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                    The cumulate sequence forming LZa is 
postula-ted as having crystallized in a 
compositionally-zoned mag:na chamber. The zonation was a
consequence of the periodic emplacement of
hot, dense magma which underflowed the
more-voluminous and more-differentiated 
mag-ma already residing in the chamber. As the
new magma fountained into the chamber it
spread into either a discrete basal layer or
formed a series of independantly-convecting
layers of varying composition, temperature and
density (Fig. 16a-c). The subsequent evolution
of the magma above the floor of the chamber
is envisaged as a complex interplay of 
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 mal convection, fractional crystallization, 
 two-phase convection and compositional 
 convecti-on, all consequences of cooling into the 
 overly-ing magma (Fig. 16e). As cooloverly-ing progressed,
 the configuration of the convection changed
 by slow migration and abrupt disappearance
 of double-diffusive interfaces. Cumulates 
 we-re, however, generated exclusively from the
 lowermost and hottest convectlnq layer.


The formation of macrorhythmic units of the
 most common (modal or ideal) type is 
 propo-sed to have taken place by the following 
 sequ-ence of processes. Initially, the lowermost
 magma layer was cooling rapidly along its
 diffusive interface with overlying cooler 
 mag-ma, leading to the formation of a thin 
 bounda-ry region in which. ollvlne cbounda-rystals nucleated
 and grew (Fig. 16f). Instability in this denser
 region resulted in two-phase convection 
 (Mor-se 1986, Marsh 1988). Plumes of magma 
 con-taining suspended ollvlne continually sank to
 the floor of the chamber where their velocity
 was checked and, as the crystal suspensions
 spread out, crystals settled onto the 
 depositio-nal interface. The less-dense, residual magma
 was returned and mixed into the main body
 of the layer. At this early stage, the large 
 diffe-rence in temperature across the sharp upper
 interface of the basal magma layer led to a
 relatively high degree of undercooling beneath
 the upper diffusive interface. This resulted in
 rapid crystal growth relative to the rate of
 crystal nucleation and the olivines deposited
 were relatively large. As the basal magma 
 lay-er approached thlay-ermal equilibrium with the
 overlying magma the degree of undercooling
 diminished and smaller olivines were 
 transpor-ted in and depositranspor-ted from the descending 
 plu-mes. Differentiation of the basal layer 
 continu-ed until the magma attaincontinu-ed a composition
 close to the olivine-clinopyroxene cotectic. At
 this stage some plumes transported only 
 olivi-ne to the floor while others which contaiolivi-ned
 magma which had experienced more cooling
 in the upper boundary region carried both 
 olivi-ne and clinopyroxeolivi-ne. The latter experienced
 sorting according to their size and density in
 the boundary region, during transport in 
 plu-mes and during deposition on the floor. The
 origin of the modal layering in doC 
 macrolay-ers in LZa is thus envisaged as a 
 consequen-ce of the mode of cooling and the nature of
 the convection which took place in the basal
 layer. Eventually the magma layer evolved
 towards a composition close to the 
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se-clinopyroxene-olivine cotectic as its 
 tempe-rature (and density) decreased. Plagioclase
 began to crystallize in the upper, coolest part
 of the thermal boundary region while 
 exclusive-ly olivine and pyroxene were crystallizing in
 its lower, hotter part. Plumes forming at this
 stage carried a mixture of the three phases
 in non-cotectic proportions, the heads of the
 plumes concentrating olivine and pyroxene
 while the tails contained all three phases 
 su-spended in slightly more-differentiated liquid.


Further sorting could take place during the
 downward and lateral movement of plumes
 and possibly while crystals sank from 
 suspen-sion onto the floor of the chamber. This 
 pha-se in the evolution of the basal layer is 
 sugge-sted by the modally-layered olivine 
 melagab-broic cumulates which generally form the 
 ba-sal parts of pdoC macrolayers. Finally the
 basal magma layer attained a composition on
 the three-phase cotectic. Crystallization along
 the diffusive boundary continued to generate
 crystal-bearing plumes in which mineral 
 pha-ses were crudely sorted according to their
 sizes and densities. On average, however, the
 minerals were now deposited in cotectic 
 pro-portions.


