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The origin of macrorhythmic units in the Lower Zone of the Lille Kufjord Intrusion, northern Norway


B. ROBINS, M. GADING, M. YURDAKUL& S.J. AITCHESON


Robins, B., Gading, M., Yurdakul, M. & Aitcheson, S.J. 1990: The origin of macrorhythmic units in
 the Lower Zone of the Lille Kufjord Intrusion, northern Norway.Nor. geol. unaers. Bull. 420, 13-50.


The LiIle Kufjord Intrusion is one of the youngest mafic plutons in the Seiland Magmatic Province
 which forms part of the Middle Allochthon of the North Norwegian Caledonides. It was emplaced at
 a mid-crustal level into Proterozoic, sillimanite-grade paragneisses during the Middle Carnbrtan,
 probably in an extensional tectonic regime. Caledonian deformation is locally penetrative in the
 envelope but the intrusion is little affected and retains its original form, orientation and synformal
 internal structure. The intrusion contains an up to lOOm-thick Marginal Series (MS) and a circa
 1400m-thick Layered Series. The latter is subdivided into a 270m-thick Upper Zone of modally-
 layered gabbronorite (plagioclase-clinopyroxene-orthopyroxene cumulates) and a 1130m-thick olivi-
 ne-bearing Lower Zone. The upper 750m of the Lower Zone (LZb) consists exclusively of modal-
 ly-layered olivine gabbro while the c. 380m-thick lower part (LZa) is composed of a sequence
 of cumulates of varied composition. The MS gabbronorites and olivine gabbronorites exhibit mo-
 dal and textural layering which is subparallel to the steep walls of the pluton. Pockets and discon-
 tinuous bands of pegmatitic magnetite gabbronorite are conspicuous in the MS and some are cored
 by xenoliths of paragneiss or coarse-grained granitoid. The MS appears to have crystallized from
 differentiated and contaminated basalt magma flowing down the walls of the magma chamber. A
 detailed log of LZa has revealed 42 macro layers. Macrolayers of olivine cumulate (oC), clinopyroxe-
 ne-olivine cumulate (doC) and plagioclase-clinopyroxene-olivine cumulate (pdoC) are almost equal
 in numbers but pdoC dominates the sequence in total thickness, followed in importance bycc.


Analysis of upward layer transitions shows that the LZa sequence exhibits strong first-order
 Markovian properties and this forms the rationale for subdivision into 16 macrorhythmic units of
 different types. The most common macrorhythmic unit consists of oC overlain successively by
 doC and pdoC. Uncompleted units comprise oC followed by doC. Reduced units have a basal
 doC macrolayer overlain by pdoC. In interrupted units oC is followed directly by pdoC. Logging
 of additional sections shows that the main features of the stratigraphic sequence persist along
 strike for up to 2.7km while there are lateral variations in the number of units and in the thickness-
 es and nature of individual macrorhythmic units. Some units appear to be lenticular and rest
 discordantly on underlying cumulates. Electron microprobe analysis of olivine in sequential samp-
 les from two typical macrorhythmic units reveals that the basal oC macrolayers contain the most
 magnesian olivines and that the bases of the units are regressive discontinuities. The LZa cumula-
 tes are deduced to have crystallized at the base of a stratified, surge-type magma chamber. liqu-
 id layering was established and maintained by the periodic emplacement of hot, olivine-saturated
 basalt which underflowed the resident, more-differentiated magma. Primocrysts grew in the diffusi-
 ve boundary layer at the top of the basal liquld layer and were transported to the floor of the
 chamber by two-phase convection. With sufficient time between emplacement events, minerals
 crystallized in the order olivine-clinopyroxene-plagioclase. As the layer evolved it mixed with over-
 lying liquid layers when densities were equalized. If differentiation was terminated prematurely
 by emplacement of new magma, an uncompleted unit could be formed. Elevation of liquid layers due
 to the inflUX of magma resulted occasionally in liquid saturated in clinopyroxene and olivine over-
 running part of the sloping magma-chamber floor, initiating a macrorhythmic unit of the reduced
 type. Macrorhythmic units of the interrupted type were formed when magma drained from the
 chamber into the underlying feeder. This led to the subsidence of the liquid layering, bringing
 differentiated magma to the floor of the chamber in place of olivine-saturated magma. The presence
 of high-temperature magma at the base of the chamber resulted in assimilation of the Marginal
 Series and it contains no record of the formation of LZa.


B. Robins&M. Yurdakul, Geologisk Institutt, avd.A,Allegt.41,5007 Bergen - Universitetet, Norway.


M. Gading, Institutt for Geologi og Bergteknikk, 7034 Trondheim - NTH, Norway.


S.J. Aitcheson, Department of Geology, University College, Belfield, Dublin4,Eire.



Introduction


In recent years considerable advances have



been made in the understanding of the physi-


cal processes which may take place in crustal
 magma chambers. In particular, the recognition


of the importance of compositional versus
thermal contributions to buoyancy has revolu-
tionised views on convection and differentiati-
on in large bodies of magma (Turner 1980,
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 Chen&Turner1980, Huppert&Sparks 1980,
 1984). Theoretical considerations and experi-
 ment have led to a number of competing
 models for the way in which crystallization
 takes place in magma chambers as they evol-
 ve and cool (e.g. Turner & Campbell 1986,
 Clark et al. 1987, Martin et al. 1987, Wein-
 stein et al.1988, Martin&Nokes1988, Marsh
 1988, 1989).These models need to be tested
 against nature itself, either directly, for instan-
 ce by observations carried out on lava lakes,
 or indirectly, through the study of lavas and
 pyroclastics derived from subsurface cham-
 bers and igneous intrusions which represent
 solidified magma chambers. Layered intrusions
 are particularly relevant since the sequences
 of rocks they contain present a stratigraphic
 record of transient events and processes
 which took place during the life span of the
 magma.chambers in which they crystallized.


The observations presented here from the
 Lille Kufjord Intrusion and the deductions ex-
 tracted from them are intended to be a contri-
 bution to the interpretation of layered igneous
 rocks in general, and the origin of macrorhyth-
 mic units in particular, as well as the recons-
 truction of ephemeral events in a particular
 magma chamber.



The Lille Kufjord Intrusion and its envelope


The Lille Kufjord Intrusion appears to be one
 of the youngest of the suite of mafic plutons
 which constitute a major part of the Seiland
 Magmatic Province (Roberts 1974).The latter
 is developed in the S0r0Y Nappe, the upper-
 most tectonic unit of the Kaiak Nappe Comp-
 lex which constitutes the Middle Allochthon
 of the Northern Norwegian Caledonides (Ro-
 berts&Gee1985).Interpretations of the pluto-
 nic history of the Seiland Magmatic Province
 have been presented by Robins & Gardner
 (1975) and more recently by Bennett et al.


(1986). Due to data emerging from work on
 the isotope systematics of intrusions and their
 host rocks, ideas on the timing and nature
 of the evolution of the Seiland Province are
 presently undergoing radical revision (Aitche-
 son&Taylor1989, Aitcheson et al.1989).The
 results of these recent studies will, however,
 be presented elsewhere and the description
 in this section will focus only on geological
 relationships in the vicinity of the Lille Kufjord
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Intrusion which are relevant for evaluation of
 the environment of emplacement and crystalli-
 zation of the pluton. In addition an account
 of the general characteristics of the intrusion
 is presented which supplements and in part
 supersedes the preliminary description of
 Robins&Gardner(1974).The Marginal Series
 of the Lille Kufjord Intrusion is described in
 some detail. It exhibits features which have
 important implications for the petrogenesis of
 the intrusion in general and the Lower Zone
 cumulates of the Layered Series in particular.



