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a section of thin olivine basalt flows, Suvd].ua, Svarterthuk. 
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ABSTRACT 

A stratigraphical and petrological "parallelism" exists between the 

Cape Dyer-Padloping Island area of Baffin Island and Evartenhuk Peninsula 

in west Greenland. The similarities between the basement rocks and between 

the pre-volcanic sediments of the two areas are briefly discussed. Relation-

ships between the basalts are considered in greater detail. 

The igneous rocks include subaqueous breccias of olivine-rich basalt, 

subaerial olivine-rich and olivine-poor basalt, feldapar-phyric basalt and 

tracizyte, the Last two not being found in the Baffin Island province. 

Chemically the basalte are regarded as members of a tholoiitic suite since 

all but two specimens contain normative hypersthene. At comparable levels 

of MgO, the basalts have similar major element chemistry, but minor and 

trace elements tend to be enriched in the Svartenhuk basalts by a factor of 

approximately 1.5. Even so, the two suites of minor and trace elements are 

sufficiently distinctive from those of other provinces to suggest a relation-

ship between the two. The case for a genetic relationship is strengthened 

by evidence from variation diagrams, many of which illustrate a possible 

evolution of one group into the other. Evidence is presented to suggest 

that fractionation of olivine has been the principal method by which these 

compositions have evolved. 

The basalt compositions have been projected into the simple normative 

basalt tetrahedron and modified CM&S tetrahedron, illustrating that the 

observed phase relations of these rocks do not conform with the phase relatioa 

as determined principally for Hawaiian rocks. :ather, their behaviour 

suggests conforinit with phase boundaries intermediate been those for 

Hawaiian rocks and those of the synthetic system. Three petrogene tic models 

are considered. That involving partial melting of mantle peridotite with 



the option of some degree of fractionation at 30 kb. seen best to account 

for both the picritic bulk composition and the low but disparate levels of 

ml nor and trace elements between the two basalt areas. Evidence that some 

degree of eologite fractionation has been operative on the Svarterihuk paren-

tal magma includes the enrichment in incompatible elements, higher CaO/MgO 

and lower 20/K20 ratios and a corroborative statistical evaluation of its 

occurrence, 

A model is proposed for the opening of Baffin Bay by continental, drift 

and is based on seienio, aeromgnetic, palaeoeagne tic, palaeontological, 

geoinorphological and structural relations in the Arctic. The principal 

features involve the progression of a rift valley northwards through what is 

now the Labrador Sea and Baffin Bay to a terminal point situated near the 

southeast corner of Lileenere Island. This point became the fulcrum about 

which Greenland rotated counter-clockwise with contemporaneous volcanien in 

the rift, flexuring of the Variecan-age Frarikflnian fold belt and folding of 

sediments in the Sverdrup basin. The rotation and folding were discontinued 

when the Naxos transform fault was created, from which time the motion of 

Greenland became one of translation along that fault. 

Stratigraphic, structural and petrolo4cal evidence combine to suggest 

that the two Tertiary volcanic areas of Baffin Bay are the remnants of a 

formerly continuous igneous province. 
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CHAPTER 1 	 INTRODUCTION 

1. Introduction 

The locations of Naps 1 and 2, which cover the two areas of Tertiary 

volcanica described in this thesis, are shown in Fig. 1 • This figure also 

serves to locate the positions of places referred to elsewhere in the thesis. 

On the west aide of Baffin Bay, the field operations of 1964  and  1965 

were based in the settlement of Broughton Island. There provisions were 

obtained from the Hudson's Bay post, and arrangements were made for the hire 

of an Eskimo whaleboat and crew led by Pauloo ale Kudluk. Pack-ice conditions 

on the sea during both sunmera prevented much of the proposed work from 

being done, and on neither expedition were we able to reach Padlopirig Island 

from the north before the first of August. From that date the field season 

is normally only 3-6 weeks long. However, in spite of these difficulties 

the main purpose of the investigation, to map and sample the lavas, was 

carried out with a reasonable degree of completeness, but little time 

remained for investigation of the Precambrian basement, 

The Greenland field season in 1966 was based on board the Greenland 

Geological Survey (G.G.U.) ship "N.V. Ussing". Because of the counter-

clockwise movement of currents in Baffin Bay, the area around Svart.enhuk 

Peninsula is normally clear of pack-ice in June and, as a result, the following 

U00  months  were completely unhindered in this respect. A small lifeboat was 

used for landing and especially for close inspection of the south coast of the 

peninsula. Two extended traverses were made up Simiutap kua and Qordlortup 

kua, but in the main it was felt that the well-indented coastline provided all 

the sections that were necessary. Furthermore #  the long stretch of the south 

coast is nearly perpendicular to the regional strike, thereby allowing a 



Fig. 1 • Place Names in the Arctic and Location of the Two Geological Maps* 
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complete section to be observed. Mapping of the interior of the peninsula 

Was accomplished from various coastal hilltops with the aid of binoculars 

and aerial photographs. The three main units in the volcanics, (1) cross-

bedded brecoia, (ii) grey-weathering, soft, olivine-rich basalte and (ill) 

brown-weathering, resistant, feldspar-phyric basalts, were distinguishable 

with suitable lighting at distances up to 15 km. The geological map of 

Svartenhuk (Map 2 in the pocket) is an advance over previous presentations in 

that it makes the distinction between the two main subaerial lava types and 

portrays some structural elements not previously recognized. 

II. Previous iprk 

A) Baffin Island 

The first recorded account of there being something other than crystal-

line basement rocks along the Baffin Island coast is by Sutherland (1853), 

who wrote, "I believe there is one exception at Cape Durban, on the 67th 

parallel, where coal has been found by the whalers; and also at Kirigaite, two 

degrees to the southwest of Durban, where, from the appearance of the land as 

viewed from a distance, trap may be said to occur on both sides of that 

inlet." Recent work by Riley (1960) in Cumberland Sound, into which Kingnait 

(or Kirigaite) Fiord rus, makes no mention of any lavas in this region. If 

any further outcrops of the lavas are found inland, then the most likely 

place is the low ground between Padloping Island and Parignirtung and Kingnait 

Fiords. McMillan in a report by Bernier (1910) makes reference to the 

"volcanic agglomerates" of Cape Searle and even established that the sediments 

on Durban Island were of Tertiary age. Again a long period of time elapsed 

before Kidd (1953) published an account of his reconnaissance observations; 

but no petrological work was ever published. Since the beginning of the 
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current research programs In 1964, preliminary results have been presented 

in the form of two brief publications (Wilson and Clarke, 1 965; Clarke, 

1967) and an introductory account of the stratigraphy and petrography in an 

unpublished thesis presented for an M.A. degree at University of Toronto 

(1965). The present thesis is the first attempt to discuss fully the 

chemical features, petrogeneeis and associated tectonics of the lava field. 

B) byartenjiuk Peninsula. eet Greenland 

Since a very comprehensive account of the history of geological explore-

tion in Svart.erthuk has been given in Rosenkrantz et a].. (1942), a recapitula-

tion is unnecessary. However, tribute should be paid to the intrepid K.J.V. 

Steenatrup who, in 1878 and 1879, made exhaustive traverses around the 

peninsula in an open boat. In 1883 he published the first detailed map of 

the peninsula, most of which remains unaltered today. Other maps appeared 

during the next fifty years but even the contribution of L. Koch (1929) did 

not improve on Steenstrup' a work. It was not until 1942 that a map showing 

the interior of the peninsula as well as the coastal geology was published 

(Roaenkrantz et a].., 1942), and at the same time Noe—Nygaard (1942) published 

an account of some petrological aspects of the Svartenhuk lavas. 

The present work on Svartenhuk has been conducted in collaboration with 

T • C .R. Pu].vertaft of the Greenland Geological Survey (G.G.U.). A map is in 

preparation for publication and an explanatory account has already been 

presented (Pulvertaft and Clarke, 1966). Further,nore, a brief account relat-

ing lava chemistry to stratigraphy has also been published (Clarke, 1968). 

The large—scale map of Svartenhuk (Map 2) is the product of both field 

collaboration between the author and Pulvertaft, and subsequent air—photo 

interpretation by Pulvertaft. 
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Ill. Remmh Objectives 

In an earlier petrological thesis (1965) the author concluded that, if 

a solution were sought to the question of the feasibility of continental 

drift in Baffin Bay, the answer would be more readily obtainable through a 

pa1-eobotanical investigation. Consequently, the drift aspect was dropped 

and the current phase of the work began entirely as a study of the geochemis-

try and petrogene5is of the Baffin Island basalts, However, very early in 

the analytical work it became apparent that these rocks exhibited some highly 

unusual characteristics. It then seemed possible that a detailed chemical 

investigation of basalts from both sides of Baffin Bay could make a contribu-

tion towards the solution of the continental drift problem. If a satisfactory 

degree of correlation could be shown to eid.at between the two groups of lavas, 

then severing of a formerly continuous lava province into two parts 

sytrically disposed across a rift would become an attractive proposition. 

In general, the work can be broken down into four categories, all of 

which contribute, directly or indirectly, to the central theme of correlation 

and continental drift: 

field relations in both volcanic provinces and a stratigraphic comparison 

between the provinces 

a geochemical study of the ]avas and statistical evaluation of the proba-

bility of the lavas having been derived from one magm batch 

the petrogene ale of the baaalts involving an application of phase equili-

brium studies 

implications for continental drift based on the present work and on 

published material by other authors, combined with a reconstruction of 

the Baffin Bay region in pre-Tertiary times 
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A) Gqnera]. 

Revived interest in the whole idea of continental drift, especially as 

applied to the North Atlantic, has led to the study of the hitherto almost 

completely ignored baealt.s of southeastern Baffin Island. Cclete coverage 

of the area selected for field work was obtained on 1:63,000 aerial photo-

graphs. Fn1nt1on of these photographs revealed about 20 major, separate 

Outcrops of lava lying along a narrow coastal strip northwestwards from Cape 

Dyer (approx. Lat. 670N., Long. 61 °w.) for a diatc'oe of some % ion, to Cape 
Searle. All of the outcrops are restricted to within 8 kin, of a straight 

line drawn between the two capes, approximating the general coastline (Map 1, 

in pocket). None is larger than 1015 km. 2  in area and the average size is 

considerably ni 1er. 

The three major geological unite exposed along the coast are the Precam-

brian basement, relatively minor early Tertiary terrestrial sediments and a 

succession of younger picritic basalts usually preceded by a relatively thin 

formation of volcanic breccia. In general, the volcariics have been extruded 

onto an irregular erosion surface on the Precambrian basements  but In some 

cases they lie on the terrestrial sediments upon which they are conformable, 

or nearly so. 

flvidence suggests that the U: cciae are subaqueous in origin. On the 

assumption that the tops of these breccias were all close to sea-level at the 

time of formation, there must have been slight differential movements of the 

main outcrops during a post-.volcanic, epeirogenic adjustment, involving an 

uplift of up to 400-500 in, The single exception to this extent of movement 

5. 
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is Caps Searle Island, where the top of the breccia on the sea—stacks is only 

about 150 mo  above sea—level, but the major unite have remained horizontal. 

This suggests that the present stratigraphic elevation of Cape Searle is not 

attributable to the episode of recent coastal slumping, which takes place 

along curving fault planes (concave seaward), producing tilted blocks. On 

Durban Inland the possible presence of a small graben structure filled with 

pre—volcanic sediments is evidence that extensional faulting was an early 

feature of the province. In this respect, then, it bears similarities to the 

west Greenland province, which is discussed later. 

Although the basement was not the main object of investigation, observa-

tions of a general nature were made on the composition and attitude of the 

gnei sees. However, the structures have proven to be on too small a scale to 

allow even broad generalizations about the tectonic history of the area. 

Compositionally, the gneieaes and minatites outcropping along the 145  on. 

of coast from Broughton Island to Cape Dyer are reasonably uniform, The 

usual mineralogy is quartz - 2 feldspars - biotite frequently with garnet 

and/or muscovite plus apatite, zircon and magnetite as the most frequent 

accessories. The grade of metamorphism is mostly amphibolite fades, locally 

being raised to granulite facies. 

In some areas such as Nerchnt'e Bay, ultramafic layers of biotite 

amphibolite and pyroxenite, often showing boudinage, are especially prominent, 

and sometimes extend for distances of several kilometres along strike. 

Determinations for Ni on three of these bands yielded values of 600, 850 and 

1500 ppsi. This suggests that they may be the remnants of ultrabasic material 

rather than metamorphosed niarly horizons in the original sediments. 
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The gneissea and minatitee are liberally out by quartr10-feldspathic 

pegoatitee often bearing garnet, biotite, muscovite aid, more rarely, 

tourmaline. On Durban Island a non-foliated muscovite.-tourmaline granite 

occurs and is almost certainly the source of the distinctive pre-volcanic 

tourmaline-bearing sediments on the island. Several large gossans appear 

along the coast and are associated with a pyiite..pyrrhotit. mineralization. 

However, nothing of economic value was found. 

At most of the localities the volcanic a are underlain by sediments. 

These consist mainly of unconsolidated white quartz sands, impure sandstones, 

shales, minor coal and conglomerate horizons, all apparently of terrestrial 

origin (Plate I). This conclusion as to the envirorinent of deposition is 

indicated by the predominant current croes..bedding, lack of marine fossils 

abundance of plant fossils and a good section of fluviatile conglomerates. 

From a cursory examination of the fossil flora, Dr. W. A. Bell (pers. cosn.) 

has ascribed these rooks to the Palaeocene, which is taken as the period 

63-5.5 nor. ago (Harland et a]., 1964).  A potassium-argon age determination 

of 5812 my. has been obtained on the lavas by Dr. . Farrar (pera* comm.) 

which agrees well with Bell's assessment for the sediments. Although no 

detailed work has been dons on the fossil collection, a preliminary survey 

has shown that the floral assemblage is not unlike that contained in the Upper 

Atanikerdluk series of west Greenland, described by Koch (1963). The two 

most cn and readily identifiable species on Baffin Island are Metasequoja 

2coi4entalie and Credneria aectabilis (Hoer), both of which are described by 

Koch as occurring in the Lower Palaeocene of Nugaiak. 

A typical sedimentary section some 150 m. thick exists on the north side 
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of Cape Searle Island. This sequence consists Of an alternation of unconsoli-

dated white sands and thinner friable black shales, The bases of the sandy 

horizons are often marked by large botryoidal concretions of sand and carbon-

aceous matter. The nature of the cross-bedding in the sands generally points 

to a eoutseater1y source area for this formation. At Cap. Searle and other 

localities, the sedimentary sequences exhibit a qnfoxmal or gentle basin-like 

structure due, at least in part, to minor faulting within the strata, but the 

age of the faulting could not be deduced. 

The unconsolidated nature of the sediments facilitates undercutting of 

the lavas and the eventual formation of long talus slopes and landalips. The 

talus then tends to obscure the relationships between the sediments and the 

basement rock., but the slumps often provide excellent exposures of the 

sediment-volcanic contacts. Where the sediments are overlain by volcanic 

breccias it is often possible to find thin tuffaceous bands in the sediments 

within one or two metres of the main contact. Where the sediments are overlain 

L. 3ubaerlal lava flows it is possible to find thin intercalating bends of 

sediments between the first few flows, whereas in the breccia localities the 

crvnencenent of voloaniem completely ended any further sedimentation. This is 

partly because of the presumed rapid formation of the breccias, coupled with 

the fact that they appear to have progressed in the manner of an advancing 

delta front with a steeply dipping surface of their own fabrication. This will 

be discussed in the next section. 

An mentioned earlier, sediments of a different nature are found on north-

eastern Durban Island. There the lower 35 m. consist of coals and friable 

black shales, and these are followed by up to 250 m, of somewhat reddened, 

well-consolidated, tounm1ine-bearing aricosea • This unique accumulation of 

arkose is easily traced to erosion of the granite on the same island. 
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Deposition has probably been localized by repeated movement on a fault at 

the extre northeast and of the island. In fact, a mumll graben my have 

formed (although the western contact of sediments against Precambrian in by 

no means certain), and this could account for the considerable thickness of 

uniform sediment, derived from a fairly mall granite boss. 

The only generality that can be drawn with regard to the sediments, 

other than those of Durban Island, is that they increase in both thickness 

and frequency from Cape Dyer norttw.arde to Cape Searle. 

BIRWRITT-TO.  MR 

Since the volcanic outcrops show largely identical features, the charac-

teristic. held in common are listed belowi 

no outcrop occurs more than 8 km. inland from the nearly linear east coast 

a cross—section of any outcrop taken perpendicular to the coastline 

exhibits a prominent seaward—facing cliff and a rapid thinning of the lava 

succession inland 

There is no evidence of Pleistocene glaciation on top of the outcrops 

either in the form of striations or glacial erratics 

lavas appear to occupy former depressions in the Precambrian basnent 

breccia is often the basal volcanic member and usually overlie. thick 

.ccinmal atione of sediment 

although the thickness of individual lava flows ranges from 1-35  m,,  flows 

thicker than 10 m. are rare 

the attitude of flown in most outcrops is horizontal except when tilted as 

a result of .ltunping caused by undermining of the sediments immediately 

beneath the lava. 
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the flow, became rticeabl.y thinner towards the top of each section 

flow tops become increasingly reddened towards the top of each section 

J) the composition of the flows varies little throughout the region, all 

being picritic or olivine-rich basalts 

The most complete succession of volcanics occurs at Cape Searle, where 

at least 150 m. of breccias exist (their base being below sea-level) and 

approdmately 300 m. of subaerial flows are exposed (Plate II). Detailed 

investigation of this succession is impossible because of the vertical cliffs 

which surround the cape. Other outcrops have considerably lesser thicknesses 

of breccia and usually a thinner succession of flows. A discussion of the 

three volcanic elements - the breccias, subaerial flows and dykes - now 

follows. 