Some workers that have developed 
 magma-chamber models involving stratified liquids
 have postulated that double-diffusive layering
 precludes large-scale thermal convection and
 that primocrysts must have grown in situ on
 the floor of the magma chamber (e.g. Wilson


&Larsen 1985). During double-diffusive 
con-vection of the type outlined above the heat
flux is, however, upwards. Heat is withdrawn
irorn the lowest convecting layer 
precornmam-ly through the diffusive interface into the 
over-lying, cooler liquid. Only exceptionally is the
floor of the magma chamber a cooling 
surfa-ce. This may be the case early in the life of
a basal liquid layer, if it resides on more 
evol-ved, cooler cumulates but the formation of
high-temperature cumulates from the layer 
it-self soon insulates it from the floor. Since
cooling of liquid layers occurs mainly in their
upper diffusive boundary layers it must be
here that primocrysts arise. They are 
postula-ted to have been transporpostula-ted through their
parental liquid layer by two-phase convection
(Grout 1918), essentially as envisaged by Hess
(1960) and Wager& Brown (1968), where they
were deposited during the flow of the density
current over the floor of the chamber (Irvine
1987). We see no contradiction between 
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calmixingwith the overlyingliquidlayer when
 their densities were equalized. Viewed from
 within a basal layer of magma, this simply
 amounts to abrupt increases in its volume
 (and thickness). Mixing was, in addition,
 pro-bably accompanied by changes in magma
 composition and temperature. Severalworkers
 have pointed out that tholeiitic basalts may
 evolve to a density minimum as olivine and
 pyroxeneare tracnonated(Fig.14a),their
 den-sitiesthereafterincreasing rapidlyas
 plagiocla-sejoinsthe fractionatingassemblageand iron
 is concentratedinresidual liquids(Morse 1979,
 Sparks & Huppert 1984). Magmas in which
 iron enrichment is balanced by or subordinate
 to increased concentrations of components
 with large molar volumes, or indeed did not
 occur at all,would,however,follow other 
 densi-ty paths (Fig. 14).Which of the possible 
 densi-ty-composition paths are applicable to the 
 Lil-le Kufjord magma chamber? An observation
 that has relevance to this question is the 
 gene-ral upward increase in the mg# of olivine
 through the lower part of LZa (Fig. 3). This
 suggests a systematic increase in mg# of
 magmas resident in the chamber with time
 due to the frequency and relative volume of
 magmainflow. Sucha trendcould have been
 a result of mixing of liquids remaining after
 partial crystallization of a basal magma layer
 with the overlying, thermally-convecting mail"


magma whichwas more differentiated buthad
 the same density. A generalized 
 density-temperature path as portrayed in Fig. 14c
 would not seem to be appropriate for this
 process.Two other possiblepathsare
 illustra-ted in Fig. 14. Fig. 14a shows a decrease in
 magma densitywhile olivine and later olivine
 and clinopyroxenefractionate.The appearance
 of plagioclaseon the liquidusresults in a cusp
 in the density-compositoncurve,more differen
 -tiated liquids evolving towards higher density
 (Sparks & Huppert 1984, Morse 1986). Fig.


14b presents an alternative evolution in that
 after the appearance of plagioclasethe 
 residu-al liquids maintain a constant density. Both
 density-composition paths successfully predict
 mixing of liquids with equivalent densities but
 different temperatures and compositions, the
 product beinga hybridwhose finalcompositon
 would depend on the relativevolumes of the
 two liquids as wellas any crystallizationwhich
 occurs during the mixing event. It can easily
 be envisaged,however,that theresulting 
 ho-mogeneous liquid would have a higher 


Mg-Fig.14.Alternative,schematic,density-d ifferentiationpaths
 for magmasinthe LilleKufjordchamber. Inflexionsin the
 pathsmark the appearance of newliquidus phases.
 Bat-ches of parentalmagma(P) introducedinto thechamber
 decrease indensity asolivine fractionates.InA andB,a
 derivativemagma(D) has attainedthesame densityas the
 magmaresidentinthe chamber (R),promotingmixing.In
 C,derivative and resident magmas mix only when they
 have comparable compositions. Due to solid-solution 
 ef-fects in fractionating minerals,itis unlikely that magmas
 follow density-differentiationpaths consisting of anumber
 of linear segmentsas depicted here forthe sack of 
 simpli-city.Seethe text forfurtherdiscussion.


le-diffusiveconvection and short-range crystal
 settling. Indeed, the thermal regime during
 double-diffus ive convection does not favour
 growth of primocrysts predominantly in situ
 unless thermal plumes can transport 
 crystal-free,supercooledliquidsfrom diffusive
 interfa-ces to thefloor of magma chambers.