The intrusive environment: evidence from the envelope


The Lille Kufjord Intrusion is emplaced into
 high-grade paragneisses as well as the Olanes
 Gabbronorite (Plate 1). The paragneisses are
 well exposed on the headland between Store
 Kufjord and Lille Kufjord where continuous
 sections are available from rocks which bear
 only the imprint of regional metamorphism
 into the contact metamorphic aureole of the
 Lille Kufjord Intrusion. However, the narrow
 strip of paragneiss which separates the Lille
 Kufjord Intrusion and the Olanes Gabbronorite
 between Vardefjell and Olanes has been inten-
 sely metamorphosed in the aureoles of both
 intrusions. Additional, but discontinuous ex-
 posures of contact-metamorphosed parag-
 neiss are present along the east coast of Lille
 Kufjord and on the eastern slopes of Lille
 Kufjorddalen.


The paragneisses are muscovite-free, predo-
 minantly quartzo-feldspathic rocks with ubiqui-
 tous garnet and generally with a pronounced
 compositional banding. The sedimentary pa-
 rentage of the gneisses is demonstrated by
 the occurrence of narrow bands of quartzite
 and calc-silicate rocks. The protolith appears
 to have been a sequence of variably-calcare-
 ous, immature sandstones with subordinate
 beds of argillaceous sediment. Similar parag-
 neisses are widely developed in the Seiland
 Magmatic Province and have been referred to
 informally as garnet gneiss by various authors
 (e.g. Hooper1971).In the western parts of the
 province garnet gneiss is structurally overlain
 by a sequence of varied metasediments consti-
 tuting the S0r0Y Succession (Ramsay et al.


1985).The S0r0Y Succession has been presu-
med to be Late Proterozoic to Middle Cam-
brian in age (Ramsay et al. 1985) but new
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isotopic data suggests that it was deposited
 entirely in the Late Proterozoic, before 800
 Ma (Aitcheson et al. 1989). In addition the
 garnet gneiss is intruded by gabbros which
 have yielded Sm-Nd internal isochron ages of
 c. 600 Ma (Aitcheson 1989). Thus, the parag-
 neisses hosting the Lille Kufjord Intrusion and
 the Olanes Gabbronorite are regarded at pre-
 sent as part of a Precambrian metamorphic
 complex.


The paragneisses show evidence of a comp-
 lex structural evolution. At least two generati-
 ons of folds affected the Iithological banding
 prior to the emplacement of the Lille Kufjord
 Intrusion. Both generations of early folds are
 tight to isoclinal, similar folds associated with
 axial-planar foliations. Post-D1 mafic dykes
 (amphibolite) are common in the paragneisses
 and have either been folded by the younger
 generation of structures or undergone boudina-
 ge during their development, or both.


Distant from the contact of the Lille Kufjord
 Intrusion pelites and semipelites contain vary-
 ing amounts of aimandine garnet, biotite and
 sillimanite in addition to quartz, K-feldspar and
 plagioclase, indicating metamorphism in the
 upper part of the almandine amphibolite faci-
 es. Within about 400 m of the contact of the
 Lille Kufjord Intrusion biotite is less abundant
 and appears to have grown at the expense
 of distinctive contact-metamorphic assem-
 blages including garnet, sillimanite, cordierite,
 hercynitic spinel and rutile. The tess-alumlnous
 metasandstones contain garnet, hypersthene,
 biotite and, less commonly, hercynitic spinel,
 in addition to quartz and feldspars. Hercynitic
 spinel is generally enclosed within garnet and
 sillimanite, suggesting that spinel and quartz
 co-existed at the highest temperatures attained
 during contact metamorphism (> 770° Holda-
 way & Lee 1977, Vielzeuf 1983) and that the
 principal mineral assemblages developed as
 temperatures in the aureole waned. The com-
 positions of co-existing garnet (mg# 
=
50.8)
 and cordierite (mg#=
88.6) suggest equilibrati-
 on during cooling of the aureole rocks (to tem-
 peratures of 650-700°C) at a pressure betwe-
 en 5.4 and 8.2 kb, depending on PH,O (Martigno-
 le &Sisi 1981, Aranovich &Podlesskii 1983).

A lithostatic pressure in the upper part of this
 range (corresponding to PH,O near to Ptatal)is
 considered unrealistic. Conditions correspon-
 ding to the highest pressures indicated by the
 garnet-cordierite thermobarometer would pla-
 ce the equilibrium in the stability field for kyani-
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 te as determined by Holdaway (1971) rather
 than that for sillimanite. Furthermore, the com-
 mon occurrence of graphite in the inner part
 of the Lille Kufjord aureole indicates that PH,o
 was substantially less than Ptotal.


Metamorphism in the contact aureole resul-
 ted in the partial to complete recrystallization
 of the foliated, quartz-free amphibolite dykes
 to granoblastic hornblende hornfelses. Recrys-
 tallization was restricted to the margins of the
 widest dykes, even in the inner part of the
 aureole, while narrow amphibolites typically
 are completely transformed.


Granitic neosomes are sporadically develo-
 ped in metasandstones and metapelites
 throughout the contact-metamorphic aureole
 and may crosscut both the Iithological banding
 in the paragneisses and the recrystallized
 amphibolites they enclose. In a zone up to
 about 15 m wide along the contact of the Lil-
 le Kufjord Intrusion the paragneisses are, ho-
 wever, distinctly migmatitic. Here, lithological
 banding in the paragneisses is less pronoun-
 ced than elsewhere and a granodioritic neoso-
 me is abundant. Rheomorphic breccias are
 developed in places in this zone. They consist
 of blocks and slabs of paragneiss and mafic
 hornfels enclosed in massive or banded grano-
 diorite and appear to have resulted from parti-
 al melting to a degree sufficient for disruption
 of the aureole rocks.


In places, rocks in the migmatitic zone are
characterized by ellipsoidal segregations, typi-
cally a few cm long, consisting of granoblas-
tic plagioclase (confirmed by electron micropro-
be analysis) intergrown with hercynitic spinel
and lesser amounts of corundum. These lenti-
cular bodies generally reside in a quartzo-
feldspathic matrix and in places are partly
replaced by garnet. Their evolution is obscure
but they appear to have developed within
semipelitic protoliths, possibly by the high-
temperature breakdown of garnet in the pre-
sence of anatectic melt. Although only a minor
component, the occurrence of the aluminous
lenticles in the innermost part of the contact-
metamorphic aureole has important implicati-
ons since identical bodies are exceedingly
common as xenoliths throughout the Layered
Series of the Lille Kufjord Intrusion. The minera-
logical identity of the segregations in the aureo-
le and xenoliths in the Lille Kufjord Intrusion
appears to the authors to be important eviden-
ce for large-scale assimilation of country rocks
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 during the emplacement and crystallization of
 the intrusion.


The northeastern part of the Lille Kufjord
 Intrusion is in discordant contact with the Ola-
 nes Gabbronorite between Store Kufjord and
 Nav'stuvag'gi. The Olanes Gabbronorite was
 both emplaced and deformed prior to the deve-
 lopment of the Lille Kufjord Intrusion. It forms
 a sheet exhibiting a moderately to steeply-
 dipping foliation or modal layering or both.


The thickness of the sheet increases from
 about 500 m near Olanes, where it consists
 of medium-grained, foliated and metamorpho-
 sed gabbronorite and pegmatitic, Fe-Ti oxide-
 rich gabbronorite, reaches a maximum of
 more than 1000 m on Saddugai'sa and decrea-
 ses again further north where it crosses Lille
 Kufjorddalen. In its thickest portion the Olanes
 Gabbronorite contains modally-layered gab-
 bronorite which alternates with thin layers of
 olivine gabbronorite (Oosterom 1956). Large
 blocks and rafts of paragneiss occur within
 the sheet and are particularly common betwe-
 en Saddugai'sa and Store Kufjord.