(1) Breccias 

The breccias may be divided into two groups solely on the basis of their 

over-all colour in the field, namely, orange and black. Both types are 

characterized by a large proportion of hyaloc].astite (RitUnann, 1962), basaltic 

fragments and massive basaltic blocks. In the black breccia the coarse 

basalt in normally enclosed in a rim of sideromelane and is often distinguish-

able as long, thin, non-brecciated driblets or tongues in the cross-bedded 

sequence (see below). On the other hand, the crystalline blocks in the orange 

broccia are much more finely comminuted. Each fragment usually possesses one 

surface encrusted with basaltic glass and often these fragments have a conical 

shape, suggesting that they are the exploded remnants of larger blocks. Plate 

III illustrates the large-scale texture of the orange breccia. In addition, 

where breccia is found horizontally stratified with graded bedding it 1. 
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always of the orange variety. These features lead to the conclusion that, 

colour apart, the orange breccia is simply the more finely fragmented equival-

ent of the black breccia. The difference in colour is merely a consequence 

of the greater degree of hydration of the glass in the more finely comminuted 

material. In contrast, the larger fragments of black breccia expose baa 

surface area for alteration and, as a result, the extent of alteration is 

only that of dark green rime of pa].agoraite around the unaltered aideromelane. 

The type and degree or alteration in these breccias, their high water contents 

and stratification, combined with the prolific amounts of basaltic glass all 

suggest a subaqueous origin for these initial extrusives. 

A model to explain the major structures in the Baffin Island breccias is 

presented in Fig. 2. The mechanics have already been discussed by Fuller 

(1931,   p. 24)  and Jones (1966). A paragraph from the former states, "A fluid 

lava on encountering a local body of water would tend to granulate like molten 

slag and would thus form a fine breccia which would accuimilc&te to a depth 

approximately equal to that of the water. The fine breocia would settle until 

its surface attained an angle of repose which, owing to the roughness of the 

fragments, would be relatively steep. If the molten cascade continued to pour 

into the water, the accumulation of granulated glass would gradually advance 

like the foreset bedding of a delta. The inclined bedding would be preserved 

by the thin sheets and the ropy ellipsoidsl masses, which failed to grarui].ate. 

Except for the possible effect of rising steam, the flow would gradually 

advance on top of these foreset beds as if on dry land. This description 

covers all but the patchy development of the horizontally stratified material 

mentioned above • These localized prisms of sorted material normally occur at 

the top of the breccia sequences and are probably due to sorting of fragments 

in shallow water. Ahere such horizontal stratification is seen lower in a 



Fig. 2. Model for the Formation of Basalt Breccia and Production of a Typical 

Cross—Section on Baffin Island Looking North. (Greatly exaggerated 

vertical scale.) 

Initial eruptions are subaqueous with resultant formation of a 

breccia unit. 

Breccias have built up to an elevation above the surface of the 

water so that basalts are poured out subaerially. On entering 

the water they may become brecciated, forming the steeply 

dipping fore set breccias (the giant cross—bedding). Occasional 

avalanches of breccia fragments down the steep foreset slope 

may form graded beds at the bottom. 

Water completely displaced; eruptions entirely subaerial. 

Period of greatest igneous activity is marked by mad= 

coverage of the Precambrian basement by lavas. Thereafter 

volcanism wanes and flows reach progressively lesser distances 

from the source region. 

Typical cross—section through a lava patch on Baffin Island 

produced by dissection and uplift of original lava plateau. 
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brecciated unit, it could represent either bott.omaet beds formed by small 

avalanches advancing from the steep slopes of the breccia unit, or also the 

former top of the breccia prior to a later subsidence. 

Bonatti (1967) believes that the formation of }aloclasUtea is princi-

pally due to shattering upon rapid cooling of the sideromelane and can there-. 

fore take place at any depth. If true, then in the absence of any other 

evidence it would be impossible to place a Limit t on the depth of water into 

which these basalts were erupted. Fortunately, the problem of depth of water 

is resolved by the presence of the cross-bedded sequence. From its thickness 

and attitude it is possible to determine both a minimi.m for the depth of 

water into which it was poured and its provenance. The upper orange breccia 

at Cape Searle with fore set beds 70 in. thick cannot have been erupted into 

water such deeper than that figure, since both its capping of subaerial flows 

and its base against the lower black breccia can be seen. No limit can be 

placed on the depth of water for the black breccia, since its base lies below 

present sea-level. However, the attitude of the cross-bedding in both units 

indicates that the source of the voloanico lay to the northeast (Fig. 2 and 

Plate Iv). 

(2) Flows 

The pioritic and olivine-rich flows are characterized by a light-grey 

weathering surface, and hand specimens are often rather crumbly. As the 

olivine content decreases, the colour of the flaws becomes darker and the 

cohesion of the rock is such stronger. The average thickness of these flows 

is less than 5 m. 

Structurally these flows may be broken down into four divisions: 

a) a lower basal chill a few centimetres thick, often characterized by 
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vesicles and the presence of tacby]yte 

b) a massive zone constituting the lower 60% of the flow (but above the basal 

chill), which is generally featureless except for the occasional development 

of pipe vesicles and flow banding 

a) a vesicular zone comprising the upper 40% of the flow showing the following 

features: (1) the vesicles are normally sub-spherical in shape although 

they are sometimes ellipsoidal, presumably owing to flowage in & viscous 

mm; (ii) zeolite inuilhings are common; (iii) in the upper vesicular zone 

of one flow on Padloping Island, quenching(?) has resulted in the production 

of apherules of basalt ranging in diameter from 1-10 am. (sample Ci.1 1a; we 

Appendix A and Plate VII) 

d) the flow tops show the following features: (i) they are often strongly 

oxidized, as evidenced by the extensive iddingaitization of olivine and the 

presence of hematite; (ii) they often contain considerable amounts of glass 

and frequently display ropy (pahoehos) structures on the upper surface; 

(iii) some flows which apparently preceded a period of volcanic quiescence 

have developed a layer of red bole several centimetres thick which has 

subsequently been baked by the next flow 

Correlation of lava flows from one sampling locality to another is impos-

sible, as individual lava flows pinch out laterally over relatively short 

distances. This indicates that most eruptions were fairly local phenomena, 

especially those of the later stages. Since Individual lava flows lack 

distinguishing characteristics, the only correlatable etratigraphic features 

between outcrops are those listed as e), h) and I) above. Thus the general 

progression from breccias and thick flows to thin flows with oxidized flow 

tops is recognizable in most localities. 
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The gradual thinning of the lava flows towards the top of the succession, 

coupled with the increased oxidation of flow tops, strongly suggests that the 

intensity of the volcaniem waned progressively from start to finish. Although 

there are no post-volcanic d" sits to prove that the complete sequence is 

still in existence, the lack of glacial erratice on the exposures, together 

with the characteristic profile (Fig. 2), suggests that these outcrops are 

virtually complete. 

One exception to the observed thinning is a remarkable flow about 70 m. 

thick forming an outlier near Cape Dyer. The base of this flow, which is 

approximately 400 a. above the base of the local volcanic section, rests 

partly on a previous flow and partly on the Precambrian basement. Nothing 

overlies this thick flow, but judging from the degree of vesiculation the 

present upper surface very closely approximates the original top of the flow. 

Six samples have been analyzed from the flow (A-5 and 6; AA-19, 26, 30 and 63) 

in order to demonstrate the strong degree of differentiation that can take 

place within thick units. Petrographically (Appendix A) the extreme differ-

entiates would be called trootolite and gabbro on the basis of the mineralogy 

and very coarse grain size, but there is no evidence that this unit is anything 

other than a thick lava flow. On the chemically justifiable assumption (see 

Chapters 3 and 4)  that we are dealing with the evolution of one magm batch 

only in this province, the high fayalite content of the olivines in this flow, 

(Fla 19)9 suggests that it is one of the youngest on Baffin Island. 

(3) Dykee 

Basaltic dykes cut the sediments and volcanics only in the north, at 

Cape Searle and Padloping Island. There are no basaltic dykes to be found in 

the Precambrian rocks inland from the outcrops. The score, or so, of dykes in 
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the northern area averaged about 2m. in width; none was thicker than 7 in. 

and all but one were observed to pinch out before reaching the top of the 

succession. In general, the dykes are vertical and they strike appro3d.mately 

parallel to the coastline and the line of basalt outcrops. There is nothing 

particularly notrt1q about the dykes,, their mineralogical, and chemical 

composition (C-56, PD-Il, FF-41, T-42 and 47) being practically Indistinguish-

able from that of the lava flows. 

Carbunatite-like dykes were observed in two localities (Map 1) but in 

each case were found to cut only the Precambrian basement. ?iineralogically, 

they consist of an olivine-mica-carbonate-graphite assemblage and in the 

Padloping Island locality are associated with a gosean in the basement rocks. 

A large number of similar dykes are intimately associated with the Tertiary 

lavas in west Greenland; so it is possible that those on Baffin Island could 

also be of Tertiary age. 

E) Source of Volcanica 

The location of the source area for thee. volcanic 8 may be established 

by a process of elimination. There are no recognizable remnants of any central 

volcanoes in the area; therefore, the source is either offshore or represented 

by the onshore dykes. However, both the number and width of dykes in the 

Padloping-Searle area are reckoned too insignificant to have produced even the 

local succession. The lack of pronounced thermal metamorphism about the 

dykes renders it unlikely that they were used as conduits for any more than 

one eruption each. There are no dykes to be found south of Padloping Island 

and none in the basement rocks inland from the lavas. The southwesterly dip 

of the giant cross-bedding in the volcanic breccias points to a source north-

eastward, at least for the breccias if not the whole succession. Up to a 
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point, successive lava flows have progressively overlapped southwesterly onto 

the Precambrian, always maintaining a horizontal attitude. Recent modifica-

tion of the coast by valley glaciation now obscures the original relations, 

but it would appear that the first eruptions invaded the floors of flooded 

valleys and, when the water was displaced, ponded farther into the upper 

reaches of those valleys. Had the source been on the land, then the first 

lava flows at least should have had an original dip seaward and may not have 

ponded anywhere. In addition, there should be evidence of dykes inland, 

thickening of the section inland and northwesterly dipping, giant cross-bedding 

in the brecoiaa representing the first subaerial flows to reach the water. 

It should be noted that the flow which represents the maxiimm coverage of the 

land is not the youngest lava flow, the location of which is right at the 

coast (Fig. 2). Assuming that the wedge-shaped sections of the outcrops are 

original, the regression of the lava flows from the point of madimzm invasion 

of the land can be taken to reflect the period of gradual waning of activity. 

These later flows were either not voluminous enough or not fluid enough to 

achieve the coverage of earlier flows. 

If it is argued that erosion is responsible for the present shape of the 

cross-sections through the outcrops and that the last flow did extend farthest 

inland, then the thinning and reddening of successively later flows could be 

due to broadening of the original valleys, thereby forcing constant volumes of 

mana to cover ever-increasing areas. Here, it would have to be argued that 

either activity came to an abrupt halt or also erosion had also obscured the 

regressive pattern. 

The only way in which the ccibination of scarcity of dykes, orientation 

of cross-bedding and attitude of flows can be explained is by appealing to a 

source area situated to the northeast of the present ho of outcrops. So far 
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a model for the origin of the Baffin Island basalts only requires that the 

source area be offshore and that the first eruptions should be subaqueous. 

Further development of the model is deferred until the field relations in 

west Greenland have been discussed. 

II. Wet Greenland 

The Precambrian geology in the vicinity of the west Greenland basalt 

province has been described by Escher and Burn (1967),  Henderson and 

Pulvertaft (1967) and Becher and Pulvertaft (1968). In general, the region 

is a structural complex of gneisaee and aetaeediments with greenachiet, 

amphibolite and granulite metamorphic Lacies represented. Around Svaz-tenhuk 

in particular, there are frequent occurrences of garnetiferous gneissee, 

touzline.-bearing petitee and rusty-weathering goasana. 

The pre-.volcanic Cretaceous and Lower Palaeocens (Lnian) history of 

west Greenland is characterized by almost continuous sedimentation in a 

relatively small basin controlled by repeated normal faulting (Roaenkraritz 

and Pulvertaft, in press). The sediments appear to have been derived from a 

large part of the interior of Greenland, now covered by the inland ice (Koch, 

1964), but in some cases the provenance of the sediments is demonstrably very 

local and to the east. In general, the southern half of the basin (Disko 

and S. Nugeeuak) was characterized by predominantly limni0  and f].uviatile 

deposits occasionally interrupted by marine invasions, whereas the northern 

sector (N. Nugasuak and Svartenhuk) experienced an almost continuous sequence 

of marine deposits throughout the Senonian. Palaeontological evidence has 

shown that the affinities of the marine fauna became less North American and 

progressively more European during the Upper Cretaceous. Roeenkrantz (in 



is. 

Roeenkrantz at a]., 1942, p. 41) says of the Upper Santonian that there 

"some to have been a connection as far as with the Coloradoan Sea, but at 

the same time the Inocersmus show that a new marine connection has been opened 

in a southern direction through Davis Strait to the North European Senonian 

Sea." This conclusion has been supported by more recent work on the azrmonite 

fossils (Birkelund, 1965). 

The main events of the Cretaceous and early Tertiary are azmiarized in 

Table 1, and a general geological map of the west Greenland province is given 

in Fig. 3. Correlation between, and exact stratigraphical placing of, the 

non-me.rine formations is still not possible (Koch, 1963s 1964) but the general 

framework in kno,a. It can also be seen from the table that the olivine-rich 

basalts of west Greenland were erupted into topographic lows which had been 

the former sites of marine sedimentation, while areas at higher elevation 

still received subaerial deposits of the Upper Atanikerdluk Formation. The 

later extensive eruption of feldspar-phyric basalte covered the earlier pioritee 

and some areas of terrestrial sediments which had not previously received ax 

lava flows. 

As Svart.erihuk Peninsula is believed to present the most complete section 

of volcanic a and was the area directly investigated by the author, a short 

description of the field relations now follows. For convenience the descrip-

tion has been broken down into & north and a south region along a line running 

roughly from Iteako on the east coast to Svartenhavn on the west. Fig. 4 

gives sampling localities and place names referred to in the following descrip-

tion, and the detailed geological map of Svartenhuk (Nap 2) is in the pocket. 

I1J) 	 ___ 

The east coast of Svartenhuk from Naniserqut to Firefjeld and then along 
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Fig. 3. General Geology of the .eet Greenland Basalt Province (after Rosen-. 

krantz and Pulvertaft, in press). 

Fig. 4. Place Names and Location of Analyzed Samples in Svartenhuk Penin-

aula, eet Greenland. 
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the west bank of Siutexat kuat is dominated by the basalt breccia formation 

which is described in detail by }lunck (in Rosenkrantz et al., 1942).  The 

breccias rest on an eroded baae of marine sediments varying in age from 

Upper Turanian to at least Coniacian and possibly higher. The greatest 

thickness of breccia, approximately 300 m. in the river bed northwest of 

Firefje].d, can be correlated with the deepest level of erosion into the 

Cretaceous. The subaqueous origin of the breccia is proven by the development 

of giant cro se-bedding, and the existence of intercalated marine shales 

indicates a shallow sea environment. The dip direction of the cross-bedding 

is locally erratic but in the main it is northeasterly, thereby suggesting 

provenance from the southwest. Two types of breccia can again be defined on 

the basis of colour, reddish brown and black, and this feature suggests 

affinities with the orange and black varieties of Cape Searle, Baffin Island. 

Unfortunately, many of the important contact relations, as well as original 

attitudes of the formations, have been obliterated by landalipe of the over-

lying breccia and basalt flows onto the unstable marine shales. 

The south coast proper of Svartenhuk runs perpendicular to the regional 

strike of the subaerial lava flows • Landings were made at several places 

along the coast but no continuous traverse on toot was made. All flows were 

of grey-weathering olivine-rich basalt and averaged 3-5 rn in thickness. The 

dip on the lava flows varied from 12-370  to the southwest, and the section 

appeared to be continuous except for very minor normal faults involving down-

ward displacements of a few metres on the eastern blocks. If there is no 

major repetition of the sequence along the coast, then the lava pile suet be 

approximately 8-10 km. thick. The absence of a linear increase in certain 

trace elements (see Chapter 3) from east to west along this coast suggests 

that there may be some substantial repetitions in the stratigraphic sequence. 
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The faults responsible may exist undetected in the three prominent river 

valleys which reach the coast - Uliqssat qoruat, Lavit kugesuat and Equtat 

kitditt kuat. 

A fault has already been suggested by clarke (1966 field report, G.G.U.) 

in the unnamed valley running northeast from Tasiussap Irma, The reasoning 

behind this prediction is that the section of coast from Equtat kitditt kuat 

westwards consists entirely of the picrit.es and olivine basalts characteristic 

of early eruptions, whereas north of the valley in question there is a rapid 

transition of the olivine basalts southwestwards into feldspar-phyrlc basalts. 

Thus at Tasiussap ima feldspar-phyric basalts on the north shore are "on 

strike" with picritic basalts on the south shore. If the movement along a 

fault between the two areas Is of a transcurrent nature and later than the 

regional tilting, then the southern block has moved relatively west. If the 

predominant motion has been vertical and subsequent to the regional tilting, 

then the south block has moved relatively up -wards. if the previous suggestion 

about faulting along the south coast is true, then the block between Equtat 

kltditt kuat and the unnamed valley to the west must be a horst. 

On a traverse from .inerfIk In the unnamed valley to Igdlunguaq on 

Arfertuarseuk the critical change from picrit.es through olivine-poor basalts to 

feldspar-phyric basalte can be observed. At the head of Arfertuarasuk outcrops 

of trachyte occur, one intrusive (7) and the other extrusive, judging from 

the degree of vesiculation. These compositions represent the and of chemical 

evolution in this province, and therefore the sequence of feldspar-phyric 

basalts of Narssaq and Qingnivik to the west may represent yet another up-

thrown block. This faulting would repeat the stratigraphy observed over a 

comparable thickness east of Arfertuarssuk, and would extend to either Svarten-

havn or Mltdlorfik or both. 
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C) Northern vartonhuk 

The general section found in the north of Svartenhuk Peninsula is a naich 

attenuated version of the sequence exposed in the south. In Uniiarfik-Suvdlua.. 