Theevolution of a basal layer of magmain
 the Lille Kufjord magmachamber was almost
 certainly punctuatedbyepisodesof rapid
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olivine cumulates (Tait 1985, Palacz & Tait
 1985). In the Lille Kufjord Intrusion breaks in
 minera lcompositionare not obvious in 
 macror-hythmicunit 7,though there is a rather 
 sud-den change to more iron-rich olivines within


Oz - .
 01
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Fig. 15. B shows a projection (rom plagioclase) of the
 three-ph ase cotecucs in part 01 he model 
 plagioclase-olivine-clinopyrox ene-qu artz syste m show ninA(A andB
 a er Irvine 1970& 1979). B portrays the evolution of a
 basal liquidlayerin theUlle KulJord magmachamber a er
 the emplacementofa batch of parentalmagma(P)asa
 turbulentfountain.Mixingbetwee n thenew.dense magma


(P) and cooler.diffe rentiated and less-dense magma (R)


already residing inthe chamber is envisaged as having
 resultedinlayers 01hybridmagma(e.g.HI andH2)which
 hadintermediate compos itionsand densities.Crysta llization
 of olivineresultedin reduction inthedensity of thebasal
 layer. Eventually.Its densityequalledthat 01the overlying
 hybridlayer(H1)and mixingensued.The expandedbasal
 layercontinued to fraction ateolivinebothbefore and after
 it mixedwith liquidlayer H2.Furt her olivinecrystallization
 led the basal magmatosaturationinCa-rich pyroxene and
 later toplagioclase saturationasit evolvedincomposition
 towards that01the derivativemagma R.InBdensity 
 con-tours are schematic.


PI


Fe ratio than the liquid initially overlying a
 denser basal layer.


Analternative hypothesismaybeformulated
 on the basis of the density-temp eratur e path
 showninFig. 14c.In this evolutionary model,
 mixing is assumed to take place in a 
 tur-bulentfountainduringthe emplacementof new
 magma. As outlined by Campbell & Turner
 (1986,1989)the degree of mixing ina
 founta-in can vary with position and time. and the
 resulting hybrid magmas may form a series
 of gravitationally-stable layers at the floor of
 a magma chamber. In the later stages of
 emplacement, magma which has undergone
 little or no mixingcan flow beneath thehybrid
 layer. In such a scenario each of the layers
 of hybrid magma would beheatedfrom 
 bene-ath and have no tendency to crystallize.
 Inde-ed mix ing may itself result in hybrids which
 aresuperheated (Irvine etal. 1983).The point
 of interest in the present context is that 
 hyb-rids produced during fountaining of magma
 into the Lille Kufjord chamber would have had
 higherdensitiesthan themagmawhich 
 occupi-ed the chamber before the intrusiveevent,as
 well as higher Mg-Fe ratios.Crystallizationof
 the low estlayerwould proceed until its 
 densi-ty decreased to that of the overlying layer,
 initiating mixing (Fig. 15). This sequence of
 events couldhave occurredanumber of times
 before plagioclase-pyroxene-olivine asse
 m-blages eventually crystallized from a hybrid
 magma of appropriate composition.A c
 onse-quenceof themodelis that successive 
 episo-des of magma emplacement could lead to
 further hybridization, the magmas occupying
 the base of the chamber becomingdiscont
 inu-ously more magnesian with time. There is
 some mineralogicalevidencethathybridization
 was an important process even in the origin
 of the olivine cumulates of LZa. Inspection
 ofFig.3will revealthat olivinesbecomemore
 magnesianupwards in the lower part of LZa,
 not only in macrolayers of pdoC but also in
 layers of oC. This feature may imply that all
 LZa cumulates, including the most primitive
 types,crystallized from hybrid magmas.


In cumulates, abrupt mixing of liquids of
significantly different composition (such as in
Fig. 14a and 14b) should be recorded as a
more orlessmarked discontinuity inthe
cryp-tic layering. Such a discontinuity has been
described from cyclic unit lO in the Eastern
LayeredSeriesof the RhumIntrusionbetw een
olivine cumulates and overlying 
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the doC macrolayer of unit 10 (see above).


The absence of distinct discontinuities is 
 regar-ded as evidence, albeit negative, for either
 no mixing of disparate magmas having taken
 place or mixing of liquids only slightly 
 diffe-rent in composition.


The evolutionary cycle leading to a 
 macror-hythmic unit of the ideal type as described
 above could be terminatedprematurely at any
 stage by emplacement of a new batch of 
 high-temperature magma. A new batch of magma
 may have been emplaced while the basal
 magma layer remainingfrom a previous influx
 was still crystallizing olivine alone. The new
 basal liquid layer(s) could in this case have
 mixed with the succeeding layer at an early
 stage inits differentiation,the crystalline 
 pro-ducts being olivine cumulates both before and
 after homogenization. Mixing events of this
 nature may not be detectable in the resulting
 sequence of uniform cumulates, though the
 emplacement of the new batch of magma may
 be marked by a regression in the composition
 of olivine (e.g.Irvine 1980). Influx of magma at
 a somewhat later stage, when the basal layer
 had differentiated to saturationin 
 clinopyroxe-ne, could elevate this liquidlayer. If the 
 tempo-rary floor of the chamber exhibited a 
 sufficient-ly persistent slope, then the more 
 differentia-ted liquid could spread over a higher part of
 the cumulate-magma interface (Irvine et al.