Magmatic events which postdated the crys-
 tallization of the Lille Kufjord Intrusion are
 represented by dykes of granitic pegmatite,
 blastoporphyritic amphibolite and syenite peg-
 matite, emplaced in that order, which cut both
 the intrusion and the rocks of the envelope.


In addition, a single dyke of nepheline syenite
 pegmatite has been recorded within the Lille
 Kufjord Intrusion. The amphibolites are mem-
 bers of a regionally-developed swarm of meta-
 morphosed picrite/ankaramite - alkali olivine
 basalt dykes (Robins&Takla 1979) which also
 cut the nearby Rognsund Intrusion (Robins
 1982) as well as the Melkvann Ultramafic
 Complex (Bennett et al. 1986). Syenite peg-
 matites emplaced into the Lille Kufjord Intrusi-
 on are associated with narrow metasomatic
 aureoles. In the envelope, however, there are
 several zones in which the paragneisses have
 been transformed into alkali feldspar-regirine
 augite-sphene-apatite fenites in connection
 with the intrusion of thin dykes of carbonatite.


The most extensive of these zones appears
 to parallel the eastern contact of the Lille
 Kufjord Intrusion and extends northward from
 SkjAvikvatnet almost to the coast of Store
 Kufjord, a distance of about 1km. Further
 occurrences of fenite are found close to and
 subparallel with the southwest contact of the
 Lille Kufjord Intrusion on Store Kufjordnes.


Fenitization in these zones overprinted fabrics
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related to the second generation of folds in
 the paragneiss, as well as contact-metamorp-
 hic mineral assemblages.


Deformation of the Lille Kufjord Intrusion is
 restricted to rare, narrow shear zones. In the
 paragneisses of the envelope, however, defor-
 mation postdating the crystallization of the
 intrusion was locally intense. Later deformation
 is most apparent in the fenitized rocks. On
 Store Kufjordnes these exhibit a tectonic foliati-
 on which in places is disposed around open
 to tight folds. In zones of intense deformation
 both fenites and adjacent unaltered paragneis-
 ses are reduced to thinly-banded mylonites.


In the latter rocks quartz and feldspars are
 recrystallized to fine-grained, polygonal mosa-
 . ics while biotite and garnet form small neo-
 blasts. There is no evidence, however, of the
 regrowth of sillimanite. Elsewhere in the Sei-
 land Magmatic Province, mineral assemblages
 developed in mafic dykes deformed together
 with alkaline igneous rocks suggest that the
 late deformation took place under upper green-
 schist- or lower amphibolite-facies metamor-
 phic conditions (Sturt & Ramsay 1965, Ram-
 say & Sturt 1970, Robins 1974).


The field relationships summarized above
 have been interpreted in terms of the synoroge-
 nic emplacement of the Lille Kufjord Intrusion
 (e.g. Robins & Gardner 1974 & 1975). Recent-
 ly-acquired isotopic data (Pedersen et al. 1988,
 Dallmeyer, 1988a & 1988b, Aitcheson et al.


1989) suggests, however, that the tectonother-
mal evolution of the Seiland Province was signi-
ficantly more prolonged and complex than
previously recognised. Instead of developing
during the course of a single tectonic and
metamorphic cycle (the Finnmarkian Orogeny)
(Ramsay & Sturt 1986), the Seiland Province
appears to have had a polyorogenic evolution
(Aitcheson &Taylor 1989). The authors pre-
sently regard the Lille Kufjord Intrusion as
having been emplaced in an anorogenic tecto-
nic setting, possibly during an episode of crus-
tal extension. Intrusion took place some consi-
derable time after the principal orogenic defor-
mation and metamorphism of the S0r0Y Suc-
cession in the Late Proterozoic (>800 Ma)
but before renewed orogenic activity in the
Late Cambrian or Early Ordovician.
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Fig.1.Sm-Ndisochronplotof isotopic datapresen ted in
 Tablel.


Table 1.Sm-Ndmineraland whole-rock isotopic data from
 gabbronorite sampleLK94.


pi = plagioclaseseparate(circa 97%pure).


wr =bulk-rock.


cpx= Ca-richpyroxene separate(circa 90%pure).


Reproducibility of "'Sm/'~Nd is 0.1%. Errors quoted for


'''Nd/'~Ndareforwithin-runprecision.minimumreproduci-


bilityISestimatedas ±20.Ndisotopic analyseswerecarri-
 edoutin the Dept. ofGeology,UniversityCollege.Dublin.


All samples were spiked and Sm-Nd concentrations and
 Ndisotopicanalyseswereobtainedfromthe same dissolu-
 tion.Procedures were similar to those of Menuge(1988)
 andMenuge&Daly (in press).Maximum chemical blanks
 were Nd= 1ng and no blank corrections were required.


Mass spectrometrywas carriedout ona semi-automated
 VG Micromass30.The valueofI"N d/'~ N dobtained for the
 La Jollastandard was 0.511866.


Lille Kufjord Intrusion was,however,substanti-
 ally larger.


Contacts between the LilleKufjord Intrusion
 andits envelopeare everywhere steep.Around
 Altneset and on the headland between Store
 and Lille Kufjord contacts appear to be near
 vertical. The northeastern contact between
 StoreKufjord andNav'stuvag'gidipsoutwards
 at anglesof around70-800,as does the south-



Isotopic constraints on the age
 of
 emplacement


An extremely-fresh gabbronorite from the
 Upper Zone of the cumulate sequencein the
 Lille Kufjord Intrusion has yielded a Srn-Nd
 internalisochron age of488 ±57(20)Ma(Tab-
 le 1 & Fig. 1) which isinterpreted as the age
 of crystallization.


As noted above, crystallization of the Lille
 Kufjord Intrusion pre-dated alkalinemagmatic
 activity in the SeilandMagmaticProvincerepre-
 sented by theintrusion of syeniteand nepheli-
 ne syenite pegmatites and carbonatites and
 alsothe development of fenites.Large,euhad-
 ral zircons collected from nepheline syenite
 pegmatites,one from a swarm of dykes about
 4 km northeast of the Lille Kufjord Intrusion,
 have yielded concordant, U-Pb ages of 531


±2and523 ±2(20)Ma (Pedersen et al.1988),
 suggesting that the alkalinerocks crystallized
 in mid-Cambrian times (Harland et al. 1982).


The Sm-Nd age suggests that the Lille Ku-
 fjord Intrusion is younger than the alkaline
 rocks but the age is relatively imprecise and
 has an uncertainty that overlaps the U-Pb
 ages obtainedfrom the nephelinesyenitepeg-
 matites.On the basisof the isotopic data pre-
 sentlyavailableit appears most probablethat
 the LilleKufjord Intrusionwas emplacedinthe
 MiddleCambrian.



Size, contact reietions and shape of the intrusion


The Lille Kufjord Intrusion is a small layered
 pluton.With an elongated outcrop,6 km long
 and a maximumwidthof 1.6km on the north-
 west shore of Store Kufjord, it occupies a
 total area of only 6.5 km'. Thus,the intrusion
 is an order of magnitudesmaller than the laye-
 red mafic plutons of the Thulean Province,
 such as the Skcergaard Intrusion and the
 Rhum Intrusion, Scotland, both with outcrop
 areas of about 50 km'.


The Lille Kufjord Intrusion is exposed to a
 height of 650 m, giving a minimum volume
 of approximately 4.2 km' above sea level,
 assuming upward conservation of plan area.