Tasiuesaq Fjord the pieritee do not attain thicknesses of greater than 1 Ion., 

and the west aide of the Fjord has considerably less than that. 

The Precambrian basement rises from south to north, first outcropping 

near Simiutap kua, and continues to rise until at the head of Tasivasaq it 

has reached about 400 m. The nature of this basement surface has been very 

important in the distribution of pre-volcanic sediments and the 1* salts them-

selves. The sediments necessarily collected in the topographic lows and 

tended to even out the surface that was aubaequent].y to receive the brecciaa 

and subaerial flows. The general strat.igraphic sequence in the north is as 

follows; Precambrian basement - sediments - olivine-rich breocias - subaerial 

picritee - intra-basaltic terrestrial sediments - feldspar-phyric breccias - 

feldspar-phyric subaerial flows. Description of this sequence is most conven-

iently broken down into the following areas: 

West side of Tlm(rfikvdlua_Taeiuseaq 

East side of Qeqertap aarqa-Umiarfik-SuvdluaTasiusaaq 

(1) west side of Umiarfik-Suvdlua.-Taeivasaq (Fig. 5A) 

The section on the west side of this Fjord is for the most part flat-

lying except near Painivik, where a gentle southwesterly dip is observed 

(Fig. 5A). In a northerly direction the olivine-rich brecciae of the lower 

series of volcanios eventually give way to an approximately equivalent thick-

ness of sediments, for which the depositional environment is unknown. These 

sediments in turn give way to the Precambrian basement, and the  subaerial 

picri tic lava flows overlap all three previously mentioned formations. This 

lower lava group is overlain by a thin veneer of terrestrial sediments upon 



Fig. 5. Shoreline Geology of Umisrfik—Suvd].ua—T&siueeaq. 

West side, looking east. 

Zast side, looking east. 

Ornament as Map 2. 
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which iie up to 800 in. of mainly thick feldspar-phyric basalts with minor 

intercalated olivine basalt flow groups. The typical feldspar-p1'ric lava 

flow differs from an olivine basalt flow in being thicker (average approx. 

25 rn), brown-weathering and more resistant to erosion. These flows display 

essentially the same structural divisions as a typical picritic flow, with 

the following differences: (1) columnar jointing is frequently developed; 

(ii) flows are more massive, development of vesicles in reduced and aiiygdale 

minerals tend to be silica rather than zeolite; (iii) flow tops without red 

bole are extremely rare, suggesting that the frequency of eruption was less 

than for the olivine basalts. 

The section in Tasivaaaq is remarkable for its complete lack of the lower 

basalt series, which had been effectively blocked from extending farther north 

by the rising Precambrian topography. Consequently, the initial volcanic 

member in this area is a fe].dapar-phyric basalt breccia, which extends along 

the entire west coast at an elevation of approximately 500 in. It apparently 

rests on the Precambrian basement, but talus slopes probably obscure a veneer 

of water-laid sediments between the basement and volcanic rocks. It is 

worthy of note that there are virtually no feeder dykes this far inland. 

(2) East side of iJmiarfik-Suvdlua-Tasiuseaq (Fig. 5B) 

From Simiutap kua northwards the section is more or less identical to 

that on the west aide, except that in Taaiuesaq the feldspar-.phyric basalt 

breocia is absent because the Precambrian basement rises to a greater height. 

Therefore, the first volcanic activity inland was eruption of subaerial 

feldspar-phyric basalt flows. 

The valley of Simiut.ap kua mailca a zone of considerable faulting, the 

southern block having been tilted in a southwesterly direction, and as a 

result a considerable thickness of picritic breccia has been exposed. Since 
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the basement rocks do not outcrop on the south side of the river in spite 

of this relative uplift, it must be deduced that a considerable drop in the 

level of the basement terrain existed in pro-volcanic times. This drop may 

be part of the earlier, major Cretaceous fault zone (Koch, 1929), on which 

the movement has been reversed, or it may only be another indication of the 

considerable pre-Tertiary relief in west Greenland. 	atever the reason for 

the plunge in the level of the Precambrian, this depression does account for 

the enormous thickness of picrite breccia developed only to the south of the 

valley. Because of the multiplicity of faults and slumps it is difficult to 

estimate the thickness of the breccia, but it must be approximately 500 m. 

The cross-bedding within the breccias renders difficult an estimate of their 

true dip; however, the overlying picritic flows have southwesterly dips of 

5-100 . Both formations are out by hundreds of dykes, mainly of olivine-rich 

basalt but occasionally of feldepar-phyric varieties. 

At Nerutuaaoq, the picritic sequence is well exposed on the north side 

of the valley and dips below a great thickness of feldspar-phyric flows on 

the south aide. Here too the contact between the two lava types is marked by 

a thin band of sandstones, pebble conglomerates and minor breocia. 

Southwest from Nerutuseoq the lava series consists essentially of 

fold spar-phyric flows with minor outpourings of thin, grey-weathering olivine 

basalt flows. The southwesterly dip becomes less pronounced until at 

Svartenhuk (Sigguk) the flows are horizontal. 

Skal$ and the west coast of Igrierit appear to be composed entirely of 

feldspar-phyric basalt flows. 

D) Geological History of Svartenhuk 

Prior to the commencement of volcanic activity, southern Svarterthuk was 
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undergoing erosion of its marine Cretaceous sediments, and the north was 

experiencing simultaneous erosion of topographic highs in the Precambrian 

rocks and deposition of the material in river valleys and lakes. Given the 

thick sequence of breccia in the south, it would seen necessary to invoke a 

strong, local marine invasion of the south. This may have been achieved by 

subsidence of the main block of Svartenhulc along a fault defined by Sliniutap 

kua - Siuterqut kuat Qordlortup kua. The giant cross-bedding in the 

breccias formed by the first eruptions indicates a southwesterly source for 

these rocks. Varying thicknesses of breeds accumulated,, depending mainly 

on the depth of the water, the south receiving consistently more than the 

north. 

Once the water was displaced, subaerial extrusions began. Again the 

southern half of the peninsula tended to be the site of the greatest activity, 

apparently developing enormous thicknesses of picritic lava flows, whereas 

only the more voluminous of these lavas appear to have reached the north. 

Potential feeder dykes are rare north of Simiutap kua, whereas the south 

coast is cut by a very dense network of dykes that may have acted as feeders. 

Volcanic activity apparently continued uninterruptedly in the south from 

picritic breccia to picritic flows, followed by divine-poor basalte and later 

feldspar-phyric baealts. Finally, and possibly after only a short interval, 

trachytes were erupted. By way of contrast, the north experienced a enal]. 

but significant break in the volcanic sequence between the picrites and the 

feldspar-phyric basalta, within which terrestrial sediments were deposited. 

The number of dykes of feldspar-phyric composition on Svartenhuk does 

not seem to be in proportion to the huge volume of the lavas, when compared 

with the runber of dykes associated with the picrites. Their absence inland 

also seems to point to an offshore source for this material. The feldspar- 
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phyric flows themselves are remarkable for their constant thickness and 

widespread extent, each flow being traceable for many kilometres. As a 

collective unit they cover a larger area than do the picritee in the west 

Greenland province and thus extend to regions such as Disko, which may not 

have previously received axr lavas. 

The apparent absence of unconformities in the basalte suggests that it 

was some time after the close of the fe].dspar-phyric basalt stage that the 

peninsula became tectonically unstable and was tilted seaward. Its major 

displacement appears to have been about a norttest-southeast axis roughly 

bisecting the peninsula, so that while uplift occurred along the north, the 

south coast was dropped down. Accompanying this general rotation there have 

been numerous smallerp near-vertical adjustments which may have had the 

effect of producing repetition in the sequence along the south coast. Some 

of the other fractured areas have provided avenues for the carbonatite-like 

dykes, but it is not proposed to discuss these further. 

III. Relationship between the Two VoLcanic Provinces 

The last three columns of Table 1 allow a direct comparison to be made 

between the early Tertiary events of Itsako, Svartenhuk and Baffin Island 

respectively. This information, combined with the detailed descriptions of 

field relations in the preceding sections, illustrates the strong degree of 

similarity in the geological evolution of these two areas. If only one of 

the lava provinces existed in Baffin Bay, then it would be easy to propose 

that the source area of the volcanics has either simply been eroded away or 

else faulted beneath present sea-level. However, given the established 

similarities between southwest Greenland and Labrador (see Chapter 5) and 

the possible existence of a mid-oceanic ridge in Baffin Bay-Davis Strait 
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(Godby at a].., 1966), it then becomes difficult to imagine a parallel but 

independent evolution of the two basalt provinces. 

A model is now presented for the creation of the two, near mirror-image 

basalt provinces, striving to satisfy the following observations: 

the general stratigraphic parallelism between the Cape Dyer area of Baffin 

Island and Svartenhuk in the Upper Cretaceous-Lower Tertiary (except for 

the absence of marine sediments and feldspar-p?ric basalts in Baffin 

Island) 

the distribution of sediments and breccias on Baffin Island 

apparent derivation of vo].canics from seaward in both areas 

scarcity of dykes on Baffin Island 

relatively early waning of volcanic activity on Baffin Island 

continuous evolution of the feldspar,-phyric basalts from the olivine 

basalta in the south of Svartenhuk only; eruptive break in the north 

development of a regional dip in Svartenhuk 

As may be seen from Fig. 6 9  the model appeals to convective overturn in 

the mantle to separate what had formerly been a single cratoriic block. It 

will only be after the presentation of the chemical, petrological, geophysical 

and regional geological considerations in succeeding chapters that the anita-

bi].ity of a continental drift model can be evaluated. For convenience the 

sequence of events is divided into five arbitrary phases. 

Zone of weakness in the crust develops into a rift valley, possibly related 

to diverging limbs of a convection cell in the mantle. 

Deposition of terrestrial sediments occurs in fluvial and lacustrine 



Fig. 6. Model for the Opening of Baffin Bay based on Field Relations. For 

explanation, ass text. 



FIG. 6 



FIG. 6 (cont.) 
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environments associated with the rift valley. 

B) phase U 

Crustal necking is achieved by plastic flow and conjugate normal faulting 

in the alalic crust. 

Subsidence in the axial trough is followed by invasion by the sea with 

subsequent drowning of river valleys and initiation of marine sedimentation. 

During a later subsidence the first eruption of volcanic material (brecciae) 

occurred on the southwest side of the rift valley (the location being 

suggested by chemical considerations, see Chapters 3, 4). 

Marine sedimentation continues on the northeast side of the valley with 

occasional deposition of tuffaceous material derived from the activity to 

the southwest. 

Note that the area %'kiich is eventually to become the southern end of the 

Baffin province around Cape Dyer is practically devoid of sediments and 

breccias, whereas the northern and (Padloping-Cape Searle area) has an 

abundance of both. 

C) i'ase 111 

Voluminous outpourings of breccia and subaerial basalts take place to the 

temporary exclusion of the sea. Stratigraphic equivalents on opposite 

sides of the rift are not necessarily time equivalents. They could have 

been erupted later, in which case they may show a different degree of 

chemical evolution. 

Tensional stresses continue with the eventual severing of the continuous 
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continental crust along one of the former sets of normal faults of the 

rift valley. This fault plane or zone extended from the base of the crust 

at the main zone of crustal thinning to a point on the surface slightly to 

the southwest of the principal volcanic activity. 

Formation of new oceanic crust begins. 

The source area of the Baffin Island voloanics is carried away on the 

Greenland block, and therefore volcanic activity is seen to wane on the 

southwest side of the valley. Volcanism continues unabated on the north-

east side. 

est Greenland lava field is now greatly extended by the eruption of the 

feldspar-phyric basalts. This activity appears to have been continuous 

in the south, is separated from the earlier olivine basalts by a brief 

period of sedimentation in the north, and is nowhere represented on the 

now remote Baffin Island block. 

E) Phase V 

Volcanic activity declines in west Greenland as ma gma source becomes 

depleted. 

Pressure release as a result of continental rupture provides a new locus 

of volcanic activity along the aids of the rift. Although there is no 

subaerial manifestation of this, the activity was apparently sufficient 

to fill the tension cracks produced by the drifting apart of the continen-

tal blocks and, in the "wake" of the terrestrial basalta, to produce an 

aseismic ridge such as those extending out from Iceland towards east 

Greenland and Scotland (Wyville-Thomson ridge). 

Collapse of part of the west Greenland province occurs as support is 

withdrawn. 
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This model is in accordance with the list of observations ikiich required 

explanation. In particular, the apparent derivation of volcanics from sea-

ward in both provinces is satisfied, although if the base of the section in 

the southwestern reaches of Svartenhuk could be observed, a reversal of this 

direction of provenance might be seen to occur (Fig. 6 IV, V). 
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CKAP'R 3 	CHICAL M4AIXSIS AND VARIATION DIA(AMS 

I Introduction 

In Table 2, a total of 61 new analyses of Tertiary lavae from Baffin 

Island (37) and Svartenhulc Peninsula (44) are presented. These are accompanied 

by brief petrographic descriptions in Appendix A • Short descriptions of 

analytical procedures as well as information on accuracy and reproducibility 

are contained in Appendix B. Data processing into norms, discriminant 

functions and principal components was dons on an Atlas computer. 

The letter, or first letter where there are more than one, in the rfj 

Island sample.-name5 corresponds with the sampling localities on Nap 1 (in 

pocket). The sample n*anbers for the west Greenland specimens are abbrevia-

tions of a systematized G.G.U. collection, and each should be preceded by "87" 

in order to obtain the complete number; e.g. sample 629 is equivalent to 

G.G.U. 87629.  The analyses in Table 2 are arranged in the original alphabe-

tical or numerical order of collection. Major elements and normative consti-

tuents are presented in weight per cent., and trace elements in parts per 

million. 

A few remarks on the sampling procedure should be made. First, it may 

be noted that 10 of the 61 rocks analyzed are represented by samples of 

loose blocks. It was felt that this method of obtaining material was justified 

when outcrops were inaccessible or when samples of comparable freshness or 

composition to those represented by talus or boulders could not be located in 

situ. It was considered preferable to obtain samples by this means than to 

risk the implication of compositional gaps which might not exist. Normally, 

samples were taken from the lower massive portion of lava flows in order to 

avoid the possible oxidation and contamination effects associated with the 



A..6 9 A-26 :'.A.30 AA-63 

402 43.7 47.8 51.1 43.8 4.3.0 4.9,6 
TiO2  0.38 0.68 1,21 054 0.45 1,01 
Al 203 8.1 16.7 14.8 7.4 7.0 14.3 
Cr203  0.35 0.10 0.15 0.41 0,42 0,17 
Pe203  2.3 1,7 1.6 1.9 1.5 2.3 
?eO 1014 6,5 5.9 9.4 9.6 5,9 
1n0 0.20 0.14. 0,14. 0.24 0119 0,16 
MgO 26,3 11.2 0 .5 28.1 28.8 8.7 
Ni0 01 18 01 04 0.02 0.20 0.21 0.01 
CaO 6.4 12.1 14,3 6,3 5.9 14.7 
Na20 0,89 1.52 2.01 0,85 0.65 1.68 

0.04. 0.09 0.13 0.06 0.08 0.12 
P205  0.03 0.06 0.11 0.06 0.06 01 10 

1120+ 0.94 1.23 0.44 0.54 1.78 0.80 

TOTAL 100.2 99.9 100.4 99.8 99.6 99.6 

Ba 62 72 61 58 65 84. 
Cu 68 105 100 59 67 151 
G  9 20 20 8 8 17 
Rb 1 2 2 1 1 3 
Sr 79 14.9 156 76 74 131 
Y 7 17 18 14. 10 22 
Zn 6P 3 n  4.3 60 39 
.1' 31+ 74 38 60 

- - 

- 0.73 
Or 0.24. 0.54 0.77 0.36 0.48 0,72 
Ab 7.60 13.06 17.02 7.25 5.62 14,4.1 
An 18.09 39.06 31,00 16.38 16.24 31.4.7 
Di 10.95 17.06 31.33 11.70 10.39 33.37 
Hy 9.72 16.80 13.90 8.65 9,88 13.56 
01 48.76 9,35 - 51.16 53.50 - 

Mt 3.32 2.53 2.35 2.72 2.24. 3.31 
Ch 0.52 0 1 15 0.22 0.61 0.63 0.25 
I]. 0.73 1.31 2.30 1.03 0.87 1.94 
Ap 0.07 0.14 0.26 0,14 0.15 0.24 



C-4.a C-I 5 C-25b C-56 DX-.1 8 

4.2.7 44.5 45.2 4.7.4 47,9 46.5 
Ti02  0.53 0.52 0.80 0.64 1.03 0.89 

Al203 7.6 7,7 11,3 13,6 13,6 13.1 

Cr203  0,40 0.36 0,25 0,14 0,14 0,17 

Fe203  2.5 22 23 3,2 4,9 3.0 
FeO 7,9 8,7 8.2 7,0 5.8 7.5 
MnO 0,18 0,19 0,18 017 0,18 0,17 
Ygo 27,8 28,3 19.4 12,7 12,9 138 
NiO 0,22 0,22 0,12 0,05 0.05 0,05 
CaO 6.7 6.5 9.1 12,1 11,3 10,1 

Na20 0,64 0.85 1,06 1,39 1.28 1,64 
K20 0.05 0.06 0.04 0.02 0.11 0.07 
P205  0.07 0.06 0.08 0.05 0 1 11 0.09 

