
seotions in a day.

Henry has now very much improved the senaitivity of the

photometrie part of his apparatus by ueing a photo-multiplier im place of
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the photo-electric cells This should improve the acscuraey and range of
the absorption spectys obtainable in the visible region. The writer

hopes to try thia in the near future.

3o  Interpretation of the spectira.
(a) Gresp hernmblende.

The camparison of the spectrs obtained by the writer with those
obtained by Durns on the Cary spectrophotometer presents various problems.
The higher absorption values obtained by the present writer are probably
not similicant as they depend on the value of I 0* Az was stauted, the
values of 1 5 obtained from different parts of the olear slide varied and
the actual value used is rather arbitrary. Burns' technigue however
strives to make ss mocurate 3 determinasion of Io and I aa poesible so his
valuee are the mors aacurate.

The difference beiween the curves for y is more serious. The
writer's technique, which did not i{nvolve the use of a Universal stage as
Burns' does, may mean that the direotion of vibration of the 1ight whose
intensity was measured wes a few degrees sway from the prinoipal vibeation
direction. But if Burna' curves are accurate, this slizht misalignment
should not make  greater than B 5 although in a B-Y section it mignt
glve higher values for Y than the correot omess The discrepancy may be
due to misidentification of the principal vibration dirsotions, bdut the
similarity in shape between the Y ocurves obtained by esoh method makes

thie rather unlikely. The hornblends of T15 1s rather zoned and it may
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be that the grains examined by Burne are different from those exanined by
the writer,

The spectra show that there is strong absorption in the blue
part of the viaible region and a weak absorption plates: in the red part
of the visible speotrum at about 6,700 As (AxrowB in fige Adds)e In
the infre~red 2 further distinet absorption maximum oocurs at about
10,000 Ae (Arrow A, fige Aede)s

Absorption ia due to the removal of energy from elestromagnetie
radiation passing through the erystal. This energy goes to excite
electrons in the cryatal struoture fyom low energy states to higzher energy
states, llowever, onergy will only be absorbed from radiation whose
oharacteristic energy matches the increase in energy of the electron.

The electromagnetic radiation will be partiocularly strongly absorbed at
frequencies corresponding to common electronic transitions ocourring
¢1thin the orystal struoture, Absorption in the visibdle spectrum and the
short=smve infra-red implies relatively low energy transitionss In the
case of hornblende these are probabdly of two kinde i1~

1. Transitions between d-orhitals of slightly different energies in
the same transition metal ion,.

2. Transitions between the outer electron orbitals of two different
ions in the orystal structure, This will cause abeorption in the visible
and infra-red if the eleotrons are loosely bound, and have similar energies

in the two atoms, This phenomenon is known as "oharge tranefer".



FIG A'5. STRUCTURE OF HORNBLENDE PROJECTED NORMAL TO [oof .

(Based on data from Heritsch et al. 1957)
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in order to underetand the transitions which ocour in hornblendes
it ie necesaary to consider the oryetal structure of this mineral in some
details No complete d=dimenasional structural analysis has yet beem
performed on hornblende, wut an extensive 2-dimensional analysis has been
performed by Heritsch, Paulitsch and ¥alitzi (1957) or a metagabdro
hornblendes from ladhausberg (Jalzburg) shich happens to have a chemioal
analysis quite similar to the hornblende T15s The anslysis le given in
table 10, along with chemical analyees of the green and brown hornblendes
descoribed hepes The structure determination gave an E-factor of 0.2
when the oaloulated intensities of the interference spots wers compared
with the observed intensities, which implies that the {orm of the structurs
is correct, but that same of the atomic coordinates obtained nay be
inaccuratee Flge A.5 showe a projection of the structure perpendicular
to Jool]

There are four sites in the structure shioh may be cccupled Yy
transition metal ions, and they are known conveniionally as ul, “2’ l3
and H 4 H4 is an B=fold coordinated site, and in hornblende is probably
ocoupiod by calolum and some alkall iomse (The rawsining alkali ions
and &, are 6~fold ooordinated