Accommodation of the 1370 m-thick Layered
Series increases the minimum volume of the
pluton to almost 9 km'.In view of therather
primitivecomposition of theuppermost of the
cumulates preserved in the Layered Series,
it seems probablethat the totalvolumeofthe
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Sandhaugen


Saddugai'sa



~
 Fig. 2.View across Store Kufjord

of thesectionthrough theLilleKu-
 fjord Intrusion.Sandhaugenisloca-
 ted in the left middleground and
 the top of Saddugai'sa is partly
 shrouded in mistonthe right-hand
 sideof the photograph.The contact
 between theLilleKufjord Intrusion
 and the Otanes Gabbronorite dips
 steeply to theright(NE) andis follo-
 wed by a marked,partlysnow-filled
 gUlleywhichcan befollowed from
 the coasttoapointmore than half
 way up thecliffface.Modal rayering
 in the LilleKufjord Intru sion,arran-
 ged in a gentle synform, can be
 picked outin thecliffbetween Sand-
 haugenandSaddugai'sa.


western contact where it runs close to the
 shore of Lille Kufjord .Inplanview,the north e-
 astern and southwes tern contacts are sub-
 parallel over most of the outcrop. Beneath
 Store Kufjord and on Altneset, however, the
 contacts approach each other, producing a
 wedge-shaped outcrop pattern. The intrusion
 continues for a short distance to the south
 of Vardefjellas a 40mbroad dykeofgabbrono-
 rite. In contrast, the northern termination of
 the intrusion is rounded.


The southwes tern contact is generally sub-
 concorda nt with the principal foliation in the
 paragneisses of the envelope .The northeas-
 tern contact is, however, discordant along
 much of its length. On Altneset, paragneiss
 forms ascreen between the Lille Kufjord Intr u-
 sion and the Olanes Gabbronorite which can
 be traced onto the outermost tip of Olaneset.


On the western shore of Store Kufjord the
 screen is absent and northwestwardstowards
 the south ridge of Saddugai'sa the Lille Ku-
 fjordIntrusioncutsinto the OlanesGabbronori-
 te. The discordant nature of the contact is
 particularlyclear in the cliffs onthe west side
 of StoreKufjordwhich present a naturalcross
 section some 700m high (Fig. 2). Here, the
 contact can be seen cutting obliquely across
 moderately-dipping modallayering in the Ola-
 nes Gabbronorite.In Nav'stuv ag'githecont act
 ofthe LilleKufjord Intru sion againcuts through
 thelowerboundaryof the Olanes Gabbronori-
 te and the resultingwedge of paragneiss inc-
 reases in thickn ess northw ardsoverthewes-
 tern ridge of Kufjordtind.


Relationships between the margins of the
 Lille Kufjord Intrusion andpre-existing structu-
 res indicate that both displacive and replacive
 mechanismswereofimportanceduringempla-
 cement. Deflection of the main foliation in the
 paragneisses around the northerntermination
 of the intrusion is considered the result of
 cumulative dilation of the country rocks, al-
 most certainly along a NE-SW trend. Most of
 the xenoliths within the intrusion are, howe-
 ver,believed to haveresulted fromthe stoping
 of blocks of envelope rocks.


The form of the contacts sugges ts thatthe
 Lille Kufjord Intrusion widens somewhatin its
 extension below sea level (Plate 1, section
 A-B). Judging from the disposition of the
 modal layering in the Layered Series (see
 below), the root of the intrusion is situated
 beneath Sto re Kufjord. The exposure of the
 lowest stratigraphiclevelsof the LayeredSeri-
 es in the northwest corner of the intrusion,
 where the Marginal Series is thinnest, sug-
 gests that a floor is presen t at a relatively
 shallow level beneath this part of the intrusi-
 on. The subsurface part of the Lille Kufjord
 Intru sion is thusenvisaged asgenerallydyke-
 like, closing at shallower depth in the north
 andcontinuingto deeper levelsbeneath Store
 Kufjord in a keel-like prolongation which may
 be continuous with a feeder dyke.


Structural relations hips suggest that the
upwardcontinuationoftheLilleKufjord Intrusi-
on must have been emplaced into the Olanes
Gabbronorite. The occurrence of xenolithic
materialof metasedimentary parentage throug-
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upwardsthroughthe lower part of LZa.
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hout the preserv ed part of the Layered Series
 may. however. indicate that the roof of the
 intru sion was emplaced into paragneisses
 structurally above the Olanessheet. Although
 the originalverticaldimensionsoftheintrusion
 can hardly be constrained with any degree
 of certainty. it seems atleast likely that it was
 considerable and similar in magnitude to its
 horizontal length.



Internal subdivision and structure


The rocks of the Lille Kufjord Intru sion can
 be subdivided into two petro graphically.struc-
 turally and geneticallydifferent series (Robins


& Gardner 1974): The Marginal Series con-


sists principally of medium-grained to peg-
 matitic gabbron orites(±olivine)which line the
 externalcontactsof theintrusion;TheLayered
 Seriesconstitutesthemajor partofthe intrusi-
 on and consists of a variety of cumulates
 which are in sharp, discord ant contact with
 theMarginalSeriesrock s(Plate1).TheLaye-
 red Series can be subdivided into a 1130
 m-thick Lower l one consisting of feldspathic
 peridotite. olivine clinopyroxenite and olivine
 gabbro, Le.cumulatesin whichcumulus olivine
 is ubiquitous and Ca-poor pyroxe ne has ex-
 clusively postcumulus status, and a c. 250
 m-thick Upper lone characterized by more
 evolved. gabbronoritic cumulates containing
 cumulus Ca-poor pyroxene. The boundary
 between the Lower and Upper lones has
 been mapped at the baseofthestratigraphical-
 Iy-Iowestcumulates containing cumulus ortho-
 pyroxene. For convenience ofdescription the
 Lowe r lone has been further subdivided into
 two subzones(Ll a and Llb).The uppermost
 subzone(Ll b)is c.750m thick andconsists
 almost exclusively of modally-layered olivine
 gabbro. In contrast.the380m-thick Llaconta-
 ins a variety of distinctive types of cumulate
 (Fig. 3), includinglayersof feldspathicperidot i-
 te(oli vine cumulate .oC),olivine clinopyroxeni-
 te (diopside-olivine cumulate, doC) and rare
 troct olite (plagioclase-olivine cumulate, poC),
 in addition to olivine gabbro (plagioclase-
 diops ide-olivine cumulate,pdoC). Thebounda-
 ry between the subzo nes is placed at the top
 of the stratigraph ically-upp ermost peridotite
 layer.


The Marginal Series


The distinct ive rocks forming the Marginal
 Series appear to be present along all parts
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of the external contact of the Lille Kufjord
 Intrusion with the exception of its southeast-
 ern prolongation.They are relatively suscep-
 tible to weathering and exposures in many
 places are fragmentary. The coast on Store
 Kufjordnes presents a continuous section
 through the series and reasonably complete
 sections are also available on Altneset and
 beside the ferry quay north of Rognsund
 School. The Marginal Series can be traced
 continuously over thepeninsulabetweenStore
 Kufjord and Lille Kufjord. Exposures of the
 series further to the northwest. close to the
 shore of Lille Kufjord,are small and isolated
 but sufficient to demonstrate continuity. The
 MarginalSeries is exposed in cliffs above Lil-
 le Kufjorddalen.but rather diff icult of access,
 and due to extensive development of scree,
 exposures of the series along the north east-
 ern cont act ofthe Lille Kufjord Intrusionbetwe-
 en the western ridgeof Kufjordtind andStore
 Kufjord are rare.


Thethicknessof theMarginalSeries varies
 considerably. The series attains itsmaximum
 development on the peninsula between Store
 andLilleKufjord whereitis around100mthick
 (104m on the shore of Kufjordnes). Here the
 MarginalSeriesis sandwichedbetweenparag-
 neisses of theenvelope and Ll b olivine gab-
 bros.When traced to the northwest,whereit
 bord ers cumulates progressively lower in the
 Layered Series,the thickness ofthe Marginal
 Series gradually decreases to a minimum of
 10-20 m.On Altneset and north of Rognsund
 School the Marginal Series is about 100 m
 thick. When followed to the southeast the
 series along bothcontactsthins andeventual-
 ly wedges out. In the most distal part of the
 intrusion, south of Vardefjellet, Llb olivine
 gabbros areindirectcontactwith the country
 rock s and pass rapidly into gabbronorite of
 the dyke-like termination.