H20+ 2.68 0.81 2.04 1.41 0.60 2.76 

TOTAL 100.0 101.0 100,1 99,9 99.9 99.8 

B  36 36 45 32 104 69 
Cu 94 81 113 151 91 115 
Ga 10 10 14 17 17 16 
Rb 1 1 1 1 1 1 
Sr 14.1 67 92 62 148 123 
Y 12 16 21 18 21 19 
Zn 60 58 60 56 60 68 
Zr 4.2 44 56 48 76 68 

Qz - - - - - - 

Or 0,30 0.35 0.24 0.12 0.66 0.43 
Ab 5,57 7.20 9.17 11,95 10.93 14.30 
An 18.30 16.97 26,59 31.17 31.20 28.99 
Di 12.00 11.62 1i+,96 23,50 19.43 17.63 
Hy 10104 10.76 16, 04. 17.79 27.92 18.24. 
01 48.26 2+8.28 27.52 9,23 0.31 13.76 
Mt 3.71 3.16 3,35 4.66 700 4.44 
Ch 0.61 0,53 0.38 0.21 0,21 0.26 
Ii 1.04 0.99 1.35 1.24. 1.97 1.74 
Ap 0.17 0.14. 0.19 0.12 0.26 0.22 



DX-214. )X-31  

46,0 44,3 47.3 44.3 45.2 4.F.7 

Ti02  0.89 0,66 1.08 0,59 0.90 068 

Al 203 11.5 9,5 14.5 8.4 12,3 14,7 

203 0.19 0,29 0.09 0.33 0.14. 0.11 

Fo 203 2.2 2.3 5,8 2.5 3,8 3.2 
P.O 8.5 81 1 6,9 8.3 6,3 6.8 

0.18 0,18 0.18 0.18 0.16 01 19 

Ng0 16.8 23.1 tQ. 26.7 13.1 9.3 
Ni0 0.07 0017 0,03 0.20 0.35 0.04 

CaO 10,2 8.6 11,7 7.6 9,0 13,7 
Na20 1120 0,96 114.1 0.53 1.64. 1,58 

0,05 0.03 0,09 0,02 013 0,06 

P205  0,08 0,07 0.09 0,06 0,08 0.08 

p20+ 2,20 1.06 1.63 0.58 7.60 0.89 

TOTAL 100.1 99.3 99.6 100.7 100.4. 100.0 

Ba 56 12 33 37 40 36 

Cu 108 94 124. 81 137 156 
C. 1l 12 19 10 13 14 

I 1 1 1 2 1 

275 86 155 76 93 73 
Y 19 15 22 13 20 22 
Zn 60 56 54 53 65 61 

52 4.6 75 45 70 4.5 

- - - - - - 

Or 000 0,18 054. 0.12 01 83 0.36 

Ab 10,38 8,27 12,18 7,87 14.96 13,51 
An 26.27 21,95 33,52 18,56 27,68 33,07 
Di 19,92 16,55 20,02 14,68 15,93 28.13 

15,89 9,20 24.54. 7.03 24.77 17,76 
01 21,76 38.59 1,07 46.35 7.59 0.85 

3,27 3,38 5,67 3,64 5.97 4.67 

Ch 0,22 0.43 0.14 0. 4.9 0.22 0.16 
Ti 1,73 1.23 2,07 1.12 1.84 1,30 

Ap 009 007 0.22 0114 01 20 0119 



F7-41 Gb-15 Gd-2 G4-34 1-64. I-1 02 

i02 4.7,1 47,0 144.1 4.9,2 44,2 45.8 

Tb 2  0 1 91 1.01 0.58 1,27 0.84. 0.78 

A1203  13,8 14..0 8,1 14..5 10,9 11,4 

Cr203  0,15 0,11 0.34 0.07 0,27 0,27 

Fe 203 2.1 3.8 1,5 2.7 2.7 1,9 

FeC 7.9 6,8 9,1 6,2 7,4 8,3 
MnO 0,18 0.19 0.18 0.16 0.18 0,18 

MgO 13.0 12.1 26.6 8.6 19.3 18.8 

NiO 005 0,04. 0,20 0,02 0,12 0111 

CaO 12 1 0 11.9 7.4 14..4 9.8 10,2 

Na20 1,65 1,64. 0.86 1.85 0.99 1.26 

0.07 0.08 0.02 0.09 0.12 0. 04. 

P20 0.12 0.13 0.07 0.13 0.10 0.09 

1120+ 0.77 0.89 0.63 0.92 2.68 0.60 

TOTAL 99,8 :9,7 99.7 100.1 99.6 997 

Ba 55 50 33 53 57 38 

Cu 116 136 89 192 122 119 
Ga 18 17 12 21 13 16 

Rb I 1 1 1 4 1 

Sr 137 140 76 14.1 92 101 

Y 19 24 15 28 18 18 

Zn 63 65 56 47 61 52 
Zr 65 62 4.2 77 61 61 

Qz - - - 0.01 - - 

Or 0.42 0. 4.8 0.12 0.54. 0.73 0.24. 
Ab 14.10 14.,06 7,35 15.78 8.65 10.77 
Ar 30.33 31.07 18.23 31.25 25,62 25.59 
Dl. 23,42 22,13 14.70 32.04. 18.99 19,77 
Ny 9.20 15.09 7.23 13.56 11.02 8.85 
01 17.13 9,25 48.32 - 28.62 29.92 
Mt 3,06 550 2.26 3.98 !,04. 2.74 
Ch 0,22 0.16 0.51 0,10 0.41 0.4.0 
Xl 1,74 1,94. 1.11 2,4.3 1.67 1.50 
Ap 0.29 0.31 0.17 0.31 0.24 0.22 



PP-1 0 PP-18 R-13 R-16 RBB ROB 

S1 2  4.5,1 1+8,1 44.3 44.5 4.9.5 45,7 4.6,5 

Tb 2  0.61 0.96 0.60 0 1 80 1,32 0.95 0.97 

Al 
23 9,4 14,5 8.4. 9,3 14,4 13,5 13,6 

Cr203  0.28 0.10 0.35 0,33 0.05 0.12 0.14 

Fe203  2.5 1,3 1.6 3,4 2.7 5,3 5,4 

FeO 3,5 8.6 9.2 7,5 6.3 4,8 4,6 

YnO 0.18 0.18 0.18 0.18 0.17 0.16 0.16 

igO 21.1 10,8 25.3 22,7 8.0 13.0 11.2 

N10 0.12 0.03 0.19 0.18 0.02 0,0l. 0,05 

CaO 7.6 12.2 7,4 8,5 14.5 8.0 8,1 

Na20 0,84 1.74 1.07 1.08 1.91 0.89 0.83 

K 20 0.12 0.15 0.13 0.05 0.09 0.15 0.30 

P205  0.06 0.11 0.09 0.10 0.13 0.12 0.07 

Ji20+ 3.25 0,E2 0.58 0.79 0.52 7.64 8,40 

TOTAL 99,7 99.6 99.4 99,4 99.6 100,4. 100.3 

Ba 78 35 68 12 46 60 56 

Cu 83 142 55 105 108 161 207 

Ga 11 16 11 10 22 14. 10 

Rb 1 3 3 1 1 3 5 
Sr 4.58 154 94 102 177 314. 376 

Y 14 23 12 14. 28 21 21 

Zn 60 66 65 67 36 66 66 

Z  28 69 56 50 76 67 67 

Qz - - - - 0.73 3,95 7.55 

Or 0.73 0190 0,78 0,30 0,54 0,96 1.93 
Ab 7.36 14.93 9,17 9.26 16.32 0 .12 7.64 

An 22,24 31,75 17,96 20.68 30,70 34,94 35,36 
Dl. 13,23 23.19 14.74 16.90 33.01 5,64 6.27 

1-ly 24,12 13.36 6.io 11,23 11,33 35,64 30,34. 

01 26,71 11.70 4.6,98 34.30 - - - 

Mt 3.82 1,91 2.38 5.05 3.95 8,30 8.50 

Ch 0,43 0.15 0.52 0.4.9 0.07 0.19 0.22 

II 1.20 1.85 1.15 1.54 2.53 1.95 2.00 

Ap 0.15 0.26 0.22 0, 24. 0.31 0.31 



ROR __ SOG P44 T-47 T-55 

Si02 
 44,0 15.0 46.8 162 47.0 4.7.7 

Ti02  0,57 0.71 0.86 0,99 1.08 1,02 

A1 203  8.0 10.0 13.3 12.4 13.7 13.6 

Cr203  0.38 0.30 0.15 0.18 0.14 0.14 

Fe203  2.1 2.1 3.3 2.9 2.1 5.1 
FeO 8.9 8.5 6.4 7.8 7.9 5,7 
MnO 0 1 18 0.17 0.16 0.17 0.16 0.18 

)g0 26.5 21,5 13.3 14.8 12,5 12,6 

N10 0.19 0.15 0.05 0.07 0.05 0,05 

CaO 6.8 9,4  10.7 11.', 12.3 11,5 
Na20 0.95 1.11 1,42 1.52 1.67 1.70 

:&20 0 1 11 0.03 0.11 0,06 0.06 0.14 
P205  0.09 0.09 0.10 0.12 0.12 0.11 

L20.s. 0.63 0,64 3.60 1.04 1.06 1 1 00 

TOTAL 99,4 99.7 100.3 99,7 99,8 100.5 

Ba 69 37 4.5 56 50 90 
Cu 62 112 119 135 139 91 
Ga 9 13 16 16 17 19 
Rb 2 1 2 1 2 1 
Sr 79 92 121 14.8 160 152 
Y 12 15 21 18 22 24 
Zn 61 55 66 65 65 52 
Zr 51 50 63 75 75 80 

Qz -  - - - - - 

Or 0.66 0.18 0.67 0.36 0.36 0.83 
Ab 8.15 9,48 12.44. 13.07 14,30 14.4.6 
An 17,47 -2.49 30.49 27.21 29.98 29.11 
Di 12.61 19.03 19.05 23.36 24.95 21.91 
My 9,19 7.36 22.41 9,90 8,77 18.73 
01 47.02 36.36 7,76 19.41 15,94 5,13 
Mt 3.03 3,07 5.01 4.23 3,14 7.4.0 
Ch 0.57 0,4.5 0.23 0.27 0,21 0.21 
Ti 1,10 1,36 1.69 1.91 2,08 1.95 
Ap 0.22 0.22 0.25 0.29 0.29 0.26 



iif 
Si02  42.1 44.5 44.5 48.4 43.1 48.3 46.5 

TiO2  0.62 1.24 1,56 1.69 0.97 1.53 1.29 
Al 203 6.9 13.3 10.7 14,1 7.9 13,4 11,4 

Cr203  0.28 0.12 0.14 0.03 0.17 0.09 0.19 
Fe203  1.8 3.4 4.0 3,9 3.0 2.9 2.9 
FeO 9.5 6.2 7.6 8.1 9.9 7.9 8.4 
)inO 0.17 0.15 0.18 0.20 0.20 0.17 0.17 
IlgO 27.7 9.6 11.6 6.3 23.5 11.1 15.6 
NiO 0.20 0.04 0.05 0.01 0.13 0.05 0.09 
CaO 6.7 12.2 1 3.0 12.6 7.6 11.5 10.9 
N&20 0.85 1.24 1.09 2.41 0.88 2.14 1.62 

1(20 0.17 0.16 0.13 0.22 0.31 0.16 0.11 
P20 0.08 0.15 0.16 0.20 0.15 0.17 0.14 

H20+ 3.05 7.39 5.58 1.15 2.71 0.96 0.85 

TOTAL 100.1 99.7 100.3 99.5 100.5 100.1 100.2 

Ba 101 77 42 48 67 84 41 
Cu 56 137 132 224 96 201 127 
Ga 11 21 20 22 14 21 17 

Rb 4 3 4 5 6 2 2 

Sr 204 416 275 209 132 210 192 
Y 8 19 24 29 17 26 20 
Zn 61 57 66 87 68 65 67 
Zr 46 76 85 126 66 100 84 

- - 
- 1.03 - - 

Or 1,04 1,02 081 1.32 1.88 0.95 0.66 

Ab 7,41 1 1.37 9,75 20,76 7.62 18,23 13,81 
An 14.87 32.78 25.13 27.49 16.98 26.53 23.55 
Di 15.10 25.47 33.53 28.12 16.22 23.95 23.90 
Hy 0.41 20.36 14.62 11.40 6.62 1 3.29 9.83 
01 56.61 0.51 6.28 - 41.70 9.29 20.93 
Mt 2.72 5.36 6.14 5.70 4.47 4.28 4.24 
Ch 0.42 0.19 0.22 0.04 0.26 0.13 0.28 
11 1,21 2.55 3.13 3.65 1.89 2.93 2.47 
Ap 0.20 0.38 0.40 0.48 0.36 0.41 0.33 



S'02 45.4 41.6 45.8 49.0 49.8 49.4 47.9 
Ti02  1,09 0.70 1.29 2.02 2.03 2.55 	

-. 
2.93 

203 
11.2 5.5 11.5 13.8 13.9 1 3.1 14.4 

Cr203  0.23 0.25 0.19 C.03 0.03 0.01 0.02 

Fe203  3.4 3.2 2.9 2.6 4.1 4.2 4.5 
FeO 78 8.0 8.2 9.6 8.8 10.0 7.8 
MnO 0.17 0,17 0.17 0.20 0.21 0.21 0.17 

?lgO 17.8 30.6 15.7 6.1 6.0 5.3 5.3 
N10 0.12 0.27 0,09 0.01 0.01 0.01 0.01 

CaO 10.5 5.1 1O6 12.0 12.0 11.1 11.5 

1.48 0.60 1.65 2.51 2.60 2.61 277 

1(20 0.08 0.18 0.12 0.15 0.20 0.40 0.85 
P205  0.14 0.09 0.18 0.22 0.23 0.30 0.37 
H20+ 1.08 324 1.05 0.97 0.50 0.91 1.01 

TOTAL 100.5 99.5 99.4 99.2 100,4 100.1 99.5 

Ba 27 69 48 83 88 181 284 
Cu 198 76 130 235 214 245 169 
Ga 18 9 19 23 25 22 23 
Rb 1 4 3 3 2 4 15 
Sr 141 163 177 221 224 256 408 

20 12 20 30 35 39 35 
Zn 78 68 75 83 81 87 83 
Lr 73 48 89 132 136 179 208 

Qz, - - - 0.91 2.51 3.47 0.72 
Or 0148 1.11 0.72 0.90 1.18 2.39 5.10 
Ab 12.60 528 14.19 21.62 22.04 22.29 23.79 
An 23.79 12.31 24.02 26.47 25.63 22.92 24.74 
Di 21.97 10.49 22.52 26.91 26.52 25.02 24.94 
}13r 6.30 9.79 8.29 14.92 11.70 12.14 7.54 
01 27.15 54.17 22.86 - - - - 

Nt. 4.97 4.87 4.20 3.79 3.97 6.16 6.59 
Ch 0.34 0.38 0.28 0.04 0.04 0.01 0.03 
I]. 2.08 1.38 2.49 3.91 3.86 4.89 5.65 
Ap 0.33 0.22 0.43 0.53 0.55 0.72 0.89 



586  .582 5 L2 M 2k 128- 
SiO2  48.8 48.3 44.4 42.1 48.0 44.2 
Tb 2  1,46 3.12 1.19 093 2.23 1.51 

Al.2  15.1 13.6 10.6 6.4 13.8 12.3 

Cr203  0.05 0.02 020 0.29 0.03 0.09 
Fe203  5.9 7.5 3.1 2.8 5.4 3.0 
FeO 49 7.1 7,9 8.3 7.0 7.7 
!nO 0.16 0.20 0.17 0.17 0.19 0.17 

6.6 5.3 17.9 27.8 6.2 11.1 
NiO C.01 0.01 0.12 0.23 0.01 0.04 
CaO 12.9 10.7 9.8 6.2 12.5 1 3.0 
Na2O 2.21 2.64 1.41 0.98 2.49 1.53 

1(20  0.11 0.32 0.16 0.15 0.26 0.81 

P205 0.16 0.35 0.12 0.13 0.24 0.29 
F120+ 1.49 0.77 2.19 3.63 1.03 3.65 

TOTAL 99.9 99.9 99.3 100.1 99.4 99.4 

Ba 49 101 52 69 81 158 
Cu 159 331 105 47 162 135 
Ga 19 22 16 9 23 19 
Rb 1 3 3 4 2 17 

217 215 271 271 338 464 
Y 25 49 21 12 30 24 
Zn 66 99 72 72 84 65 
Zr 101 232 75 67 137 113 

4.70 6.77 - - 2.34 - 

Or 0.66 1.91 0.97 0.92 1.56 .00 
Ptb 1 9.04 22.55 12.30 8.60 21.44 11.14 
An 31.58 24.57 22.67 13.09 26.24 25.40 
No - - - - 

- 1.30 
Di 25.43 21,14 21.16 14.24 28.10 32.02 
Hy 6.67 5.30 7.31 4.69 7.49 - 

01 - - 28,05 51.70 - 16.72 
Mt 8.64 10.90 4.60 4.17 7.89 4.56 
Oh 0.07 0.03 0.30 0.44 0.04 0.14 
Ii 2.82 5,98 2.33 1.83 4.31 3.00 
Ap 0.39 0.64 0.29 0.32 0.56 0.72 



629 

46.6 

3.00 
13,6 

0.02 

3.0 

10.1 

0.20 

4.8 

0.01 

11.8 

2.58 

0.83 

0.40 

2.09 

0.77 

99.8 

275 
175 

23 

19 

396 

39 
86 

225 

63.8 

0.81 

15,8 

0.00 

4.4 

0.7 
0.13 

0.7 
0.00 

1.5 

6.15 

4.75 

0.24 

0.57 

99.6 

1150 

0 

33 
62 

108 

49 

78 
324 

si02  

A1203 
Cr203  

Fe203  

FeO 

MnO 

MgO 

NiO 

CaO 

P205 
CO2  
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6-35  b.16- Ab2 641 642 