1983, Robins et al. 1987). On the part of the
 floor overrun by the elevated liquid layer a
 macrorhythmic unitcould be initiated by 
 preci-pitation of a macrolayer of 
 clinopyroxene-olivine cumulate. As noted above, units of
 this type are represented in LZa. They may
 have been generated by this combination of
 repeated influx, differentiation and a sloping
 floor. There is no implication that the floor of
 the Lille Kufjord chamber at any time had 
 ste-ep slopes. Basal liquid layers of the order of
 tens of metres deep are adequate for the
 production of the layers of oC in LZa 
 assu-ming that they reflect fractionation of 10 vol.%
 olivine, and regular slopes of a few degrees
 along the half length of the intrusion are all
 that would be required for this process to
 occur. At the same time, olivine cumulates
 could begin to crystallize on the structurally
 lower parts of the floor of the magma 
 cham-ber,initiating a new macrorhythmic unitwhich



resided
 on a unit of the uncompleted type
 (consisting of oC followed by doC).

A basal layer of magma crystallizing olivine
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is likelyto have been subjected to other types
 of mixing process than those mentioned 
 abo-ve,including assimilationduring emplacement
 of earlier, lower-temperature cumulates 
 for-ming the temporary floor of the chamber and
 assimilationof adjacent MarginalSeries rocks
 or xenoliths of wall rocks. These processes
 would have resulted to varying extent in 
 for-cing the introduced magmas along unique
 compositional paths towards lower density. A
 highdegree of mixingduring emplacement and
 fractional crystallization of new magma is a
 possible mechanism for the origin of the 
 un-common macrorythmic units consisting only
 of macrolayers of oC and pdoC. It seems
 unlikely,however,that cumulates on the floor
 or walls of the magma chamber could be 
 assi-milated in sufficient volume to alter the 
 sequen-ce of crystallization to the extent required.
 An alternative and preferred hypothesis 
 appe-als to withdrawal of magma from the base
 of the chamber. This process may have 
 resul-ted in subsidence of the 
 compositionally-strati-fied magma column,bringingless-dense,
 mo-re-differentiated magma to the floor. Thus a
 layer of olivine-saturated magma resting on
 the temporary floor of the Lille Kufjord 
 cham-ber,as well as some of the succeeding layers
 of more differentiated liquid, may have been
 withdrawn into an underlying feeder, leaving
 magma saturatedin plagioclase,clinopyroxene
 and olivine lying on the earlier olivine
 cumula-tes.


The drainingof magma from the base of a
 chamber, back into its feeder system, is, as
 far as the authors are aware, a novel idea
 which may have widespread applicationin the
 interpretation of layeredintrusions.It is,
 howe-ver, not without certain analogues in active
 volcanic areas.The draining of Hawaiian
 basal-tic lavas back into the conduits from which
 they were erupted has been observed on
 numerous occasions,but is almost certainly a
 consequence of the mechanisms of lava 
 foun-taining (Decker 1987,Greenland et al. 1988).


More significant are the pronounced 
fluctuati-ons in the levels of long-lived lava lakes, 
wit-hout any connection with extrusive activity,
which have been well documented at Kilauea
(Jaggar 1947, MacDonald & Abbot 1979). In
the plutonic environment, magma standing in
a dyke-like intrusion beneath and in hydraulic
continuity with a chamber mightbe rather 
rapid-ly withdrawn due to the initiation and 
propaga-tion of an intrusion lower down the feeder
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system.A magma chamber from whichmagma
 is withdrawn through the floor could respond
 to such an event by deflation,for instance by
 subsidence of its roof.or magma may be drawn
 down into it from conduits extend ing to a
 volcanic edifice. General subsidence of the
 Kilauea area ofHawaiiand local collapse 
 wit-hin Halemaumau Crater has been attributed
 to just such a withd rawa l of magma from a
 chamber 3-5 km below the surface and the
 consequent drainingof shallow conduits 
 (Mac-Donald & Abbot 1979).


Open- system magma chambers like the
Lille Kufjord where thereis evidence for 
mag-ma having been both intruded and extracted
through the floor can be convenientlyreferred
to as surge-type chambers (signifying that
magma is introduced and drained through a
common conduit as a result of variations in
pressure that arenot necessarilyperiodicand
may be transient). Fluctuations in the vertical
position of liquid layers in such chambers can
be the cause of complex, two- and 
three-dimensional stratigraphic relationships 
betwe-en cumulate macrolayers. Such relationships


Open- system magma chambers like the
Lille Kufjord where thereis evidence for 
mag-ma having been both intruded and extracted
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be the cause of complex, two- and 
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