2 3
eites, the ooordination being represented by more or less distorted

ocoupy the partly vacant site A)e Uy, B

octahedra. H3 ie relatively undistorted, HI is approximately

tetragonslly distorted, (i.es it has two axes approximately equal and the

third lapger) while K, bas all three axes different.
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The transition metal ions present in major amounts in 715 are
Foz’, Fo3*, Mn?* and Ti". It is imposaldle to go into a detailed ucoount
of orystal field theory hero, so it ruet eimply be atated that the only
11kely transitions within the orbitals of one ion oocour between the

d-orbitals of F92+, which has four unpaired electrons, Tranasitions in

503' and Hne* are "forbidden" by the spin-rmultiplicity oselection rules
and 80 are far less likely to oocur (1.e. the abmorption maxima they
produoce uare very Taint). Ti4+ hag no d=olectrone, internal d-electron
transitions are impossible.

7o hae oix d~eclectrons, shared among five ld-orbitals. In
the wegk orystal field which is found in very nearly all silicates, four
orbitals are ocoupled by one elactron and one orbital by two electrons,

spinring in oppoeiie ocensds:, In a free Fbg’

ion all the eleotrons have
the same energy, but when the ionm is in a crystal, the electric fields of
the surrounding anions ("ligands") caouse two changes t=

l¢ Themergy of all the clectrons ia increased,

2¢ The energies of elsotrons in different d-orbitale decome
different,
The differences in energy betwsean the orbitals are rolatively small, and
80 the transition of un electrom from one d-orbital to another produces
abmorption in the vieidble apectrum or short-wave infra-red, If Fb2+ is
in regular octahedral soordination, the five d-orbitals divide into two

sets; two ocalled the 98 orhitales with a higher energy, and three celled



FIGURE A.6: ENERGY LEVEL DIAGRAM FOR FEZ2*
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The small arrows on the right show the electron spins in the lowest energy states

The large arrows indicate poss:ble electronic transitions to higher energy states
(1) Occurs at about 25,000 A
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(3) Occurs at about 6500 - 7500 A g.h.
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the t‘.’-_‘; orbitale with a lewer energy. ‘These changes can be expressed
by an "ensrgy level diagram" such as fige ie6.

Aoia the energy separation detween the orbituls. The
electrons tend to reach the lowest poseible energy state, so ome of the
t2‘ orbitals is oocupied by ithe electrom pair in F02+. If energy arrives
in the form of eleotromagnetic radiation however, one of the paired
electrons may "jump™ into one of the 08 orbitale, absorbing energy of a
charaoteristic wavelength. For F02+ in undistorted octabedral
coordination in eilicates, this value falls at about 10,000 8. It is
very likely tbat the absorption peak near this value in the green
hoxrnblende spectrum (A) is due to such transitions ocourring in ferrous
iron in the relatively undistorted HJ site.

If the ootahedral coordination is distorted, there is even more
variation in the energy levels of the orbisals (figs 5e6)e The number
of poseible transitions inoresses. In the cass 1llustrated, for
ootahedral ecordination tetragonally distorted zlong the x axis of the

43 ion, three possible energy transitions are showm. Transition 1 ie

e
a very low energy transition, and probebly produces absorption in ihe
far infya-red, Transitions 2 and 3} are more likely to oause absorptiom
in the visible region, and short infra-red, [ossidly transition z o
produscing some of the irregularity between 7,000 and 10,000 R. in the
absorption speotra, and transition 3 the plateau at about 6,700 2. The

platesu may be ocaused by the different distortions ci the l{l and iiz
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eites, which wean that ZCS assoniated with traneition 3} is different in
each sase, 30 that the plateau is formed of two peake at slightly differemt
wavelsngzthe,

ibearption w111 only ocaur if the plane of vibration of the
electrouugretic radiation corresponds to the directions of the aprropriate
orbitals, sc an absorption peak may appear im one nrincipal vibratiom
dipection but not in another. It will be seen that longest axes of the
dietorted octahedra at ¥, and ¥, lie in the a=e (erystallocraphio) plane,
It ie therefore intereating that the 6,700 R abaorption peak is more
pronounced in thoy than in tho@ spectrum,