SS-02 47.8 48.2 46.2 42.7 44.0 43.8 

TiO2  2.24 2.12 2.90 0.91 1.31 1.29 

A].203  13.9 14.4 15.4 5.8 9.5 9.1 

Cr203  0.02 0.03 0.02 0.24 0.24 0.22 

3.7 3.8 3.7 2.6 3.3 3.0 

FeC 9.2 8.2 7.5 9.1 7.3 8.5 
)lnO 0.20 0.19 0.16 0.17 0.17 0.17 

)lgO 5.3 5.9 4.4 28.9 20.7 21.0 

NiO 0.01 0.01 0.01 0.24 0.15 0.16 

CaO 11.4 12.1 11.3 5,8 8.7 8,1 

11*20  2.42 2.45 2.87 1.00 1.78 1.71 

K20 0.21 0.18 0.38 0.20 0119 0.08 

P205  0.23 0.21 0.33 0.10 C.14 0.15 

002 2.60 1.64 3.28 - - 

H20+ 0.88 0.74 1.14 1.89 2.03 2,48 

TOTAL 100.1 100.2 99.6 99.7 99.5 99.8 

Ba 70 66 136 81 69 49 
Cu 254 205 269 69 74 101 

Ga 23 24 27 10 15 19 
Rb 4 2 4 3 3 3 
Sr 229 236 304 142 265 142 

Y 30 38 38 15 17 16 

Zn 79 72 84 70 67 73 
Zr 146 137 197 68 96 84 

Qz 6.18 4.14 5.61 - - - 

Or 1,25 1.07 2.28 1.21 1.15 0.49 
Ab 20.64 20.85 24.67 8.66 15.10 14.88 

An 16.57 27.79 28.46 11.00 17.84 17.40 
No - - - - 0.20 - 

Di 10.23 17.00 4.18 14.17 20.34 18.30 

Hy 18.96 15.22 15.34 3.99 - 2.52 

01 - - 
- 54.77 37.22 38,75 

?lt 5.33 5.59 5.46 3.83 4.90 4.44 
Ch 0.03 0.04 0.03 0.36 0.36 0.33 
31 4.29 4.05 5.60 1,77 255 2.52 

Ap 0.55 0.50 0.79 0.24 0.34 0.37 
Ct 5.96 3.75 7.58 - - - 



Jk1 b-4 w 651  LU 
Si02  43,1 44.5 42.9 43.9 44.8 43.9 
Ti02  1.09 1.12 0.89 1.11 1,23 1.30 

203 7,3 10.1 7.4 9.8 10.5 9.6 

Cr203  0.23 0.23 0.27 0.23 0,22 0.21 

Fe203  2.6 3,8 2.2 3.6 4.0 4.1 
FeO 8,7 7.8 9.2 7,7 7.5 7.3 
Kno 0.17 0.18 0.17 0.17 0.18 0.17 
MgO 25.3 19.4 25.4 19.4 18.4 1 12 
NiO 0.20 0.15 0.20 0.15 0.12 0.12 

GaO 6.9 10.1 7.2 10.0 9.7 8.9 
Na20 0.98 1.31 0.91 1.20 1.47 1.20 

1(20  0.46 0.09 0.11 0.06 0.12 0.11 

P205  0.12 0.11 0.12 0.12 0.14 0.17 
H20+ 2.30 1.51 2.54 2.39 1.76 4.78 

TOTAL 99.5 100.4 99.5 99.8 100.1 100.1 

Ba 86 62 32 36 66 58 

Cu 91 127 84 131 110 122 

Ga 9 17 11 15 15 19 
Rb 7 1 1 2 1 2 

Sr 137 183 265 170 217 206 

Y 20 17 13 14 18 16 

Zn 66 71 73 67 67 85 
Zr 79 78 53 78 78 87 

Qz - - - - - 
Or 2.80 0.54 0.67 0.36 0.72 0.68 

ttb 8.53 11.22 7.94 10.42 12.65 10.67 

An 14,66 21.72 16.27 21.74 21.92 21.60 

Dl 15.68 22.26 15.57 22.56 20.55 18.62 

By 5.61 5.86 7.46 6.62 8.77 18.12 

01 46.06 30.03 46.33 30.09 26.42 20.75 
Mt 3.88 562 3.32 5.40 5.93 6.21 

Ch 0.35 0.34 0.41 0.35 0.33 0.32 
1]. 2.13 2.15 1.74 2.16 2.37 2.59 
Ap 0.29 0.26 0.29 0.29 0.34 0.42 



5i02  51.5 47..7 48.4 44.2 48.0 46.6 

TiO2  1,47 2.16 1.55 1.25 2.02 1.43 

203 15.2 14.4 13.2 9.6 14.0 12.5 

203 0.06 0.04 0.07 0.22 0.06 0.14 

F.203  3.5 4.0 4.8 4.9 2.2 2.8 

?eO 6.2 7.8 6.1 6.5 9.4 8,3 

MnO 0.15 0.18 0.17 0.17 0,18 0.17 

MgO 6.5 6.8 8.5 19.0 7.6 13.2 

NiO 0.01 0.02 0.02 0.14 0.02 0.07 

CaO 10.5 12.2 9,9 8,9 12.3 11,3 

Na20 2.75 2.38 3.42 1.54 2.38 1,82 

1C20 0.74 0.53 0.39 0.32 0.16 0.17 

P205 0.16 0.24 0.17 0.16 0.21 0.15 

H20+ 1.64 1.38 3.11 2.57 0.78 1.14 

TOTAL 100.4 99.8 99.8 99.5 99.3 99.8 

Ba 368 142 177 44 77 93 
Cu 73 187 115 110 165 143 
Ge. 22 24 17 17 24 17 
Rb 9 8 7 4 6 2 

Sr 277 342 405 204 292 221 

1 22 29 27 15 30 23 
Zn 72 70 72 76 61 65 

Zr 145 146 92 76 129 90 

Qz 3.37 - - - - 

Or 4.43 3.18 2.39 1.95 0.96 1,02 

Ab 23.57 20.47 29.98 13.45 20.44 15.61 

An 27.40 27.34 20.22 1.96 27.53 25.4 
Di 19.28 26.27 23.31 20.14 26.95 23.96 

Fly 13.54 11.07 7.02 8.90 10.60 9.10 

01 - 0.93 6.32 26.09 5.79 16.99 
Mt 5.07 5.92 7.19 7.32 3.24 4.16 

Ch 0.09 0.06 0.11 0.33 0.09 0.21 

U. 2.83 4.17 3.05 2.45 3.89 2.75 
Ap 0.43 0.58 0.42 0.39 0.50 0.36 
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chilled margins, as well as to avoid the possible zeolite-bearing vesicles 

of the upper parts of the flows. Evidence suggests that the zeolites are 

of manatio origin, including 

occurrence of seolites at the centres of rapidly chilled blocks in the 

breocias 

the presence of zeolitea in cavities in the sidernelane where diffusion 

rates of, and/or permeability by, aqueous solutions are presumed to be low 

restriction of zeolitee to certain flows in the volcanic sequence; note-

worthy are the seolite-bearing "grey flows" found amongst the predominantly 

feldspar-çhyric basalts, which have vesicle in.tiflings of agate 

However, rather than prejudice the entire batch of analyses towards any 

specific concept of seolite origin, samples were analyzed as they came from 

the field except for the removal of weathered surfaces. Sample 599  with 

approximately 2% of aiqgdaloidal seolites was analysed both with its zeolites 

(599) and without (599w). Similarly, sample 513,  representing the leuco-

cratic differentiate of a thick flow (the base of which is represented ty 

512), was analysed both with (513)  and without (513)  its zeolitea. Both of 

these latter compositions are plotted on most of the variation diagrams, and 

usually the tie line 512-513+  more nearly matches the over-all trend in the 

province than would the one for 512-513, suggesting that the province evolved 

with potential mageat1ic zeolitee, rather than having had than formed as a 

separate event at some later date. Either that or they may be the products of 

a later mild deuteric event which did not allow oouinunication between altera-

tion effects in adjacent flows. 

A perusal of the analyses in Table 2 may raise the question as to why so 

many apparently cunialitic rocks were analysed, since in any meaningful discussion 
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of fractionation trends liquid compositions are required. This question is 

fully answered in Chapter 4, the foundation of which is that liquid composi-

tions in equilibritsn with peridotite at high pressure and l, pressure may 

have very different compositions. This is not to say that some olivine 

cumulates have not been analyzed, but there appear to be criteria for dis-

tinguishing between what were high-pressure picritic liquids and what may be 

just 1-pressure, olivine-rich cumulates precipitated from a slightly 

undersaturated basaltic magma. 

Several notable features of the analyses are listed below: 

there are high level, of MgO and correspondingly high Cr and Ni in most 

of the basalt* 

breccias are characterised by 1 20 4 > 3.00% and are often associated with 

slightly lower level. of )lnO and sometimes erratic enrichment in Sr 

the so-called "incompatible elements" (Ringwood, 1966a) (i.e. elements 

which are largely rejected from the structures of the major silicate 

phases of basalta) including, amongst others, Ti, K, P, Zr, Rb, Sr, Ba and 

Y are generally rrkably low, even for t1xleiites (comparisons are made 

in a succeeding section) 

smnplee A5 and 6; AA-19, 26, 30 and 63 were taken from a single flow 

showing strong intra-flow differentiation; similArly, PP-10 and 1; R-13 

and 16; 512, 513 and 513; in most of the variation diagrams these intra-

flow differentiates are joined by tie lines 

all specimens were analyzed for Pb but none was found to be above the 

theoretical lower limit of detection of 6 p. 
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III, Variation Diagra 

A modified Harker variation diagram with )IgO as abscissa was first 

introduced by Powers (1955). This type of diagram (Fig. 7A, B) is very 

useful for the Baffin Bay basalts since (1) there is a greater range in MgO 

than in any other oxide; (1.1) field relations suggest that fractionation of 

o].ivine has been the principal mechanism in controlling differentiation; and 

(1.11) the correlation coefficient between MgO and the Thornton-Tuttle differen-

tiation index (1960) is large. Therefore, )gO may be used as a simple and 

meaningful index of differentiation. 

Several general features may be noted in Figs. 7A, B such as the slightly 

lower level. of SiO2  and A1203  in Svartenhuk, whereas in the same rocks total 

Iron and the minor elements are slightly higher. 	In the case of each oxide, 

parallel, converging or even coincident trends are developed along '*at may 

be described as fairly long control lines. Extrapolation of the CaO, TiC2  and 

trend lines to their zero points suggests that the removal of a phase 

with 42-46% MgO could have been responsible for the observed variation. In 

addition, that phase should consist of roughly 13.5% total iron as Fe203  and 

39-41% Si02. Compositions of olivinea (Door at al,, 1962) corresponding to 

the Baffin Bay olivinea, determined by X-ray diffractometer, have also been 

plotted. It may be seen that the removal of forsteritic olivine from the most 

picritic compositions (or addition or removal of olivine to or from some 

intermediate composition) could effect most of the observed variation. Also 

plotted on these diagrams are the intra-flow differentiates and the Svartenhuk 

feldspar-.phyric basalt.. It Is clear that the evolution of the feldspar-phyric 

basalts cannot have been controlled simply by olivine removal, since the 

late-stage trends are usually widely divergent from the olivine control lines. 

The development of these rocks is discussed in the concluding section of 



Fig. 7A, B. MgO Variation Diagram. 

• - Olivine analysis (Deer at a]., 1962, Vol. 1, Table 2, 

Anale. 7-10). 

Fig. 8. 	MgO-Ni Variation Diagram. 

K • Kilauean basalts (Nocko].de and Allen, 1956). 

N - Mauna Loa baaaltz (Nockolda and Allen, 1956). 

N - Nuanatsi baealte (Jamieson, pare. conia.). 

Fig. 9. 	Ti02-Zr Variation Diagram, 

Fig. 10. 	Ti02-P205  Variation Diagram. 

Fig. 11. 	120 P205 Variation Diagram. 

Fig. 12. 	CaO-T Variation Diagram. 

Fig. 13. 	C&0.-Sr Variation Diagram. 

Fig. 14. 	Total Alkalis-Silica Variation Diagram. 

Line of Macdonald and Katsurs (1964)  separates tholelitea 

from alkali basalta of Hawaii. 

Fig. 15. 	A-F.M Variation Diagram. 

A - Na2O + K 20 	F - Total Iron as Fe 203 	14 - MgO 

Fig. 16. 	C-N-K Variation Diagram. 

C - CsO 	N-Na20 	K-K20 

Fig. 17. 	K-Rb Variation Diagram. 

It! 

• Baffin Island normal lava or breocia. 

o Baffin Island intra-flow differentiate. 

A Svartenhuk normal lava or breccia. 

.;varten1mk intra-flow differentiate. 

Svartenhuk trachyte. 

Tie lines join intrs-flaw differentiates. 
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Chapter 4, which deals exclusively with late-stage differentiation, it is 

also worthy of note that trends are not easily defined for 1(20 , partly because 

of the extremely low levels involved, with consequent analytical problems, 

and partly because many compositions appear to have been erratically enriched 

in 	.Chis departure from linearity for potash is due in part to (1) the 

reaction of magma with sea-water in the case of the breccias (E-2, RBI3, 

DB); and (ii) possible sporadic contamination by reaction with acid country 

rocks, involving addition of K and Rb. These would be among the easiest 

elements to transfer to the magma, and the effect would be very noticeable 

when superimposed on the previously low levels of these elements. This 

erratic behaviour of potash is seen later in Fig. 11. 

Fig. 8 illustrates the strong coherence between nickel and magnesium 

oxide • In a system governed principally by fractional crystallization of 

forst.eritic o].ivine, both Ni and hg are quickly removed from the liquid, the 

Ni occupying Fe 2+  sites in the growing olivine structures. The correlation 

coefficient for this pair of elements is 0.99 for Svartenhuk and 0.95 for 

Baffin island, indicating a high degree of linearity. Although on this 

particular diagram it would appear that the Greenland rocks lie at the most 

primitive (i.e. least evolved) end of the variation (high )gO, high NiO), in 

this case it might only indicate that there are more compositions represented 

.ith strongly cumulative olivine. However, the NiJMg ratios for the Greenland 

rocks are on the average slightly higher than those for Baffin Island, and 

an explanation will be given later for this difference. The trend of MgO 

against Ni extrapolated back to approximately 45 MgO, i.e. the concentration 

in the olivine being removed, gives Ni values for the olivines of approximately 

3000 ppa. 

The simplest  sort of variation diagram involves the plotting of one 
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element or oxide against another. while this type is of fairly limited 

value, in this instance it does serve to show the recurrent similarity, not 

only in absolute values, but also in ratios and trends between the two suites 

of basalta from Baffin Bay. 

Fig. 9 illustrates the relationship between two incompatible, tetravalent, 

minor elements, Ti and Zr. Zirconium substitutes for titanium when titanium.. 

bearing minerals are cr3ret. 11 zing (Taylor, 1965),  but if they are not being 

formed then both elements tend to remain in the liquid phase. Note the very 

close coherence of these two elements, the degree of overlap between the two 

basalt suites and the similarity in the trend of enrichment. This type of 

relationship, a single overlapping trend with the Baffin Island suite lying at 

the primitive and of a linear variation, holds true for other pairs of 

incompatibles such as K20..P205, Ba..P20
50 

 I(20-Rb, etc. Fig. 10 again demon-
strates this relationship between Ti02  and P2059  which are chemically die- 

4n11r but which share a common incompatibility with fractionating phases 

and therefore show a strong coherence. In these two diagrams the general trend 

of the tie lines joining intra-flow differentiates, and therefore representing 

the course of fractionation at 1 atmosphere, floe parallel to the over-all 

trend in the suites. This might seem to suggest the possibility that all the 

observed variation is due to near-surface differentiation processes. However, 

since this eiricheent is based on total rejection from crystVIizing phases, 

it does not provide a distinction between fractionation at 1 atmosphere and 

any other pressure. 

In addition to titanium and phosphorus, the other main incompatible 

element is potassium. With its very large ionic radius (radius 
J4 - 1.33A), 

potassium should epitomize the characteristic enrichment of this group of 

elements in the liquid. Fig. 11 shows a reasonable correlation between 
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potassium and phosphorus of the same type as in the first two diagrams, but 

it is marred by the previously discussed erratic behaviour of 1(20. 

Ae mentioned earlier, one of the more notable features of these variation 

diagrams is the coincidence of the trends drawn for the two suites, with the 

field of Baffin Island points always lying to the more primitive end of the 

variation. This feature is approximated in Fig. 12 where a major element 

oxide, CaO, is plotted against a trace element, Y. Since yttrium normally 

occupies calcium sites when substituting for a major element but Is not taken 

preferentially over calcium in plagioclase or augito, the ratio Y/CaO in the 

liquid phase should increase with fractionation. In this diagram there Is 

strong overlap of the two trends at the primitive end of the variation with 

slightly decreasing Y/CaO ratios. The point of departure comes in the more 

evolved feldspar—phyric basalts of Svartenhuk which have rapidly increasing 

Y/CaO ratios. 

The relationship between another pair of chemically related elements, 

calcium and strontium, is represented in Fig. 13. ith the exception of the 

several erratic Baffin Island breccias with high r, there is practically no 

overlap between the suites but rather the parallel arrangement which was 

evident when calcium was used before in Fig. 12. The diagram, at least, shows 

the Baffin suite to have a lower Sr/Ca ratio, which is in keeping with the 

conclusion reached In other figures, i.e. that the Baffin suite is more 

primitive. 