The outermost 2-5m of the MarginalSeries
in the Kufjordnes section and on Altneset is
composedof massive gabbronorite.Thelatt er
ismedium to coarsegrained,granularorophi-
ticand characterized bynumerous blocksand
raftsof highlymetamorphosed paragneiss,the
sporadic presence of quartz and up to fist-
sizedgarnetcrystals.Fine-grained rocks which
could be interpreted as representing chilled
magma have not been found along the con-
tact ofthe LilleKufjord Intrusion.Theexternal
contact of the MarginalSeries isin factpoor -
ly definedinthefield andthereappears to be
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a fairlyrapid transitionoverabout 50 cm from
 the migmatites of the innermo st part of the
 contact-metamorphic aureole into the hybrid
 rocks of the outermost part of the Marginal
 Series.


The outermost, massive gabbronorite pas-
 ses inwards into heterogeneous, medium-
 grained to pegmatitic olivinegabbronoriteand
 gabbronoritewhichform theremainder of the
 MarginalSeries.Thiszoneresemblesinseve-
 ral ways the banded division of the Skaer-
 gaard Marginal Border Series as described
 by Wager &Deer (1939).Itischaracterized by
 a more or less pronounced layering defined
 by variations in grainsizeand modalcomposi-
 tion as well as the common occurrence of
 elongated pockets and bands of pegmatitic
 magnetite-ilmenite gabbronorite. The latter,
 although present in subordinate amounts, is
 the most distinctive rock type in the Marginal
 Series.Nowherein the serieshaverock types
 equivalent to the olivine- and pyroxene-rich
 layers in LZa of the Layered Series been
 observed.Their absence must have important
 implications for the genetic relationshipbetwe-
 en the Marginal and Layered Series.


Layering in the Marginal Series generally
 has a steep dip and is subparallel with the
 external contact of the intrusion. In vertical
 exposures, layers are tabularor gently undula-
 ting. In certainnear-horizontal surfaces on the
 peninsula betwee n Store Kufjord and Lille
 Kufjord the layering is corrugated and arran-
 ged in a series of arcs, convex towards the
 interior of the intrusion,whichmeetin angular
 cusps 2-3mapart.Inthese instances it appe-
 ars that the corrugations of thelayering plun-
 ge steeply in the plane of the layering. Laye-
 ring of this type occurs in the Marginal Bor-
 derSeriesof the Skrergaard Intrusionand has
 been described as collotorrn (McBirney &


Noyes 1979,Irvine 1982).In a single place in
 the Kufjordnes section discontinuous bands
 of pegmatitic gabbronorite are arranged in a
 trough-like structure (Fig. 4) which also plun-
 ges steeply down the general plane of the
 layering in adjacent rocks. The colloform laye-
 ring and the trough suggest the operation of
 oscillatory crystallization of magma moving
 upwards or downwards along the temporary
 marginof the chamber.


The gabbronoritepegmatites exhibita varie-



ty
offorms.Manyare tabularbodies with thick-
 nesses of a few centimetres to severaldecime-
 tres which may persist formany meters both
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Fig.4.A shallow,steeply-plung ingtrough defined by thin,
 discontinuousbands of gabbronoritepegmatite inthe outer
 part of the Marginal Series olivinegabbronorite exposed
 on Store Kufjordnes. The darker appearance ofthe rocks
 in the foreground and right side of the outcrop is due to
 lichen cover. The Marginal Series hereis cut by narrow
 granitoid and syenitedykes.


laterally and down-dip. Others form strings
of lenses parallelwiththelayeringin the adja-
cent rocks. Isolated pods of pegmatite,elonga-
ted in the layering or with crudely-triangular
and irregular shapes are also not uncommon.
Themarginsof the pegmatitesare fairlysharp
but generally there is textural continuity with
the surrounding rocks.Tabular pegmatites and
individual lenses forming strings are consis-
tently asymmetrical in that their sides closest
to the margins of the intrusion are feldspar-
rich. Plagioclase crystals commonly exhibit a
statistical orientation forming a large angle
with the margins of the pegmatites and are
in subophitic intergrowth with pyroxenes and
Fe-Ti oxides on the side towards the interior
ofthe intrusion. Not uncommonly, the plagioc-
lase crystals broaden away from the outer
marginof the pegmatites.Thestructure of the
pods of pegmatite isin most respects similar
to that of the layers. They have feldspar-rich
margins, the plagioclases appearing to have
grown inwards.Several instances have been
noted, however, of pockets of gabbronorite
pegmatitewith cores of coarse-grained grani-
ticrocks (Fig.5),some of which containcrys-
tals of orthopyroxene and garnet. In a few
cases the granitic materialis closely associa-
ted withbanded quartzo-feldspath icrocks simi-
larto those of the country rocks.These occur-
rences suggest that the pegmatites crystallized
from hybridmagmas generatedby theassimi-
lation of xenoliths derivedfrom themetasedi-
mentary rocks of the envelope.Thisinference
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is supported by the presence of quartz and
 garnet in some pegmatites whichlack granitic
 cores.


The field relationships of the pegmatites as
 outlined above are in most respects identical
 to similarpegmatitesin the Skaergaard Margi-
 nal Border Series. Wager & Deer (1939) vie-
 wed the granophyric cores present in some
 of these pegmatites as the fused remains of
 partly digested xenoliths of gneiss and this
 interpretation has found support in a later,
 detailed study (Kays et al. 1981). However,
 Irvine (1987) regarded this mode of origin as
 inconsistent with field relations and suggested
 that the pegmatitesresultedfrom the recrystal-
 lization or melting of pre-ex isting gabbroic
 rocks, possibly as a result of the ingress of
 water from the country rocks. For the peg-
 matites in the LilleKufjordMarginalSeries the
 present authors regard Wager & Deers(1939)
 deductions as entirely satisfactory. Layers of
 pegmatiteare envisagedas havingcrystallized
 from hybrid magmas resulting from assimilati-
 on of xenoliths of paragneiss by magma flo-
 wingdown the temporary wallsof the magma
 chamber. The pegmatitic textures are viewed
 as a consequence oflower solidustemperatu-
 res and hence delayed crystallization of the
 hybrids compared with the uncontaminated
 magma.


Olivine and pyroxene appear to have lower
 mg numbers (mg#) in the rocks of the Margi-
 nalSeries than in the cumulates of the Laye-
 red Serieswithwhichtheyareincontact. This
 is illustrated by the compositions of minerals
 as determined in the Kufjordnes section
 through the Marginal Series compared with
 those in LZ cumulates (Table 2). In addition,
 as noted above, layers of single-phase and
 two-phase cumulates present in LZa have no
 equivalents in the Marginal Series. It would
 appear reasonable to concludethat theMargi-
 nalSeriesand the Lower Zone of the Layered
 Series crystallized from compositionally-d iffe-
 rent magmas. The association in the Marginal
 Seriesof relativelyiron-rich maficsand plagioc-
 lases of variable,and in some samplesnotab-
 ly calcic composition (Table 2) is consistent
 withcrystallizationfrom hybrid magmas which
 resultedfrom variableamounts of assimilation
 of country-rock paragneiss.


The Layered Series.The 1380m-thicksequen-
 ce of cumulates constitutingthe Layered Seri-
 es occupiesthe major part of theLilleKufjord
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Intrusion. LZ cumulates crop out over the
 major ity of the area while UZ cumulates are
 restricted to theupperslopes of Saddugai'sa.