The very strong sheorption at the dlue end of the vieible
spectrum is probably due to “oharge transfer”s This mechanism will be
dizcussed in tho brown hornblends,

(») Browp hornblende.

The comparison of the brown hornmblende spectra with the green
reveals {wo things te

1. The absorption in all the rrincipal vibdration directions ie
greeteat in the brown hornblends.

2, The gharp increase im absorption towards the blue end of the
visible spectrum in green hornmblende extends throughout the spectrum in
the brown.

This inoreased sbsorptiom at the blue end of the apectrum

suggeste eleotronic traneitionas of higher enerzy than thoese represented



TABLE 10.

Composition of zreen and brown hornblende.

"Barroisitic hornblende" from Paulitsch 1947.

115

Green hornhlende

179

hornblende

$10
Tiog
a1,8,

e U
Fed :
MnO
¥g0
Ca0
Na.O
K25
H20+

HZO_

Total

A5
0.74
13.47
1.70
11.68
0.20
11.65
12.08
1.49
0.03
2.13
0.04

100.34

44.21
2,30
11.43
L.57
11.03
0.16
12.95
11.76
1.96
0.93
1.09
0.03

99.42

Unit cell contents on the basis of 24 (0,0H).
calculated using a programme prepared by Kelsey on the Titan
computer in the Mathematical laboratory, Cambridge University.

The barroisitic hornblende from Heritsch et al. 19357.

Si
Al
Al
Ti
Fo3+
Mg2+

Fe
Mn

Na
Ca
K

CH

6.528
1.472

0.825
0.081
0.185
2.511
1-413
0.025

0.418

1.872
0,006

2.055

) .00

5.04

2.

6.580
1.420

0.585
0.257
0.176
2.873
1.373
0.020

0.566
1 0875
0-177

1.082

D

8,00

5.28

"Barroisitie
hornblende"

45.05
1.40
13.78
0499
9.98
0.20
12.01
10.28
3.84
0.16
2.33
0.15

100.17

T15 and T179

-

- On

-
&oun
15 -

) 5.00

L)
O Ny —ND

-

OO0
-
o= O\ O
o
-

— O
L]
N
O

B

not given



- 163 -

by the peaks at 6,700 and 10,000 & in green hormblende, It appears not
to be a discrete absorption pesak, but a wide band, representing a variety
of transitions of different energies. Such absorption would be produoed
by the "charge transfer” mechanism mentioned earlier, If this is the
meohenism involved, then charge transfer 1s easier in brown hornblende
than in green. An exumination of the ochemical analysss of the two
hornblendes sugzests possible ions betwsen which the elsotron tranafer
might oocur,

There are two noticeable differences betweern the browm and
green hornblende analyscs. The brown hornblende is higher in potassium
and titanium (table 10). Nose that the Fe°'iFe> ratio is similar in
@ache The potaseium is unlikely to partiocipate in charge tranefer, as
k" 1s very stable. Tih will however scoept an eleotron relatively
easily to become 1‘1}' and Poz* may lose an eleotron to bacome Fo3+. A
review of the chemistry of hormblendes has besn ziven by Leake in Pitcher
and Flinn "Controls of metamorphiam” (1965) pp 299~318, He demonstrates
with the aid of rumerous analyses from the literature that although the
camposition of hornblende is determined primarily by bulkerock composition,
everything else being equal, there is an increase in titanium content with
grade. The correlation of high titanium content with browm colour in
hornblends has been desoribed before, for example by Deer (1938) in
ignecus hornvlendes from the Glen Tilt complex.