Another case in which a nearly perfect separation has been effected 

between the two lava suites of Baffin Bay occurs on the total alkalis—silica 

variation diagram (Fig. 14) which shows that 

1) the line of Macdonald and Katsura (1964), intended to act as a boundary 



37. 

between alkalic and tholeiitic basalta, is inapplicable to the rocks of 

Baffin Bay 

the alkali-silica ratio is lower, i.e. more primitive, in Baffin Island 

rocks than in those of comparable Sb 2  levels on Svartenhuk 

the evolutionary trends given by the intra-flow differentiates of Baffin 

Inland parallel the main trend 

the two provinces show convergent trends back towards a composition of 

very low tote], alkalis and approximately 4051 silica, probably olivine; 

addition and rval of olivine from parental magma of intermediate com-

position will produce the observed trends 

The familiar A-F-11 diagram (Fig. 15) shows two main features: (1) the 

strong overlap between the two suites, although this feature in itself is 

no criterion of over-all similarity; and (ii) more significantly, the orien-

tation of the trend towards iron enrichment is very similar in the two 

suites • The other well-known triangular diagram, CaO-44a 20-K20 (Fig. 16), 

serves to demonstrate the strong Impoverishment in alkalis, notably K 2O, in 

Baffin Bay rocks. 

IV. K/Rb Ratios 

As a result of the work done by Gast (1960, 1965), Sngel s, Engel and 

Havens (1965)  and Nurthey and Stueber (1967)2  a high K/Rb ratio has become 

synorrnous with primitiveness. Shaw (1 96) has reviewed all the available 

data and has delineated three stages of fractionation based on the rate of 

decrease of the K/Rb ratios. However, he erroneously states that the ultra-

high K/Rb ratios in the range 1000-3500 are shown by "a].l and only" oceanic 

tholciltes and achondritic meteorites. For example, the Discovery II 



baealte of )fr at a]., (1964) have K/Rb averaging less than 300. Also, some 

of the Baffin Bay basalte almost certainly contain less than the quoted value 

of 1 pptn. Rb (the lower I i m1 t of detection) # and therefore some of the K/Rb 

ratios should rise to well above 1000. (Three samples with the rounded-up 

value of 1 ppn. Rb and one with 2 ppn. Rb have K/Tb 1000; Fig. 17.)  This 

feature suggests a degree of similarity between Baffin Bay basalts and some 

deep oceanic tholeiites. 

K/Rb ratios in the 9 Svarterthuk basalts which contain more than 5 ppn. 

Rb have been calculated and show a general decrease from a value of 682 in the 

northeast to 364 in Arfertuarssuk. The two trachyt.es in Arfertuarsauk 

(samples 625, 630), which probably represent late-stage derivatives of the 

basalts, are characterized by the high K/Rb ratios of 651 and 637 respectively. 

Fractionation trends leading to K/Rb enrichment in siliceous rocks are not 

unprecedented (Shaw, 1968), but at present the mechanin is imperfectly 

understood. 

Sample 670 gave K/Rb - 221, suggesting that the intrusion of sills in 

the ordlortup kua valley and possibly Itsako was a late-stage event in the 

volcanic history of the province. 

Y. hecapitulation or Variation Djagrani 

It will have been noted in the previous discussion that the Greenland 

suite is related to the Baffin suite in one of two ways (Fig. 18). In the 

first case the variation in the two suites combines to form an overlapping 

Linear trend, e.g. when pairs of incompatible trace elements are plotted 

against one another. In the second instance two parallel trends are generated, 

as is the case when a trace element is plotted against its related major 

element or when some combinations of major elements are plotted against one 



Fig. 1 , Recapitulation of Variation Diagram Types. For explanation, see 

text. 

shaded area - Baffin Island axite. 

blank area - Svarterthuk suite. 

o - Baffin Parental Composition 

- Svarterihuk Parental Composition 

LP • low pressure 

HP • high pressure 
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another. It is proposed to show that there may be no fundamental difference 

between these types of diagrams and that, in particular, the failure to 

achieve overlap in the second type does not preclude the two suites being 

related in exactly the same sense as the first type. 

The simplest case involves the plotting of two incompatible trace elements 

against one another (Fig. 18A).  On the diagram the direction of evolution 

caused by crystal fractionation is shown. These incompatible elements, by 

definition, increase linearly independently of pressure, although the rate of 

increase, relative to changes in the major elnte, is probably larger during 

high—pressure eclogite fractionation, when the fractionating phases are close 

in major element composition to the liquid from which they are being removed 

(C'Hara and Yoder, 1967).  It is therefore impossible to ascertain from this 

type of diagram the depth at which crystal—liquid fractionation is taking 

place. 

The second case (Fig. 18B) is analogous to the relationship between 

calcium and yttrium (Fig. 12) 9  in which the early low yttrium basalts are 

overlapping to a certain extent in a parallel fashion. There can be no doubt 

that the alignment of the intra—flow differentiation tie lines defines an 

early low—pressure fractionation trend, almost certainly dictated by removal 

of olivine (12i),  in which both Ca and Y are increased in the residual liquid. 

It is also apparent that once calcic plagioclase becomes a fractionating 

phase, calcium is depleted in the melt while ! continues to increase ( 122). 

However, the original side—by—side configuration of points still remains to 

be explained. In this particular case, if there had been some slight degree 

of fractionation at high pressure, i.e. eclogite fractionation, the Ca in 

the residual liquid would be little changed but the Y would have increased 

substantially, leading to a higher Y value for later eruptives. This could 
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well explain the differences in the average incompatible element concentra- 

tions between the two suites, where in every instance the "parental" magma on 

west Greenland is enriched in these elements relative to Baffin Island. This 

is shown in Table 3, and the method of selecting "parental" compositions is 

discussed in Chapter 4. 

The final example (Fig. 18C) is analogous to the alkali-silica diagram 

(see Green and Ringwood, 1967,  Fig. 8). Again the intra-flow differentiation 

tie lines define the low pressure effect of olivine removal. The trend of 

fractionation at high pressure is to increase the alkalis without increasing 

silica, and therefore material erupted at the surface, having undergone this 

process at depth, will inevitably show the effects in the form of alkali 

enrichment. There will therefore appear to be two parental magmas on which 

the effect of olivine fractionation at low pressure wi].1 be to produce a con- 

vergent trend in olivine cumulates and a divergent trend in olivine-impoverished 

compositions. 

The conclusion to be drawn from this investigation is that the Baffin 

lavas were probably erupted first while the potential west Greenland magma 

fractionated for a while at depth. The effect on the latter was to raise the 

average level of incompatibles by a factor of 1.5, corresponding to about 35 

of eclogite fractionation, all mineralogical traces of which have apparently 

been lost. It should be pointed out that all three relationships in Fig. 18 

could be produced by a greater degree of partial melting of mantle peridotite 

for the Baffin Island parental magma and then possibly simultaneous eruption 

of the two batches. It is even conceivable that eruption on Baffin Island 

post-dated the eruption of the west Greenland material after an interval of 

further partial melting. These possibilities will be considered in more 

detail in Chapter 4. 



TABLE 3 

Comparisons of Ineopstib1. Element Cono.ntr*tions 
in Likely Parental Material 

TiO2X20P20, Rb Sr* 	Be 
TO. 

Baffin 	 0.77 0,06 0.08 50 1.4 162 	40 17 13 

Svartehuk 	1.23  0111 0.14 79 1. 6  195 	49 18 17 

EF Sy/liaf 	1.6 1.8 1.8 1.6 1 1 1 - 	 1 1 2 111 1.3 

Avg. EF Sv/Baf • 1.5 

T:10 2* 20 and P205  in weight per cent.; remainder in parts per minion. 

- Enrichment Factor 

ST 	- S'vartsnhuk 

Bat - Baffin Island 

- Sr includes some erratic values and is not included in the average. 



Fig. 19. Histograms Based on Thornton—Tuttle (1960) Differentiation Index, 

40 Svarterthuk bealts. 

37 Baffin Island basalte. 

24 Svartenhuk olivine basalta with numbers of possible primary 

compositions in differentiation index intervals. 

24 Baffin Island olivine basalta with nwnbera of possible 

primary compositions in differentiation index intervals. 

48 Baffin Bay olivine basalts (C + 
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VI. Statistical Treatment 

A) 

 

Histo=-ams  

The histograms of Fig. 19 illustrate the manner in which selection of 

chemical analyses for principal components analysis and discriminant function 

analysis was made. They also show several interesting aspects of the Petro. 

graphic groupings. The differentiation index of Thornton and Tuttle (1960) 

was used as the basis of variation because of its inclusion of all the major 

oxide components and its relative insensitivity to erratic values or errors 

in determination. It is arguable whether there are sufficient analyses to 

regard the numbers in certain class intervals as significant; however, 

several general relationships may be discussed, based on the assumption that 

sampling of the various rock types has been representative. If there is 

genuinely an 8 km. thickness of olivine-rich basalte in Svartenhuk, then the 

frequency of analyses with low differentiation indices i8 too low in Fig. 

19. The assumption of representative sampling is not valid in the case of 

the 37  Baffin Island analyses (Fig. 19B); this will be discussed later. 

In Fig • 19A there appears to be a trirnodal distribution of points in 

Svart.enhuk with peaks at differentiation indices of 10-12, 22-24 and 30-32; 

these correspond to oLivine basalt, normal feldspar-phyric basalt and evolved 

feldspar-phyric basalt respectively. In addition, there are the two trachytee 

of Arfortuaresuk, with differentiation indices of 88 and 92, with apparently 

no representatives between them and the strongly differentiated basalts. This 

trlinodal or, if the trachytea are included, quadrimodal, frequency of occur-

rence is probably real and, if so, then it points up an interesting feature 

of the Svartenhuk province as a whole. It would suggest that eruption in 

Svarterthuk was susceptible to periodic bursts of activity. The continuity of 

trace element trends across the class-frequency troughs makes it very likely 



that these bursts are part of a long differentiation process rather than 

consisting of new and quite separate magm batches. The initial voluminous 

outpouring was of olivine-rich basalt which gradually waned to a minimum 

with corresponding 1). 1. values in the range 20-22. It is interesting to 

note that the single analysis in that class-frequency mirdniim is of the only 

sill analyzed in the whole suite (sample 670). Fractionation of the non-

erupted portion of the initial magma batch may be believed, for the purpose 

of the present discussion, to have taken place in a magma chamber or conduit 

until conditions were favourable for renewed eruption. This second phase of 

activity tapered off at D.I. - 28-30. The third peak is interesting in that 

it contains not only the expected samples 589 and 638 from the top of the 

section in Svartenhavn and Arfertuarseuk, respectively, but also samples 661 

and 664 from the base of the section on the east coast. (At the same time 

it should be noted that this same curious juxtaposition also occurs in Fig. 

191) 9  where the two samples with the highest D.I. are E-2 from the very base 

of the section in Cape Searle and T-55 from the top of a landelipped block 

on Padloping Island, being probably equivalent to the topmost flow on the 

undisturbed part of the section.) The explanation offered for this feature, 

which shows early basalts to be strongly fractionated, is that these may 

represent the first liquids which came up the conduits and hence have suffered 

an abriormal degree of heat lose to the surrounding country rock. This extreme 

cooling, coupled with the possibility of intensive reaction with wall rock at 

depth (Green and Ringwood, 1967), has led to a chemically evolved appearance 

in the first eruptives. The magma which Imediately followed these initial 

liquids is imagined to have passed quickly and unmodified through the preheated 

conduit lined with reaction products. 

In order to carry out principal components analysis and discriminant 
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function analysis, it van considered reasonable to compare only the olivine 

basalts on Svarterthuk, as the feldspar-phyric basalte are not represented on 

Baffin Island. By eliminating all 13 feldspar-phyric basalts, 2 within-flow 

differentiates, the 2 highly evolved specimens from the base of the section 

and I sample analyzed without its zeolites, the raimber of analyses was dropped 

from 142 to 24. Similarly, the removal of 6 within-flow differentiates and 2 

altered breccias, the reduction of A.5, AA-.26 and AA-30 from a single flow at 

Cape Byer to an average analysis, and the averaging of the 4 dykes at Cape 

Searle which fell in the D.I. range 12-14 to one analysis, lowers the original 

total of 37 analyses also to 24. In the case of the 4 dykes, averaging is 

justified on the grounds that this number is out of all proportion to the 

abundance of dykes in the Baffin Island province. As may be seen from the 

histograms in Figs. 19C #  D, to have left these four compositions in might 

possibly even improve the degree of correlation in the discriminant function 

analysis. 

Written above the differentiation intervals in Figs. 19C, D are the 

ntunbers of possible parental compositions (see Chapter 4) in that category. 

It may be seen that the Baffin Island parental material is more primitive than 

the Svartenhuk parent ( a relation already noted in this chapter), with modes  

occurring at D. I • values of 8-10 and 12-14 respectively. Both groupings of 

24 olivine basalts are roughly unimodal, with the Baffin group being skewed 

and the Svartenhuk group more nearly approaching a normal distribution. Also, 

the sum total of 48 Baffin Bay olivine basalts (Fig. 19E) ethibita only a 

slightly skewed distribution. Thus the prerequisite before F-ratio teats can 

be applied in the discriminant function analysis is satisfied, namely, the 

approximation of the arrays of points to normal distributions. 
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B) Correlation Coefficienta 

The correlation coefficient, r, Is calculated from the formula 

h L2  Ix,/y 

where x1  is the 1th variable in the x array, Yj is the jth  variable in the 

array, R and are the respective means, N the total number of samples and 

a. and sy the variancies of each of the x and y arrays respectively. The 

value of r can range from (-1) to (+1), i.e. from a perfect nagative to a 

perfect positive correlation. INben r) the two variables are not correlated. 

In Table 4 all correlation coefficients in the divine basalt,s greater 

than 0.80 are presented, together with the accomparring coefficient from the 

other province and that for the feldspar—phyr'ic basalta, even if these are 

less than 0.80. In a suite of lavas where compositions are controlled by 

olivine fractionation, strong correlation coefficients are expected between 

MgO and most other oxides,, some varying antipathetically simply because 

removal of olivine boosts those elements in the liquid not involved in the 

formation of olivine (e.g. A1203  Na20, TIC)2, Zr, Cu, Y, Ca). Others showing 

strong positive correlations are Ni and Cr, both intimately associated with 

the olivinee or enclosed chroxnian spinal. Most of the other strong correla-

tions have been discussed elsewhere in Chapter 3. Of particular interest are 

the strong correlation coefficients associated with yttrium and gallium and 

especially those involving MgO. Their near—perfect incompatible behaviour is 

demonstrated later in Figs. 25A, B. 

Had the Rb values been higher (they are often below the lower limit of 

detection of the analytical method used) in the Baffin Island suite, a larger 

correlation coefficient with 1(20  would have been expected. This feature has 
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TABLE 14. 

Extracts from Tables of Correlation Coefficients 

Upper coefficient (Baffin Island olivine basalta); 
middle coefficient (Svartenhuk olivine basalts); 
lower coefficient (Svartenhuk feldspar-phyric basalta). 
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TABLE 5 

Average Analyses and Discriminant Functions 

Avg. B.I. Av."Evart. DF I Avg. Kil59  Avg. Kil60 DF 2 

3102 46,2 4-5.6 3,5 48, .3 14.9,6 -23.1 

Al 203 11.0 10.2 0.2 11.6 12.6 4.0 

Fe203  2.9 3.1 16.8 1.9 1.8 15.9 

FeO 7.9 8.4 17.2 9.9 9.9 17.9 

MgO 19.7 19.4. 6.5 13.4 9.9 1.0 

CaO 94 9,5 11.3 9,9 9.8 17.7 

Na20 1,20 1,47 10.1 1.93 2,33 - 4,3 

1(20 0.07 0.20 13.4. 0.4.7 0.56 56.0 

Tb 2  0.78 1.25 48,0 2,31 2.81 35,7 

P 
2 

 0 
5 

0.09 0,15 -24.0 0.23 0.31 -226.0 

MnO 0.18 0,18 -54.1.7 0.18 0,18 -30,1 

Avg. B. I. - 	 Average of 24- Baffin Island olivine basalta 

Avg. Svart. - 	 Average of 24- Svar-tenhuk olivine basaita 

DP I - 	 Discriminant function for 4.8 Baffin Bay olivine basalts 

Avg. 1(1159 - 	 Average of 23 basalta from the 1959  summit eruption of 
Kilauea 

Avg. Kil60 - 	 Average of 17 baaalts from the 1960 flank eruption of 
Kilauea 

1)? 2 - 	 Discriminant function for 40 Kilauean basalts erupted 
in 1959-60 



TABLE 6 

Summary of Discriminant 'unction Analy8i3 

Range of 	Mean 
Population 	Sub-Population Sample Discriminant Discriminant F-Ratio 

Size 	Index 	Index 

{ - 

{ 



been demonstrated in Fig. 17. However, when these two incompatible elements 

rise to higher levels, strong correlation coefficients are generated (see 

section on late-stage differentiation in Chapter 4). 

In short, all the high correlation coefficients agree with the theory 

of fractionation of olivine alone during the initial stages. 

C) Diacrimiriant Function Analysis 

Diecriminant function analysis is concerned with properly identifying 

the origin of a sample on the basis of certain measurable characteristics. 

Chaye8 (1964, 1965) and Cbayes and Metals (1964) have been concerned with the 

environment of derivation of various suites of rooks, notably an attempt to 

distinguish between oceanic and circum-oceanic basalts. Although the geogra-

phical significance of such a discrimination is no longer valid, the discri-

minant function is still useful for classifying "magmatypee". 

The question arises in the study of these basalts as to whether it is 

possible to find a discriminant function which will correctly assign an 

unlabelled analysis to one side of Baffin Bay or the other. It was hoped that 

the inability to find a flat with a low density of points between the two  

suites in 11-dimensional Euclidian apace could be construed as the paramount 

argument in favour of regarding these basalte as having been randomly derived 

from one statistical population, or in geological tenna, petrographic province. 

The arguments involved in selecting the discriminant function are discussed by 

Krumbein and Graybill (1965). 