The stratigraphically-lowestcumulatesforming
 LZa occur within a roughly-triangular area in
 the northwestern part of the intr usion. They
 are well exposed in a series of bluffs and
 cliffs accessible from steep screes. Much of
 the outcrop of the LZb olivinegabbrosis scree
 e-covered but almost continuous sections are
 present on the south side of Nav'stuvag'gi
 and on the southweste rn ridge of Saddugai-
 'sa. Outcrops of LZb on Altneset are small
 and isolated and the topography here is sub-
 dued. The shores of Store Kufjord present,
 however,usefultraverses across theintrusion
 within LZb cumulateswhich illustrate wellthe
 dispositionof the layeringin the southeastern
 part of the intrusion.


The Layered Series is insharp,discorda nt
 contact withtherocks of the MarginalSeries.


The contact itself is subparallelwith the laye-
 ring in the Marginal Series. In the southeas-
 tern part of the intrusion the fabric in the
 Layered Series dips away from the contact
 at angles of 10-30°,the angleof dipgradual-
 ly decreasingtoward theinterior of theintrusi-
 on. Thus,on bothshores of Store Kufjord the
 layeringinLZbis disposed ina gentle,symme-
 trical and uprightsyncline.The syncline beco-
 mes assymmetrical to the northwest as the
 axial trace curves towards the northeastern
 contact. The axial surface of the syncline is
 cut off at the Layered Series-Marginal Series
 contact to the south of Nav'stuvag'gi and in
 the latter the cumulates dipexclusively to the
 northeast, though at decreasing angles up-
 wards in the cumulate stratigraphy and to-
 wards the northeastern contact ofthe intrusi-
 on. Thus in Nav'stuvag 'gi the dip deceases
 from around70° nearest Lille Kufjord to about
 30°close to the northeasternlimitof theLaye-
 red Series.


The syncline defined by the layering in the
Layered Series has no counterpart in either
the northeastern contact of the Lille Kufjord
Intrusion or in the surrounding country rocks.
It would appear, therefore, to be a result of
processes whichoperated duringthe formation
of thecumulate sequence.Robins &Gardner
(1974)suggestedthat thelatter crystallized in
a magma chamber which rotated as a consequ-
ence of active,large-scale folding of the sur-
roundingrocks.Thisexplanationis now consi-
dered to be implausible since LZb cumulates
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Fig.5.Gabbro noritepegmatite in the Marginal Series.A)An elongatedpatchof pegmatite exhibitinq thecommonstr uctu reof
 aplagioclase-rich marginal zoneandapyroxene-enriched interi or.B)Gabbronoritepegmatitecoredbygranitoidpegmatite
 probably derivedbymeltingof a xeno lithof paragneiss.


Table 2. Summary of mineral compositions in themajor
 subdivisionsoftheLille KufjordIntrusion.


UpperZone 63-57 84- 77 77-68 73-72
 (UZ)


LowerZone 76- 64 87-79 intercum. 82-66'
 (LZa.LZb)


Marginal 83-59 80-71 69-66 62-60
 Series


(MS)


in thenorthern part of the intrusion are homoc-
 linalwhilelayeringin the samesequencefurt-
 her southeast issynclinal.The synclinaldispo-
 sition of the layering and the association of
 the steepest dips of the layering with the ol-
 dest cumulates is now believedto have resul-
 tedfrom subsidencewhich took placesimulta-
 neously with the formationof cumulates consti-
 tuting the Layered Series on the floor of the
 magma chamber. A likely mechanismfor such
 subsidence is compactionand textural modifi-
 cationof cumulus crystals in the presence of
 interstitial melt. If this was the case then the
 axialtrace ofthe syncline marks the location
 ofthe thickest accumulationsof layered rocks
 while the plunge of the axial trace towards a
 nadir beneath Store Kufjord suggests that it


100Mg/Mg+Fe.
 Fo 72 - 70in LZb


Fo71- 66in lowe st part of LZa


is in this region that the intrusion has its
 roots. Furthermore, the axial surface of the
 syncline may have an important significance
 for the accumulation of the Layered Series
 itself, since it may trace out the successive
 positions of a basinal axis in the advancing
 floor of the magma chamber (cf. Robins et
 al. 1987). In addition, the vertical dispos ition
 ofthe axialsurface of the synclinedemonstra-
 tes that the Lille Kufjord Intrusionhas retained
 its originalorientation,despite later deformati-
 on and tectonictransport as part of the SI2lr0Y
 Nappe.


Ananalogueto the cross-beddedbeltdevelo-
 ped throughout a considerable stratigraphic
 thickness along the margins of the Skaer-
 gaard Layered Series (Irvine 1987) is absent
 along theshore sections of Store Kufjord. In
 the cliffs above Lille Kufjordda len, however,
 olivinegabbrosexhibitingcross-bedded small-
 scalemodal layering are found in contact with
 the Marginal Series which crystallized along
 the steep, northern contact of the intrusion
 withthe country rocks (Plate 1).Mapping sug-
 gests that the olivinegabbros are LZb cumula-
 tes and inspection of oblique aerial photog-
 raphs hasshow n thatthelateral extentof the
 cross-bedded beltis < 10m.Due to the inac-
 cessibility of most of these cliffs the vertical
 development of the cross-bedded rocks has
 not been determined. In the rare places where
 the inner contact of the Marginal Series is
 exposed near the shore of Lille Kufjord, no
 cross-bedded rocks intervene between the
 Marginal Series and LZa cumulates.


Fo
 Olivine
 Ortho-


pyroxene
 mg;:


Clino-
 pyroxene


mg;:


Plagio-
 clase


An



(12)24 B.Robins,M.Gading.M.Yurdakul& S.J.Aitcneson



Xenoliths - distribution and derivation


Xenoliths are dispersed throughout the ex-
 posed part of the Layered Series. They are
 of three principal, petrographic types. Most
 common aresmallaluminous xenoliths compo-
 sedprincipallyof calcicplagioclaseaccompani-
 ed by smallamounts of hercynitic spineland,
 in some cases,accesso ry amounts of corun-
 dum. Xenoliths of olivine gabbro or troctolite
 are less common, but larger than the alumi-
 nous xenoliths.Large,rounded bloc ks of peg-
 matitic gabbronorite constitute an additional
 suite of distinctive, but relatively uncommon
 xeno liths.


The alumino us xenoliths are ubiquitous in
 the Layered Series. They are generally less
 than 5 cm long, ellipso idal in form, granular
 in texture and exhibit a concentric internal
 structure with a dark,spinel-bea ring core and
 alight,spinel-poor rim.Almostinvariably they
 are orientated subparallel to layer boundaries
 and planarminerallaminations andinoutcrops
 of homogeneou s cumulates they accentuate
 the cumulus fabric. The aluminous xenoliths
 generally occur as dispersed individuals but
 can be concentrated along particular horizons
 and in places they occur in large clusters of
 irregular shape (Fig. 6). Although they are to
 befoun dinalltypes of cumulatethexenoliths
 in modally-layered sequences of olivine gab-
 bra are concent ratedinplagioc lase- richlayers
 and the upper, plagioc lase-enriched part s of
 modally-graded layers.


As noted above, segregations which are
 similar to the aluminous xenoliths in form and
 modal composition can befound in theinner-
 mostpart ofthe contact-metamorphicaureole.


This sugges ts that thexenoliths were derived
 from the parag neisses surro unding the Lille
 Kufjord magma chamber. It is believed that
 the aluminousenclaves were released into the
 chamber by assimilation of the less-refractory
 portions of the paragneisses.