An alternative theory for the colours of amphiboles has been
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advanced by Melankholin (1956). He obtained absorption spectrs from a
munber of emphiboles, by a teohnique eimilar to the one umed by the present
writer (fige AeT)e However, he interprets the spectra ae showing a
syetematic variation in the content of F'02+ and Fo3+. He shows speotra

P and Foh "in a oryetal™ and

which he desoribes ae characteristio of Fe
conelidere his other speotra are intermediate in oharaoter between these
extremes. Hes does not, unfortunstely, zive chemioal data on the
annphiboles he has studied,

The present writer would hesitate before ascriding all browm
colouration of hornblendes to 8 high titanium content. Brown colour is
probably due to charge tranefer, but this could be between other ions than
Pe2* and 74", This type of study 1s still relatively new, but the
writer hopes he has shown that fruitful results can be obtained by the use
of relatively simple apparatus, and with a little extension of the chemical
knowledge of most petrologistse Above all, the writer hopes he has shom
that it is possidle to improve on the subdjeotive desoriptions of mineral

colours which petrographers have relied on up till now,
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APPE’HDH ‘N’Qo
A a of 4 3 .

Hot many rook and mineral analyses were performed by chemiocal
methode, as this research haes depended cm electron=probe analysis to a
great extent. However, in addition to the plagicolase and hornblende
analyses already quoted, two olivines and a garnst were fully analysed
chemically as a check on the acouraay of the elestrom~probe data, and for
practice in mineral separation and analysis.

Five new rock analyses from the gabbro oomplex, and ons from
the dioritic gneiss were made. The ratios of iron to irom, magnestum
and manganess for these analyses sre quoted, and it can be seen that
these show that the marginal trootolitio facies is distinotly more
magnesian than the gabbros of the layered series, There are not
suffioient bulk rock analyses from the layered series to show if the bulk
rock compositions show the same trend as the mineral compositions, and it
is in this oontext that the uncertainty of the locationa of Vogzt's
analysed spscimens is partioularly regrettable. The Fel + Fb293 ¢ Pa0 +
?0203 + BnO + ¥g0 ratio of a gabbro from the summit of Stortoppen,
analysed by R. Mauselius for Sj6gren (Vogt analysis XVII) is 0.4167,
whioh suggests some iron enrichment relative to 56 and the marginal

troctolites,

The mineral snalyses bave been recalculated to the appropriate
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unit ocell contents.

The modes on which fige 342 is based are also given in full
in this sppondix,

Hineral analysog.
Qlfgbm Olivine Gﬁ!
8 S;ﬁz 3

8102 39.19 18494 37.74
740 0.16 0.16 Cu30
Al 3 el9 Oa7d 22.16
Fe 03 0400 0.0 058
790 16,74 18,70 29455
¥n0 420 0.27 1.27
g0 43.43 41,13 T7.02
Cal traoe 0.16 1-75
Total 99.91 100,10 100437

Unit oell contents, olivines on a basis of 4 oxygens, garnet on a
basis of 24 oxygens.

54 0.933 0+994 54 5.887
™ 04006 ; 0.999 04003 ; 0:997 14 0,036 19499
AL 44073
Al 0,009 0,022 re>* 0.067
7a2t 04355 04399 et 3,853
Mn 0.004 ) 2°006 0,006 ) 199 up  0.168
Ks 1.639 10564 ls 1q531
Ca iraoce 0.004 Ca 0,292
Forsterite 8240 19+5 Almandine 648
Payslite 17.8 20,0  Andradite 246
an?i% Qe2 O3 Grossular 243
0.23104 trace 0.2 Pyrope 274

Spessartine 2.8
"130 {A) 2.7T19 2.761

v 87° -



Anglyses of rocks from NE Sulitjelms.