The discriminant function for the 48 olivine basalta of Baffin Bay, 

DL?1, is given by a vector of discriminant coefficients in Table 5. In order 

to obtain the discriminant index of any analysis, each oxide is multiplied by 

the corresponding discriminant coefficient, and the cross-products are eunined 

and compared with an arbitrary boundary value. 
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The results of the discriminant function analysis are suuii.rized in 

Table 6. In the case of the 48 Baffin olivine basalts a perfect separation 

was effected between the two suites through application of the discriminant 

function, D;1. • The value of the F-ratio was so large as to force a rejection 

of the null hypothesis, i.e. the mean discriminant index of Baffin Island 

equals the mean discriminant index of Svartenhuk. In a control case where 23 

analyses of material from the awmd.t eruption of Kilauea in 1959 were compared 

with 17 analyses of material erupted on the flank of the same volcano in 1960 

(analyses taken without bias from Murata and Richter, 1966), the discriminant 

function, DF2, of Table 5 was obtained. The results are euumsx'ised in Table 

6, which shows again a perfect separation of the two sub-populations and an 

F-ratio so large as to force again rejection of the null hypothesis. 

hat may be deduced from this analysis? First, it has produced an 

unbiased and purely statistical assesnent of the probability that each pair 

of samples may be regarded as having been derived from one population. In 

both cases the statistical verdict is negative. Second, it has provided 

potentially useful functions for cataloguing analyses of unknown material. 

But most important, the Kilauean teat case has denonstrated that statistical 

rejection of identity does not preclude a rational geological explanation of 

derivation or relation and does not preclude geographical association. There 

is nothing in this statement which is not already intuitively )a,wn about all 

igneous provinces. In the case of the Hawaiian material, the 1960 flank 

eruption has been regarded by Murata and Edchter (1966) as a mixing of the 

mmjnit magma with a "rest liquid" from an earlier eruption of Kilauea, the 

latter having evolved by means of crystal-liquid fractionation in a high level 

maa chamber. In the case of the Baffin Bay basalts it has already been 

suggested that the observed differences between the suites might be attributable 



4,. 

to eclogite fractionation. It is now proposed to test this hypothesis further 

by means of principal components analysis. 

D) Princina). Comnonentp Analysis 

Method 

A simple explanation of the method of calculating principal components 

is given by Hope (1967), and a geochemical application of this method has 

been demonstrated by Le Maitre (196). In essence, the method permits 

simultaneous examination of variation in any number of variables, in this 

case the 11 major oxides of ba8a].te. For example, in the Baffin X1.aM suite 

of olivine basalts the 24 analyses, each consisting of 11 oxides, can be 

regarded as a distribution of 24 points in 11-dimensional Euclidian space 

defined by 11 orthogonal axes. Principal components analysis examines this 

distribution and extracts a line corresponding to the direction of maximum 

spread of the points; i.e. the sum of squares of the distances of all the 

points from a 10-dimensional flat is a maximum. The first principal component 

is then a vector perpendicular to this hyperplane, i.e. the best straight 

line fit in 11 -d inensional hyperepace. Once the first principal component has 

been extracted from the distribution, the method then selects the direction of 

the largest remaining spread of points perpendicular to the first axis in 

exactly the same manner. This direction is termed the second principal compon-

ent. The method continues until all the variation is accounted for in a new 

set of 11 orthogonal vectors, each successive vector accounting for progres-

sively less and less of the total variance in the 24 samples. 

Results 

The first four principal components, ,èttch are just functions of the 



original. analyses, are given in Table 7  for both groups of 24 olivine basalte 

and the combination of all 48 olivine basalt analyses. Note that the first 

four principal components in Table 7 account for 92.5% and 94.8% of the total 

variance in Baffin Island and Svartenhuk respectively. 'hen the 48 analyses 

are combined as a group, the first four principal components still account for 

92.5% of the total variance. .lso note that in each case heavy positive 

weighting is given in the first principal component to FeO and MgO, which 

largely control the rest of the variation by their removal in the formation 

of olivine. 

When all 48 Baffin Bay olivine basalte are taken as a group and plotted 

on a principal latent vector variation diagram (Le 14aitre, 1968), the axes of 

the diagram will no longer account for the msirtnimi  variation in each of the 

provinces. liever, the alternative of trying to make comparisons of diagrams 

with slightly differently oriented axes is not possible. In Fig. 20 only the 

centroid is sham for each province. 

(3) Interpretation 

Earlier in Chapter 3 it was suggested that the cause of the somewhat more 

evolved appearance of the Svartenhuk basa].te, especially as regards the levels 

of the incompatible elements, may have been due to a brief period of eclogite 

fractionation while the magma was being held at depth prior to eruption. This 

theory is substantiated In the six principal latent vector variation diagrams 

involving all combinations of the first four principal components, which 

account for 92.5% of the total sample variance. In these it is seen that a 

modest removal of the bimineralic eclogite pair, omphacite plus pyrope, or 

the average biniineralic eclogite from kimberlite (Kuahiro and Aoki, 1968), 

could effect a shift of the Baffin centroid so as to coincide with that of 

Svartenhuk. 
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Fig. 20. Principal Latent Vector Variation Diagrams (after Le Maitre, 1968). 

• Average of 24 Baffin Island olivine basalte. 

A Average of 24 Svartenhuk olivine basalta. 

0 Average of 6 b4nnera1ic eclogites from Kimberlite (ICuehiro and 

Aoki, 1968). 

1 Pyrope (Deer at a).., 1962. Vol. 1, Table 17 Anal. 1). 

2 Pyrope (Deer at a).., 1962. Vol. 1, Table 17 Anal. 2). 

3 Omphacite (Deer at a).., 1962. Vol. 2, Table 23 Anal. 1). 

4 Cnphacite (Deer at a).., 1962. Vol. 2, Table 23 Anal. 5). 

5 Labradorite (Doer at a).., 1962. Vol. 4, Table 16 Anals. 

11, 14). 

6 Olivine (Deer at al, 1962. Vol. 1, Table 2 Aria).. 10). 

7 Olivine (Deer at al., 1962. Vol. 1, Table 2 Anal. 12). 
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In Fig. 7A, B it was noted that the Svartenhuk suite as a whole is 

poorer in SiC29  A1203  and N&2O but richer in total iron and Fe/Mg than the 

Baffin group. These differences in the major elements can be generated by 

a slight preferential resoval of garnet over omphacite from the Baffin 

parental ns•  A further predictable effect of eclogite fractionation is 

an increase of the CaO/Mg0 and decrease of the Na20/120 ratios in the 

residual liquids (O'Hare and Yoder, 1967 s  Pig. 5). These ratios are 0.48 

and 7.8 for the 24 Baffin olivine basalta and 0.49 and 7.3 for the 24 Svarten-. 

huk olivine basalts, respectively. Although the difference in CaO/14g0 is 

probably not statistically significant, at least the direction of change is 

in agreement with predicted variation if eclogite fractionation has been in 

operation. During eclogite fractionation in which no olivine is being 

removed, it may also be possible for Ni and Ni/Mg to increase; the higher 

ratio is a feature of the Svartenhuk basalta (Fig. 8). 

At this point the warning of L. Maitre (1968) should be kept in n4id, 

i.e. "as there are an infinite number of solutions of what suet be added to or 

subtracted from one composition to produce another, the presentation of a 

mathematically correct solution is not, by itself, conclusive proof that such 

a process is geologically valid 1' • Therefore eclogite fractionation is not 

proven but remains within the realm of possibility as a mechanism for raising 

the level of the incompatible minor elements without greatly affecting the 

major element chemistry. 

The usual practice of comparing whole,  rock analyses has been resisted on 

the grounds that major element chemistry is too dependent on modal per cent. 

and type of phenocryst phases as well as the entire, complex history of 
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fractional crystallization. Instead, it is proposed that comparisons be 

restricted to the incompatible oxides and trace elements. These oxides are 

also susceptible to wide variation caused by the degree of partial melting 

of the mantle as well as by the type and extent of subsequent fractionation, 

it throughout both of these processes (except in the first few per cents. 

of partial melting which are probably not represented at the surface) the 

behaviour of the incompatibles should be nearly linear. Contamination can 

also have a profound influence and may produce departure from linearity and 

yet, in spite of these problems, it is evident from the data in Table 8 that 

each tholeiitic province has a unique assemblage of incceipatibles, represent-

ing the sum total of all the effects operative in that province. For instance, 

the incompatible element "fingerprint" of Hawaii is characterized by high 

Ti02  (11acdonald and Katsura, 1964),  whereas those of the Nuanetsi and Northern 

Karroo areas (Cox et al., 1 967) show high K20, and because of such pronounced 

features these groups are distinguishable from other provinces. 

Engel, 1ige]. and Havens (1965) have classified the deep oceanic tholeiltes 

as primary mas on the basis of their low incompatible elements, their high 

Na/K and K/Rb ratios and their low Sr87/86 ratios. In Table 8 the best matched 

of the incompatible groups from different environments is that of Svartenhuk 

with the deep oceanic tholei.ttes (rows 2 and 4; • it has already been demon-

strated elsewhere in this chapter that the Baffin Island suite tends to lie at 

the primitive and of any variation trend, and the average (Table ) repeats the 

claim for a parent-daughter relationship with the Svartenhuk lavas. In passing, 

it is worth noting the degree of similarity between the Svartenhuk basalts 

and the Sk&ergaard marginal chill (rows 2 and ii), raising the interesting 

question of a possible relationship between east and west Greenland Tertiary 

manas. 



TABLE 8 

Comparison of Incompatible Minor Elements in Tholeiite 

Tb 2  
K 
2  0 

P 2  0 5 

 0.78 0.07 00 	1 
 1.25 0.20 0.15 	) 
 2.29 0.39 0.2 	J 

 1.36 0.16 0.13 	1 
 1.60 0.18 0.12 °o 	ca;ic 
 1.40 0.49 0.19 	J 

 2.09 0.13 0.27 
 2.50 0.38 0.26 	J 

} 

L 	13 
11. 1.1+0 0 1 19 0.07 

12, 0.57 0.64 0.12 
 0.80 0.80 0.1 

 1.47 0.64 
 2.69 1.59 0.41 
 3.01 1,62 0.4.9 
 1.13 0.74 003 
 2.68 0.57 0.3 6  
 1.77 1.02 0.72 

Avg. 24 Baffin Island olivine basalts (Table 5). 
Avg. 24 vartenhuk olivine bazalta (Table 5). 
Avg. 15 Svartenhuk feldzpar-phyric basalts. 
Avg. 21 deep oceanic tholebites (Nicholls at a].., 1964; Engel, Engel and. 

Havens, 1965; Engel, Fischer and. Engel, 1965). 
Avg.  9 mid-Atlantic ridge basalts from Atlantis Expedition at 50°N. (Muir 

at a].., 1966). 
Avg. 8 mid-Atlantic ridge basalta from Discovery TI Expedition at 4.50N. 

(Muir at a].., 1964.). 
Avg. 13 tho].eiites from Palolu, Hawaii (Macdonald and Katsura, 1964.). 
Avg. 181 tholeiltes from Hawaii (Macdonald and Katsura, 1964). 
Stillwater chilled margin (Hess, 1960). 
Bushveld chilled margin (}1e55,  1960). 
Skaergaard chilled margin (Hess, 1960). 
Avg. 5 d.oleritea from Farrar, Antarctica (Gunn,, 1966). 
Avg. 21 chilled dliabasas from Antarctica (Hamilton, 1965). 
Avg. Cascade basalt (Carmichael, 164.). 
Avg. 42 'limburgites' from Nuanetsi (Jamieson, pars. comm.). 
Avg. 29 basalts from northern Province, Karroo (Cox at a].., 1967). 
Avg. 21 basalts from Basutoland (Cox and Hornung, 1966). 
Avg. 12 lower Deccan traps (west, 1958; Sukheswala and Poldervaat, 1959). 
Avg. 21 upper Deccan traps (Sukheawala and Poldervaart, 1958). 



TABLE 9 

Comparison of Incompatible Trace Elements in Tholeiites 

Ba Ca Rb Sr I 

 4.9 13 1.3 126 17 55 

 69 16 3.6 215 19 82 

 143 23 285 33 156 

 15 i '-13 120 44 97 

 234 11 17 280 - 51 

 780 - 32 850 - 297 

 772 - 726 - 314 

 256 16 <30 190 23 85 

Avg. 24 Baffin Island olivine ba1s. 

Avp. 24 vartenhuk olivine basal. 

Av. 15 Svartenhuk feldspar-phyric bazalta. 

Avg. 15 deep oceanic tholeiitea (Engel, Engel and Havens, 1965; 
Engel, Fischer and Engel, 1965). 

Avg.  7 mid-Atlantic ridge basalta from Discovery II 3xpe&ition 
at 4.5 0N. (Muir et al, 1964). 

Avg. 1+2 'limburgites' from Nuanetsi (Jamieson, Pere. comm.). 

Avg. 29 basalte from Northern Province, Karroo (Cox et al., 1967). 

Avg. 21 basalts from Basutoland. (Cox and Hornung, 1966). 
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The comparison of incompatible trace elements (Table 9)  becomes much 

more difficult because of the lack of reliable data. Not enough provinces 

are represented, but on the whole it is seen that the general tenor of the 

Baffin Bay incompatibles is very low. However, clear-out distinctions between 

groups are not as obvious as in Table 8. when dealing with elements in the 

partsperailhion range, it 1s probably necessary to consider the added effect 

of mantle inhomogeny, for which there appears to be other evidence (Gast at 

al., 1964; Powell et al., 1965;  Green and Ringwood, 1967).  In some of the 

provinces where the incompatible trace elements are very high, eclogite 

fractionation may have been very important prior to eruption of the magm  

(O'Hara and Yoder, 1967). 

The conclusion to be drawn from the comparative tables is simply that 

the two suites of Baffin Bay basalte are similar and, at the same time, 

sufficiently distinct from other ccmanatic provinces to suggest that they 

may belong to a single petrological province characterized by low levels of 

incompatible elements. 
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CHAPTR 1 	 PETROGENE$IS 

I. Introduction 

The problem of basalt petrogenesis is one that has received considerable 

attention, especially in the last decade. Ance 1957  each Year Book from the 

Geophysical laboratory in 'aehington has. a1ed more relevant and increasingly 

sophisticated information towards the solution of this particular problem. 

Gradually other experimental laboratories have followed suit, and, although 

the ultimate solution has not been reached, nevertheless increasingly severe 

limitations are being placed on wildly speculative theories. 

This chapter will deal first with projections of the basalt compositions 

in the simple normative basalt tetrahedron at atmospheric pressure. A section 

is then devoted to reviewing both the case made for regarding the upper 

mantle as consisting of garnet peridotite and the reasons for believing that 

at high pressure such a rock will yield a hypersthene-normative picritic 

liquid on partial. melting. The Baffin Bay basalta are then plotted in the 

modified lime-magnesia-alumina-silica (CI4AS) tetrahedral projection, and the 

chapter concludes with a discussion of their petrogenesis. 

11,  Simple Normative Basalt Tetrahedron 

Zoat of the variation diagrams in Chapter 3 would suggest that to explain 

the genesis of the suite of Baffin Island basalts is to explain the origin of 

both suites. However, those diagrams were based mainly on selected pairs of 

elements and may therefore have been unrepresentative of the bulk rock compo-

sitions. A diagram which involves all the major components would be more 

desirable, and this is to be found in the form of the normative basalt tetra-

hedron similar to those first used by Tilley (1961) and Coombe (1963).  In 

this case the CIPJ normative constituents (weight per cent.) are plotted at 
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the four corners of the tetrahedron in the following manner: 

Olivine - normative (forsterite + fayalite) + olivine component of 

nonnative byperethene 

Clinopyroxene - normative clinopyroxene 

Plagioclase - normative (albite + anorthite) 

Quartz - normative quartz + quartz component of normative hyperethene 

Projections are given from all corners of the tetrahedron. In three 

cases the 1 atmosphere dry "coteotic&' (lying on the lower surface of the 

primary phase volune of the projecting phase) of the synthetic system, 

Fo-Di-An-Qz, and the "natural" system, Oliv-Cac.-Plag-Qs, are shown. Thus, 

the liquid surface bounding the primary phase volume of the projecting phase 

is being projected onto the base of the tetrahedron. The abbreviation 

"cotectic" when referring to the "natural" system will be used throughout to 

denote the locus of liquid compositions in equilibrium with the phase from 

which each projection is made, plus the two other phases indicated on the 

diagram. The natural coteotice have been obtained by plotting, in each pro-

jection s, published basalts with experimentally investigated phase relations 

and from these constructing the partial pseudo-quaternary phase diagrams. 

)oat of the experiment.el work has been done by Tilley et al. (1963, 1964, 

1965, 1967)9 although a few data points have been obtained from the work of 

Kuno (1965) and Green and Ringwood (1967). 

If the observed variation in these rocks is controlled mainly by olivine 

fractionation, as has been suggested by Fig. 7, then a view of the variation 

from the olivine corner of the tetrahedron should reveal a strong clustering 



Fig. 21. Simple Normative Basalt Tetrahedron, Olivine Projection. 

Fig. 22. Simple Normative Basalt Tetrahedron, Clinopyroxene Projection, 

Fig. 23. Simple Normative Basalt Tetrahedron, Plagioclase Projection. 

Fig. 24. Simple Normative Basalt Tetrahedron, Quartz Projection. 

Ornamentation as in Fig. 7. 

Solid Lines - Univariant equilibria in the aynthetio system 

Fo-Di...An-Si02 , except Fig. 24, where synthetic 

system represented is Fo-Di-An. 