Xenoliths of olivine gabbro and troctolite
 occur sporadically in the Lille Kufjord Intrusi-
 on.They appear to be most common near the
 bases of layers of olivinecumulate. They vary
 in shape from rounded, subspherical blocks
 to angularslabs .The blocksare generally from
 5 to 30 cmin diameterbut the slabscanbeup
 to several metr es long. Where enclosed in
 olivinecumulate thexenoliths commonly have
 irregul ar boundaries which impart a moth-
 eaten appearance.In places they are separa-
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Fig.6.Isolatedand clustersoflenticularplag ioclase-s pinel-
 corundum xenolithswithinamacrolayer of olivinecumulate
 encounteredintraverseA(Plate 1l.Notethe generalorien-
 tationof the elongatedxenolith sparallelwithlayerbounda-
 ries.xenoutnsare concentr atedin thislayertoan unusual
 degree.The tape-measure stretchedover the outcrop is
 12mm wide.


ted from the host feldspathic peridotite by
 cm-thick rinds of olivine pyroxenite.


The textures of the olivinegabbroor troctoli-
 tic inclusionsin olivinecumulateresembl e tho-
 se of thegabbroiccumulates elsewherein the
 LZa sequence. They are regarded as auto-
 liths, either torn up from the temporary floor
 of the magma chamber during periods when
 magma was flow ing into it, or derived from
 the Marginal Series as a result of therrno-
 chemical erosion.


The most notable xenoliths of gabbronorite
 pegmatiteoccuraslarge,rounded blocks .The
 largest xenolith of this type which has been
 notedmeasur ed circa4macrossandis enclo-
 sed in the upper part oftheLZa sequence to
 the south of Nav'stuvag'g i. Further examples
 occur on the shores of Store Kufjord within
 LZb cumulates.Severalof these blockshave
 cm-thickgabbroic rims whichare coarsergrai-
 ned and more melanocratic than the envelo-
 ping cumulates . Smaller, rounded fragment s
 of coarse-grained to pegmatitic gabbronorite
 are not uncommon with in olivine and clinopy-
 roxene-olivine cumulates of LZa. Some have
 serrat ed margins suggestiv e of assimilation.


Although they resembl ethe pegmatiticgab-
bro pods in the Skrergaard Intru sion which
Irvine (1987) suggests were formed by the in
siturecrystallizat ionorremelting of cumulates,
the gabbronoritic inclusions are believed to
have been derived fro m the Marginal Series
of the Lille Kufjord Intrusion. Thegabbronorite
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inclusions are modally and texturally indistingu-
 ishable from the gabbronorite pegmatites
 which constitute such a distinctive part of the
 Marginal Series and there seems to be no
 reason to postulate any other, more exotic,
 origin. It is likely that periodic thermo-chemi-
 cal erosion of the Marginal Series which lined
 the lower parts of the walls of the magma
 chamber (see below) led to local instability,
 avalanching and transport of blocks of Margi-
 nal Series rocks to the floor.



Stratigraphic relationships in Lower Zone a


The remainder of this contribution focuses
 attention on those features of the stratigraphi-
 cally-Iowermost cumulates exposed in the Lille
 Kufjord Intrusion which are pertinent for model-
 ling of their origin. This section deals principal-
 ly with stratigraphic relationships of the varied
 cumulates present in LZa. A statistical analy-
 sis of the sequence of macrolayers logged in
 a traverse through the whole of the exposed
 part of LZa forms the basis of a discussion
 of the rationale for its subdivision into macror-
 hythmic units. This one-dimensional treatment
 is then extended as far as is possible into two
 dimensions by comparison of sequences of
 macrolayers as logged in further, spaced tra-
 verses through parts of LZa. Finally, the one-
 dimensional systematics of layer thicknesses
 are used in a preliminary reconstruction of the
 sequence of events which took place in the
 Lille Kufjord magma chamber.



Types of cumulate


The principal types of cumulate forming LZa
 are olivine cumulate (oC), clinopyroxene-olivine
 cumulate (doC) and plagioclase-clinopyroxe-
 ne-olivine cumulate (pdoC). In addition, there
 are minor occurrences of plagioclase-olivine
 cumulate (poC). The main rock types corre-
 sponding to these cumulates are as follows:


oC - Olivine melagabbro/plagioclase-
 bearing peridotite;


doC - Plagioclase-bearing olivine-hornblende
 clinopyroxenite or websterite;


pdoC - Olivine gabbrololivine gabbronorite;


poC - (Leuco)troctolite/olivine leucogabbro.


The different cumulates are medium or coarse
 grained and their identification in the field is
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 relatively unproblematical. The principal pet-
 rographic features of the cumulates are sum-
 marized below.


Olivine cumulates are characterized by yello-
 wish-brown weathered surfaces. They contain
 50-60 vol.% of anhedral to euhedral, slightly-
 to strongly-serpentinized olivine crystals up to
 3 cm across which are enclosed in pyroxene,
 hornblende and plagioclase. Olivine crystals
 at any particular horizon within thick layers
 of oC are fairly uniform both in size and ha-
 bit. Systematic decreases in the size of olivi-
 nes have, however, been observed from the
 bases to the tops of several of the layers of



cc
 present in LZa. The largest olivines are
 generally equant and there is an increasing
 tendency to elongation as the size of the crys-
 tals decreases. Columnar olivines are general-
 ly laminated and impart a crude fissility to the
 rocks. A macroscopic, statistical alignment of
 prismatic olivines has also been noted on
 some surfaces parallel to the mineral lamina-
 tion but does not seem to be a particularly
 widespread feature of the olivine cumulates.

Where observed, the lineation defined by olivi-
 ne crystals plunges steeply in the plane of the
 modal layering towards the axis of the intru-
 sion.


Pyroxene, hornblende and plagioclase form
 oikocrysts up to 10 cm across. In many secti-
 ons at right angles to the olivine lamination
 (and layer boundaries) the oikocrysts are cru-
 dely elliptical and elongated subparallel to the
 lamination. On adjacent surfaces parallel to
 the lamination they exhibit no systematic elon-
 gation. This feature suggests less-constrained
 growth of postcumulus crystals along the pla-
 ne of the olivine fabric than across it. Ca-rich
 pyroxene and hornblende generally envelop
 euhedral crystals of olivine. In orthopyroxene,
 however, olivines are anhedral, suggesting an
 olivine-pore magma reaction relationship. Ca-
 rich pyroxene is to varying degrees replaced
 by amphibole which appears to have crystalli-
 -zedlast of the postcumulus minerals.


Pyroxene-spinel coronas are typically deve-
loped along grain boundaries between olivine
and plagioclase. These normally consist of an
inner zone of orthopyroxene adjacent to olivi-
ne and an outer symplectitic rim consisting
of Ca-rich pyroxene, Ca-poor pyroxene and
spinel. The coronas are interpreted as due to
reaction between olivine and plagioclase du-
ring subsolidus cooling of the cumulates (Gard-



(14)26 B.Robins.M.Gading.M.Yurdakul&S. J.Aitcheson
 ner & Robins 1974). They support the eviden-
 ce from the contact-metamorphic aureole sug-
 gesting crystallization of the Lille Kufjord Intru-
 sion at considerable depth in the crust.


Olivine cumulates contain minor amounts
 of sulphides in addition to silicate minerals.


They occur in drop-like composite grains con-
 taining, in order of decreasing abundance,
 pyrrhotite, chalcopyrite and pentlandite, which
 probably represent an immiscible sulphide liqu-
 id.


Clinopyroxene-olivine cumulates are generally
 massive, greyish black and medium-grained
 to coarse-grained rocks consisting predomi-
 nantly of Ca-rich pyroxene and hornblende
 with lesser amounts of olivine and plagioclase
 and minor quantities of sulphides. On weathe-
 red surfaces they exhibit a reddish-brown
 colour. Clinopyroxene in these cumulates oc-
 curs as anhedral to subhedral, equant crys-
 tals with diameters of 3-20 mm containing
 thin lamellae of exsolved orthopyroxene paral-
 lel to (100) and hercynitic spinel. It has been
 partially replaced by hornblende which other-
 wise forms oikocrysts enveloping both clinopy-
 roxene and olivine. The latter forms anhedral
 to euhedral crystals usually smaller in size
 than in oC.