51 56a 733 . 396 7158 To22
7410 0«27 0e33 0.32 0.22 0.17 2422
A1283 18,44 19.44 19.51 20,39 13,90 15.48
"o 03 0084 0.76 0.65 0.18 1-35 2.69
Fe0 6490 5462  5.58 5445  T.4l 8461
WnO 0.17 0.10 0,08 0,11 0.13 0.19
g0 9.96 10,14 10.13 14,35 23.89 4.69
Cul 11;68 12.24 12.24 10.62 : ?072 9.35
Ka 0 2.28 2042 2.42 1.97 1q18 4.65
K, 0,13  0.16 0414 0ul4 ~ 0,09  0.20
H20+ 1.73 0.30 1.98 0-58 ’ 0-44. 1.22
‘.'-120- 0400 0,00 0,00 0,09 0.04 0,03
Total 100.61 100.7? 100.34 100.61 100.59 100,21
FeQ + FPa 0 :
23 0,4331 0.3839 0.3790 0,2802 0.2563 06984
o0 + Fa, 0
+ kgl + ina
Celefslie NnOrms Im=
vr (479 1 Qel Cel 0.1 0.1 1479 §
Ab 19.4 2004 19.4 157 10,0 39.3
An 39.8 4240 4240 4644 32,3 20.9
Ne - L 001 Ol — —
(Cas’:!.()3 TeT Te9 TeS 2e7 245 1047
" iﬁ55103 4.8 5.3  5¢3 1.9 1.9 545
?‘5103 2.7 3 203 2.} 006 oos 506
(ngsio 3e2 0e5 - - 1.2 -
" (nes10; 1.7 0.2 - - 0e3 -
01 (M32$104 11,8 13.2 15.0 23.8 39.8 443
(F02$104 6e2 6.3 Beb 6.9 Ge2 443
Mgt l.2 1.2 0.9 02 1.9 3.9
Ilm 0.5 0s6 046 005 0ed 443

8l tetagabbro
56a Unaltered part of amphibolitieed gabbro (see table 7)

S6b Amphibolitised part of amphidboditised gabbro
596 Yargimal troctolite
T158 Marginal trootolite

- 167 =

1222 Coarse grained lens from base of dioritic gneiss.
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Plagioolase
Clinopyroxens

Olivinme

Brown Hornblende

Symplestite

Biotite

Oreen Hormblende

Apatite

® = {rage.

594
1.8

14.5
9e3

14.9

Modal analyees of rocks from the Sulit

2142
533
3.2
9ed
1.0
3.8
2.0

3122
592
16.3
20.2
0.8
2.0
1.4

S1]4

189
16.8

245

1.7

nz I
273 674
203 0O}
4061 17.2

2.5 3.1

1.7 0.7

Te7 10.9

Oudf "

= Ol

lma bro complex

4 ne
516 594
2.8 1446
6.6 174

Ted 2.0

0.9 2.1

5e4 349

Ce2 Oed

- 0.1

101
5445
23.1
3.7
de4
4.7
0.6
9«0

63.0
166
G0
52
5.1

8.9

l.1

516
2640
19.6
1.1
0.7
0e7
03



e n:s
Plagicclase 15.7 3843
Clinopyroxene . 0.9
Olivine 82.3 18.4
Orthopyrexene - 20.3
Brosm Bormblends 1.2 045
Sympleotite - 1.7
Ore 0.7 -
Biotite - -
Green Hormblende - -
Chlorite ] -
Toummaling - -

T202, T204 and T20§ are frem the same locality.
Harker collection (catalogme nos. 86337, 36338)

68
28.3
13.6
459
2.6
1.2
7.1
1.2

s

849
7845
1.9
5e9
1.5
0.3
1.5
0e5
0.8

{frem the Sulitjelme sabbre

57.0
33.6
T3
0.9
0.7

0.6

104
Giied
19.4
10.3
1.4
Gl
03
0.1

I00 D67 863w 86

58e3
0.2
10.4
0.6
0.2
Ue2
Cel

51.0
5.0
33.3
247
1.1
Eef
0.3

38.4 53.8
20.5 10.5
28.3 22.2
3.4 2.6
0.5 0.2
8.3 10.4
0.6 Ce4

The last two specimems are from the
snd were collected Wy Agrell im 1959,
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This appendix is concerned with the elsctromeprobe results

given in chapter three. The amalyses in chapter four are adequately
desoribed there,

The analyses in chapter three were corressted for absoxpiion,
fluoreseence, nnd atomio mmber differences betwsen standard and specimen
using & prograsme prepared for the IMM 7090 computer ia Imperial College,
London, Gy Dre Se 3o Be Heeds The data was fed into the computer by
Nrse Po K, Mason, The programme dealt with the data in two ways. The
olivine and orthopyrexens data wae csloulated as molesular proportions
of the end members ?02810‘, Iczﬂw‘ end so on. These were swmed to
100he It was assumed that silioem and oxygen were in the appropriste
stolohiometric ratios, so data on the iren, magnesiuz and calefium
contents of the specimens only were fed to ithe compuler.

The clinopyroxenes and hornblendes were selioulated in weight
peroentages of the oxides Mgl Al 0y 340, Ca0, 710, and Pel, summed to
100%, These data were recaloulated as molesular proportions (in the
case of the hormblendes, using the proportioms of 820, hzﬂ and xao
found in the analysed brown hornblende T179) by using @ programme
prepared by Dr. C. He Kelsey for the Titam computer in the Mathematisad
Laboratory, Cambridge University.



The corrsction prograsme print=out gives data relating $o the
accuraay of the analysis ns well as the results, This can be expressed
in two values #=~

1+ The apparent of the amlysis. This is the total obtained
when the corrected proportions of oxides or end membaers are suwmeed,
The prograsme alters this rum to 100% im the final presentation of data. |

2. The systemsztie error of $he amalysis. This is the percentage
error due to the assumptions and parmmetsrs used im the correotion
programuee. In the tables bYelow it is only given for the olivines, as
this was the uinersl group for whieh it was greatest. The systematie
error is greatest for the magneeiwm determinations.
The apparent sums of the analyses were all high, bhut the systematie
errore in the clivines wore greater than the departures of the apparent
suma from 1008, It should be emphesised that the correstios programme
is etill at a developmeniel stage, and will probably be improved in the
future., Mill resulte of anslyses s~

Olivines
Bo. of
7158 3 xsr‘z &M 103.4 s 8.6
67 3 18,9 107.0 3 8.9
5152 4 2048 19.2 1085 3 8.9
ﬂ“ ‘ 2101 18.3 102.7 X 8.’
T204 4 243  15.7 107.1 b A 9.0
7150 3 2544  Theb 109.9 1 845
74 3 360 6440 10745 £ 91
7191 3 48.6 51.4 107.1 s 8.5



Orthenyroxenss
Composition
Specimen Ofs. Ye¢. Clinoems. Apparent total — No. of detexmimstions
7158 14e2 2.2 836 9941 ) |
us? 191 15  79+4 972 2
6Tk 211 0.2 7647 95 o4 1
712 2265 203 75.2 101.5 2
T12% 23¢7 03 7640 103.7 1
?150 221 2.8 715. 994 3
74 28,6 3.0 6844 9945 2
Tée 259 044 737 101.7 1
7101 3Bel  nede 64.9 101.3 5
7191 8.9 1.0 60, 104.6 2
T191e 8 3.9 95943 105.3 3
Glinopyverones