In the field, the postcumulus hornblende,
 orthopyroxene and plagioclase in doC are by
 no means obviously poikilitic. This is to a certa-
 in extent a result of the relatively small size
 of the indvidual oikocrysts but these minerals
 also appear to contribute less to the modal
 composition of doC than oC.


Plagioclase-clinopyroxene-olivine cumulates
 vary considerably in modal composition. The
 most mafic varieties are olivine melagabbros
 and generally occur in the basal parts of thick
 layers of pdoC. onvlne-poor leucogabbros
 form the upper parts of several of the pdoC
 layers present in LZa. Regardless of proporti-
 on, plagioclase occurs as laths up to 15 mm
 long which define a more or less distinct lami-
 nation. Plagioclase typically exhibits normally-
 zoned margins. ca-rtcn pyroxene forms an-
 hedral, equant or elongated cumulus crystals
 which may be continuous with surrounding
 poikilitic clinopyroxene. In some samples, elon-
 gated Ca-rich pyroxenes contribute to the
 mineral lamination. Olivine generally occurs
 as anhedra, either enclosed in oikocrysts of
 orthopyroxene which also enclose neighbou-
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ring crystals of plagioclase and clinopyroxene
 or separated in places from plagioclase by
 pyroxene-spinel coronas. Where orthopyroxe-
 ne oikocrysts are narrow, a subophitic inter-
 growth between olivine and plagioclase can
 be detected. Olivine is absent in certain samp-
 les but its former presence is demonstrated
 by pyroxene-spinel symplectites or
 orthopyroxene-magnetite symplectites.


Of the major minerals only orthopyroxene
 is exclusively poikilitic. Hornblende, while clear-
 ly postcumulus, occurs mainly as granular rims
 to clinopyroxene or interstitial Fe-Ti oxides and
 is not as important a constituent as in doC
 or oC. The abundance of rounded grains of
 sulphide is also very much reduced in pdoC
 as compared to both doC and oC.


Plagioclase-olivine cumulates are rare in LZa.


They are medium- to coarse-grained, leucocra-
 tic rocks resembling the more felsic varieties
 of pdoC. They contain laminated lath-shaped
 plagioclase crystals and anhedral olivine both
 of which may be enclosed in sporadic oiko-
 crysts of Ca-rich pyroxene (Robins 1982).



Layers and macro/ayers


Stratigraphic analysis, the results of which are
 reported below, was based on observations
 along traverses. The longest traverse (traverse
 B, Plate 1), of necessity a composite of seve-
 ral shorter traverses, extended from the lo-
 west exposed horizon of the Lower Zone to
 the base of LZb. Observations along this and
 the other traverses were related directly to
 stratigraphic height by stretching a tape measu-
 re over successive exposures at right angles
 both to the strike and to the dip of the laye-
 ring. This simple procedure was possible be-
 cause the layers dip at steep to moderate
 angles in opposition to the surface slopes.


During logging along the different traverses
 through LZa it was impractical to record each
 of the thousands of layers which could have
 been recognized on the basis of their distincti-
 ve compositional and/or textural properties.


Instead, logging concentrated on the delineati-
 on of distinctive stratigraphic units. Some of
 these units could have been referred to simp-
 ly as layers, others as groups (of layers) but
 we have chosen to refer to them all as macro-
 layers.


Since the stratigraphic organization of the
macrolayers which have been recognized in




    
  




      
      
        
      


            
    
        Referanser

        
            	
                        
                    



            
                View            
        

    


      
        
          

                    Last ned nå ( PDF - 39 sider - 12.29 MB )
            

      


              
          
            Outline

            
              
              
              
              
              
                              
    Towards a complex magma-chamber model
                              
    Consequences of the mode l for the Marg inal Series
              
              
            

          

        

      
      
        
  RELATERTE DOKUMENTER

  
    
      
          
        
            13-02732
        
      

        This research has the following view on the three programmes: Libya had a clandestine nuclear  weapons programme, without any ambitions for nuclear power; North Korea focused mainly on

    
      
          
        
            1712602
        
      

        In April 2016, Ukraine’s President  Petro Poroshenko, summing up the war experience thus far, said that the volunteer battalions  had taken part in approximately 600 military

    
      
          
        
            1812504
        
      

        Based on the above-mentioned tensions, a recommendation for further research  is to examine whether young people who have participated in the TP influence  their parents and peers in

    
      
          
        
            1682712
        
      

        Overall, the SAB considered 60 chemicals that included: (a) 14 declared as RCAs since entry into force of the Convention; (b) chemicals identied as potential RCAs from a list of

    
      
          
        
            1598972
        
      

        An abstract characterisation of reduction operators Intuitively a reduction operation, in the sense intended in the present paper, is an operation that can be applied to inter-

    
      
          
        
            845853
        
      

        Azzam’s own involvement in the Afghan cause illustrates the role of the in- ternational Muslim Brotherhood and the Muslim World League in the early mobilization. Azzam was a West

    
      
          
        
            A creature of its time: the critical history of the creation of the British NHS
        
      

        There had been an  innovative report prepared by Lord Dawson in 1920 for the Minister of  Health’s Consultative Council on Medical and Allied Services, in which he  used his

    
      
          
        
            The beginning of the NHS – and the impact on Norwegian health care
        
      

        The ideas launched by the Beveridge  Commission in 1942 set the pace for major reforms in post-war Britain, and  inspired Norwegian welfare programmes as well, with gradual

      



      

    

    
            
                        
             Last opp dine studiemateriell for å laste ned alle dokumenter.

            
              

                        
  

                
            
            
        
        Last opp
                

            Dokumentet ditt vil bli beriket, delt på 9PDF NO for å hjelpe til med studiene.

          

                    
      
  RELATERTE DOKUMENTER

  
          
        
    
        
    
    
        
            10-02475
        
        
            
                
                    
                    55
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            02-03005
        
        
            
                
                    
                    103
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            08-01915
        
        
            
                
                    
                    55
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            05-00376
        
        
            
                
                    
                    36
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            1836455
        
        
            
                
                    
                    25
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            The Seven Pillars of Obesity: Development of a holistic understanding of a complex problem
        
        
            
                
                    
                    62
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            AMAP Secretariat Oslo, August 2003 Updating of Environmental “Hot Spots” List in the Russian Part of the Barents Region: Proposal for Environmentally Sound Investment Projects Nordic Environment Finance Corporation (NEFCO)
        
        
            
                
                    
                    118
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            Îáíîâëåíèå ïåðå÷íÿ ýêîëîãè÷åñêèõ "ãîðÿ÷èõ òî÷åê"
        
        
            
                
                    
                    115
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

      


              
          
            
          

        

          

  




  
  
  
    
      
        Bedrift

        	
             Om Oss
          
	
            Sitemap

          


      

      
        Kontakt  &  Hjelp

        	
             Kontakt Oss
          
	
             Feedback
          


      

      
        Juridisk

        	
             Vilkår For Bruk
          
	
             Retningslinjer
          


      

      
        Social

        	
            
              
                
              
              Linkedin
            

          
	
            
              
                
              
              Facebook
            

          
	
            
              
                
              
              Twitter
            

          
	
            
              
                
              
              Pinterest
            

          


      

      
        Få våre gratisapper

        	
              
                
              
            


      

    

    
      
        
          Skoler
          
            
          
          Emne
                  

        
          
                        Språk:
            
              Norsk
              
                
              
            
          

          Copyright 9pdf.net © 2024

        

      

    

  




    



  
        
        
        
          


        
    
  
  
  




     
     

    
        
            
                

            

            
                                 
            

        

    




    
        
            
                
                    
                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                    

                    
                        

                        

                        

                        
                            
                                
                                
                                    
                                

                            

                        
                    

                    
                        
                            
                                
  

                                
                        

                        
                            
                                
  

                                
                        

                    

                

                                    
                        
                    

                            

        

    