M ome, S M8, A0 A0 ettt

T158 3.9 1. D4 49.2 3.7 16.6 104) 1
8152 5e6 O 21.6 516 4.2 16,3 105.7 )
7206 6ol 1.} 20.7 449 Gel 14,2 11243 1
7204 Tel 0d9 25.1 47.0 42 15.7 106.7 }
Ti01 9.6 Redls ﬂ-, 51 o, 2.‘ uo‘ 100.1 1
Brows hornblendes
2152 B42 3.0 12.7 4del 17.1 15,0 106.8 3
712 8a7 4.0 4.9 4064 1540 13.3 TS )
150 Ged 36 15.9 407 17.6 12.7 999 3
7101 13.0 3.9 i2.3 43.1 15.3 1244 1007 3
TN 1561 2.0 11.8 42,6 16.7 11.7 998 2

As the totals for the anulyses show, the results of electrom-probe
microasalysis are far from being comparable im quality to chewleal analyses.
Some of the variatiom may be duse to inadequasy im the computer programme,
which 18 =till im the oxperimental stage. The determinations of minerals
may be more fairly compared with imdireet optical or i-rey detorminations
thsn soourste chemical analyses. The snalyses show clearly the irend of
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mineral variation however, and although the zdsolute velues of ironm and

magnesium contents nay be in error, the relative values betwsen one

enalysie and another are probably scourate. The analyses given in

chapter four, whioh were performed with mere care and corrected oy well=-

proved hand caloulations are more accurate than those in chazter three,
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PEED .

Srid Referonce
81 Hetagabbre 544506
36 Partly amphibelitised gabdre 542503
58 Jmphibolitised gabbre 548503
526 Kyanite and sillimanite bearing hornfels 516530
832 Igneous breceia, xenolith 516533
848 Sohistose amphibelite 508476
249 Calo~silicate rook 505474
559 Calearesus chlorite sehist 535467
993 Netagabbro 521543
596 Trectolitie gabdre 521545
5100 Jwphibolitised hormfels 516543
5107 Quartaite with kyenite lenses 517542
5144 Netaperphyritic amphibolite 600442
3149 Olivine gabbro 559503
9152 Olivine gabure 557506
8170 Sohistose hornfels with sillimanite sugen 5271519
5174 Labradorite rich gabbro 599484
3182 Ignecus breseia matrix 592505
8193 Hornfele xemolith fyom igneous breocia 592505
8 Cataclastically sltered gavbro 521525
Ti2 Olivime gabbre 532501
15 ¥etagabbro 535503
39 Olivime gabbwo 546546
P42 Bpidote-mios schist 557544
T48 Garnet-orthoolase~plagioclase-biotite=quarts rock 539568
55 Garnet-mica schist 54855)
768 Cataclastieally altered olivine gabbre 545481
76 Olivine gabbre 542487
Ti01 Olivine gabbre 560464
7111 Cataclastically altered igneous brecoia 527518
7136 Dolerite 618512
7138 Olivine gabbro 618911
144 Cateclastically altered olivime gabbro 553519
7150 Clivime rich gabhre 552518
7151 Cataclastieally altered olivine gabbro 553514
7158 Trootolitic norite 569524

7168 0livine gabbre 542504



Specimen

179
T182
7191
7195
7202

1205

T216
Te2e

Exd ) )
7235
7270
U1}
u3p
U43
U49
ueT

u79

Hornfels with brows hornblends

Zoned calearecus xenolith in igmeous breecis

Pyrozene rich gadlro
Felspathio quartsite
Olivine gabbreo

Olivine gabbre

Olivine gabbre

Clivime gubibre

Chlerite sehist

Cosrse dieritic gneiss
Dioritie gneise

Brown hornblends gneiss
Mylenite

Gsrnet-mica sohist
Kyanite-staurelite sohist
$411limsnite-gernet schist
Metaperphyritic smphibolite
Yyenite~graphite schist
Pyrite bearing graphite sohist
Copdierite bearing reck
Micaceous psammite
Nieacequs psammite

Olivine gabbro

Amphibolite

Diopside marble with biotite band
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