Broken Lines - Pseudo-univariant equilibria in the rtural 

system Oliv-Cpx..Flag-cz as determined from 

melting relations of basalts. 
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of points about an olivine control line. This is, in tact, the case and in 

this projection there is no possible separation of the two suites. Also note 

the followings 

all points project remote from the z corner 

the position of the majority of points relative to the natural cotectic 

Oliv + Cpx + Flag + Liquid suggests appearance of Cpx as second phase after 

Oily, contrary to the petrographically determined order of appearance of 

phases 

those points projecting in the natural field of Oily + Flag are some of 

the strong intra-flow differentiates of Baffin Island and feldspar-phyric 

basalts of Svartenhuk 

When the projection point is a phase which, in the sequence of crystal-

lization, appears third or later, the diagram may not yield useful information 

about the early stages of crystallization. Given this limitation, the 

following points should be noted: 

no Sp + Cpx + Liquid field is encountered; the Sp primary phase volim 

enters the tetrahedron along the Fo-An join in Na- and Fe-free compositions 

it does not meet the Di volume and is rapidly suppressed by the addition 

of Na and Fe (Levin et a].., 1964) 

the synthetic invariant point Dl + Fo + An + En + Liquid shifts towards 

Flag in the natural system, thereby extending the field of crystallization 

of olivine at the expense of plagioclase 

the pseudo-univariant line drawn for natural rocks, which is the locus of 

liquid compositions in equilibrium with Cpx + Cliv + Flag, approximately 
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divides the predominantly olivine-phyric from the predominantly feldspar- 

phyric compositions 

all compositions project close to the plane Oliv-Cpx--Plag, remote from the 

Qz apex and essentially on an olivine control line 

most Baffin Bay basalte appear to project within the primary phase field 

of Cpx + Oliv except for the feldspar-pbyric basalts of Svartenhuk, for 

some of which the first two phases may be Cpx + Plag; the feldspar-phyric 

basalta are discussed in detail in a later section 

the end-members of intra-flow differentiation (open oriment) appear to have 

evolved along olivine control lines 

C) Plaioclase Prorlectipn (Fig. 23) 

This projection adds little to the previous two figures. Again it demon-

strates that the field of Cpx crystallization from experimentally investigated 

natural basalts appears to be too large, as observed phase relations in the 

Baffin Bay basalts do not detect entry of Cpx phenocryets as early as suggested 

by the natural cotectic Flag + Oliv + Cpx + Liquid. The widely scattered 

points in this projection include those feldspar-phyrio baealts strongly 

enriched in plagioclase (the projecting phase) and two altered breccias from 

Baffin Island. 

Because all points plot far from the Qz apex of the tetrahedron, compar-

ison with the synthetic system Fo-Di-An (quartz-free base of the tetrahedron) 

should be meaningful. As usual, the partial phase diagram (natural system) is 

also shown, and, in addition, the following should be noted: 
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both suite* of basalts plot on nearly identical, long and well-defined 

olivine control lines 

enlargement of the field of Cpx at the combined expense of Oliv and Flag 

in the natural system again predicts appearance of Cpx as second phase in 

the Baffin Bay basalts, contrary to observed phase relations 

In order to lend support to the hypothesis that olivine has been the 

phase principally responsible for the observed fractionation trends rather 

than some other phase or combination of phases, each sample has been recal-

culated in terms of the most picritic member in its province minus a calcul-

ated amount of olivine, using Fig. 24 as a basis. The calculation of the 

enrichment factor is simply the ratio of the distances from the olivine corner 

to the sample and the most picritic rook, and this is the factor by which all 

elements not involved in the composition of olivine are increased in the 

residual melt. For the incompatible elements there should be a one-to-one 

correspondence between the enrichment factor and weight per cent. (or ppn.) 

of these elements. This feature is shown in Figs. 25A,  B, which demonstrate 

an approximate one-to-one correlation between minor elements and the enrich- 

ment factor for all olivine basalts in the two provinces. On the same diagrams 

it may be seen that the concentration of nickel simultaneously drops at a far 

greater rate than the rate of increase of the incompatibles, confirming that 

divine and not some other, (Ni-poor), phase is precipitating. 

E) Smeiriv 

In the foregoing projections it was demonstrated that the quaternary 

univariant loci of liquids in equilibrium with the projecting phase and two  

others in the relevant synthetic systems were not coincident with the natural, 

pseudo-quaternary univariant equilibrium curves. The differences in positioning 



Fig. 25. Incompatible Elements vs. Enrichment Factor based on Olivine 
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are caused principally by the introduction of Na and Fe into the natural 

system and this has the effect of expanding the primary phase volumes of the 

ferromagnesians against that of plagioclase. 

In the divine projection (Fig. 21) most of the points lie above the 

lower surface of the olivine primary phase volume, although some compositions 

are projected up onto this surface from a primary phase volume below. As 

most of the COmpOBitiOfl8 in the olivine primary phase volume crystallize 

plagioclase as second phase it is proposed that a new pseudo-univariant line 

be drawn between the synthetic and natural ootectics. Predictions based on 

this new equilibrium curve would then agree with the observed phase relations. 

In the clinopyroxene projection (Fig. 22) most, if not all, of the points 

lie below the primary phase volume of Cpx. The divariant surfaces between 

the Fo + An, and Oliv + Flag primary phase volumes are nearly vertical in 

this projection. Although it would have to be confirmed by melting experi-

ments, more of the plagio cla se-rich, olivine-poor intra-flow differentiates 

(open ornament) would be expected to crystallize plagioclase before olivine. 

Therefore, a new pseudo-univariant line on the lower surface of the dm0-

pyroxene primary phase volume may be required between those already drawn for 

the synthetic and natural systems. 

In the plagioclase projection (Fig. 23), the divariant surfaces again are 

nearly vertical arid, as it stands, the natural pseudo-univariant line Flag + 

Oliv + Cpx + Liquid indicates a premature entry of clinopyroxene in these 

rooks. That is, some of the compositions between the natural and synthetic 

univariant lines might be expected to crystallize Flag + Oily as the first 

two phases, especially the one normal Baffin Island basalt (FD-11) which has 

phenocrysts of olivine and plagioclase, and possibly one of the Svartenhuk 

compositions (664) which has only olivine phenocrysts. 
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In the quarta projection (Fig. 24)  the phase relations predicted by the 

synthetic univariant equilibrium curves lying below the Baffin Bay basalt 

compositions are more nearly correct than those predicted by the natural 

pae'ido-univariant curves lying above. The curves appropriate to the Baffin 

Bay basalte should lie somewhere between these two extremes. 

In general, then, the satisfactory representation of observed crystal-

lization in these basa].te would require the drawing of loci of liquid composi-

tions in pseudo-quaternary in-, mono- and di-variant equilibria which are 

intermediate between those obtained for the pure synthetic system Fo-Di-An-Qz, 

and those obtained from natural basalte which are not only Na- and 7.-bearing, 

but also enriched in K20 and T102  relative to the Baffin Bay basalte. 

III. Theories Concerning the Nature of the Upper Mantle Copoeitjo and 

Derivative Partial Melts at High Pressure 

A) Garnet Peridotite as a Likel& Upper Mantle -  Ccmmosition 

The attempt to sample the mantle directly (Project Mohole) having been 

abandoned, we must continue to rely on information from the various geophysi-

cal and geological disciplines for knowledge about the mantle. The data thus 

obtained serve to place stringent limits on the composition of the upper 

mantle and these are briefly reviewed here. 

The P-wave velocities of 7.9-8.4 km./sec. obtained immediately beneath 

the M-discontinuity are matched only by those in dunitee, eclogites and 

peridotite s (Birch, 1952, 1961). Density considerations (Clark and Ringwood, 

1964), the observed sharpness of the Moho boundary (Bullard and Griggs, 1961) 

and the failure of a basalt-eclogite transformation to account for both the 

continental and oceanic seimnic discontinuity (Bullard and Grigge, 1961; 

Oxburg, 1964;  Cohen et a).., 1967)  argue strongly against aclogites occurring 



in any great quantity immediately below the Moho. Earthquake foci apparently 

connected with volcanic activity suggest that basalt magmas are derived from 

the upper mantle • If this region were eclogitic, complete melting would be 

required to create a basaltic composition (Yoder and Tifley, 1962; O'Hara and 

Zercy, 1963; Cohen at al., 1967),  and more eclogite nodules might reasonably 

be expected in the erupted lavas. Also Yoder and Tilley (1962) have ehown 

that melting relations of eclogites, with olinopyroxene and garnet as nearly 

si nil taneoue liquidue phases, suggest that eclogite is the partial melting 

product of some other rock, e.g. garnet peridotite. However, O'Hara (1965) 

cautioned that eclogitee probably do not represent the entire liquid formed 

by partial melting of a more primitive rock at high pressure but rather an 

accumulate from that liquid, since the temperature of beginning of melting of 

bimineralic eclogite is well above that of garnet peridotite (O'Hara,, 1963a). 

Heat flow measurements have shown that average values for continental and 

oceanic areas are practically equal, with a flux of 1.2 micro-cal./cm. 2/sec. 

(Dullard and Griggs, 1961; Clark and Ringwood, 1964). Quite apart from the 

mantle inhomogeriy that this implies regarding the radiogenic isotopes of K, 

U and Th, the significant point is that the observed beat flow is approximately 

equal to the value that would be expected if the earth had an over-al.1 

cho ndri tic composition (Macdonald, 1959). 

On the assumption that chondrites, representing the most abundant 

meteoric material, approximate undifferentiated average cosmic material, it 

has often been suggested that the earth also has a similar bulk composition 

(ljrey, 1952).  This theory receives considerable support from isotope geo-

chemistry, which has shown that the stable isotope ratios of N. C, 0, Si and 

S in chondritic meteorites and terrestrial ultramafic rocks are indistinguish-

able (Taylor, 1967).  However, the ohondritic model is not without opposition. 
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Total alkali contents and especially alkali ratios (Gast, 1965;  Mw'ty and 

Stueber, 1967)  would suggest an achondritic model to be more appropriate. 

Also, creation of the postulated iron core from an originally ohondritic 

earth would leave the mantle with a residual composition close to that of 

orthopyroxene (O'Hara and )lercy, 1963), which is incompatible with the observed 

elastic properties of the upper mantle (Birch, 1952). 

The consensus of opinion then, amongst geophysicists, is that the upper 

mantle is composed of mat Ic or ultramafic material • With eclogite ruled out 

on both geophysical and geological, grounds, further petrological considera-

tions will permit a more precise definition of the composition and mineralogy 

of the upper mantle. 

Kimberlitee, because of their association with diamonds and other high-

pressure minerals, have long been regarded as derivatives of the upper mantle. 

O'Hara (1967) has shown from clinopoxeno compositions that ultramafic 

inclusions in klmberlite appear to have been drawn off the continental geo-

thermal gradient at pressures of 30-45 kb. Also, Harris at a].. (1967)  did 

some statistical work on nodules in basalts and kimberlites and decided that 

the most probable mantle compositions were either pyroxene peridotite (i.e. up 

to 35 pyroxene) or garnet peridotite. Of a].]. the ultremafio xenoliths that 

kimberlites bring to the surface, including garnet harzbirgites, harzburgitee, 

•c].ogites and lherzolites (Ito and Kennedy, 1968), the abundant garnet perido-

tite fragments alone could be regarded as undifferentiated mantle material 

capable of giving rise to basaltic liquids on partial melting. For this reason, 

such compositions as dunitos, harzthrgites and lherzolites are excluded. 

These more probably represent either residuals of partial melting of some other 

rock or crystal cunElates from a basic magma (O'Hara, 1968). Similarly, the 

strong association of peridotite nodules with alkali olivine basalte (O'Hara 
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and Mercy, 1963) suggests a genetic relation between these two compositions. 

These nodules could represent cognate accumolat.es from a liquid intermediate 

in composition between the peridotites and alkali olivine basalt, although 

this deduction has not gone unchallenged (Ernst, 1965; Davidson, 19671 Harris 

at .1., 1967).  On the basis of strong similarities in Sr87/86 ratios between 

basalts and the ultraaafic inclusions in ldmberlite, Stueber and Murthey 

(1966) decided that this evidence favours a garnet peridotite upper mantle. 

Using a somewhat different approach, Ringwood (1962a, b; 1966a, b), 

Ringwood at a].. (1964) and Green and Ringwood (1965, 1967)  in a series of 

papers devised a scheme of matching a chondritic composition with a 3:1 mixture 

of dunite and basalt which they named pyrolite. They have shown that this 

composition is characterized by several minersl assemblages under varying P-T 

conditions, including plagioclase, spinel and garnet peridotite. They con-

cluded that mineralogical zoning consequently may exist in the mantle, 

thereby providing an explanation for the layering inferred from seismic 

studies. 

In short, garnet peridotite meets the requirements of geophysical and 

petrological considerations and will be treated in further discussions as the 

currently most acceptable mantle composition. What remains to be discussed, 

at this stage, is the behaviour of such a crrnzposition under conditions of 

partial melting at high pressure. 

B) Partial Melting Product of Garnet Peridotite at High Pressure 

Bowen (1928) stated that "large amounts of olivine never occur in solu-

tion in magmatic liquids", large amounts being defined as greater than 12-15%. 

However, Bowen added the qualification that large amounts of olivine my 

have been in solution "at an earlier time" and, although the prevailing 
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conditions of that time were not specified, Bowen almost certainly meant 

that the olivine was of cumulative origin and 'waa never in solution in the 

liquid now represented by the groundmass'. This idea prevailed for nearly 

twenty-five years, after which it began to be challenged by Draver (1952), 

who examined the evidence both for and against gravitative accumulation of 

olivine • Later Drover (1 956) and Drover and Johnston (1957) decided that the 

delicate skeletal olivinec in certain of their picritic compositions from 

Ubekendt Island, west Greenland, could not be explained other than by crystal-

lization in situ. They cited some experimental work on quenched picritic 

compositions which developed olivine habits similar to those in the Ubekendt 

material, and in the light of this work they called for a raising of the 

olivine solubility in a basaltic magma to 25. Nevertheless, they did not 

suggest that there might be any special pressure-temperature conditions 

required for this increased solubility. 

In a series of papers (O'Hara and Mercy, 1963; O'Hara and Yoder, 1963, 

1967; O'Hara,  1963b, 1965, 1968) 0  O'Hara has pioneered the attempt to define 

the composition of the first and successive liquids produced during partial 

melting of garnet peridotite at mantle pressures. From an early date it was 

pointed out that the liquid generated at depth need not necessarily have 

compositions like basalte of high crustal levels; i.e. the whole concept of 

basalt as a "primary" mana was being challenged. At the same tine, it was 

clear that this high-pressure liquid must have a reaction relationship with 

orthopyroxene and also be able to lose divine if bimineralic eclogitee were 

ever to be formed as cumulates from that liquid at elevated pressures. 

O'Hara and Yoder (1963) and O'Hara (1963b) suggested that the partial melting 

product of 4-phase peridotite (i.e. olivine + 2 pyroxenes + alumina-rich 

phase) should be either a hyperethene- or a nepheline-normativo picrite in 
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composition. They argued from the phase relations that the liquid on partial 

melting would have to be 5i02-poor relative to the kperathene eclogit.e thermal 

barrier (Fig. 260 9  and since garnet was likely to be a major phase entering 

the first liquid, the CIPW norm of that liquid was expected to contain both 

olivine and hyperathene, O'Hara (1965) cautioned that only rarely would this 

picritic liquid be brought to the surface unmodified. Further refinement 

led O'Hara and Yoder (1967) to state unequivocally that "the partial melting 

product of garnet-lherzolite at 30 kilobare has the composition of a hyperethene.. 

noriative picrite basalt". Ito and Kennedy (1967) arrived at the same conclu-

sion regarding the partial melting product of their peridotite (KA64-16) at 

40 kb. and confirmed qualitatively, at least, the decidedly picritic nature of 

the early liquid. Because of the difficulty of quenching the s'"l 1  amounts 

of liquid produced, no workers so far have obtained a direct chemical analysis 

to confirm the inferences concerning the normative affinities of the early 

formed liquids. 

In the synthetic system, Davis (1964)  and Davis and Schairer (1 965) dia-

covered that the partial melt of a composition in the plane Fo-Di-Py at 40 kb. 

produced a liquid with a normative composition approximating AnDiEn 26F0201  

i.e.  a hypersthene-normative picrite. 

IV. "C)IAS" Projections 

While the simple normative basalt tetrahedron of Yoder and Tilley (1962) 

provides an adequate framework for studying phase relations at 1 atmosphere, 

its usefulness in unravelling the petrogenetic knot is limited. It is the 

phase relations, at likely mantle pressures, which need investigation in order 

to ascertain the composition of partial melts produced at depth, as well as 

possible fractionation schemes under Isobaric and polybaric conditions, i.e. 



Fig. 26. A. Part of the CMAS tetrahedron to illustrate that the partial melt-

ing product of garnet peridotite at high pressures may be a 

hyperethene-normative picrite. 

The stippled plane En-Di-Py is coincident with the plane of 

natural bimineralic eclogites, Cpx55-Gnt35, and is a thermal 

barrier at 30 kb. Therefore, olivine- or quartz-bearing eclogitee 

will begin to melt at temperatures lower than those for biminer-

alic eologit.es. All compositions on the Di-Py join are divine 

normative; therefore, the liquid produced by partial melting of 

olivine-rich hypersthene eclogite (garnet peridotite) must be 

undersaturated relative to the high pressure divide and thus be 

picritic. 

The normative character of the liquid depends on the propor-

tions in which garnet (high normative hyperethene) and olinopyro-

xene (normative nepheline) enter the first liquid. The position 

of the first liquid in the melting of bimineralic eclogite at 30 

kb, relative to the Di-Py join is such that the liquid will be 

hyperethene normative • Since Coc and Ont are the principal 

phases entering the first liquid in the melting of garnet perido-

tite, and assuming they do so in approximately the same proportions 

as in the melting of bimineralic eologites, the high pressure 

partial melt of garnet peridotite will be a hyperethen,-normative 

picrit.. 

B. Enetatite (145) Projection onto C2S3-14S-A2S3(Fig. 27). 

Olivine (1425)  Projection onto 05-148.-A (Fig. 28A). 

Olivine 	Projection onto 04-A (Fig. 28B). 

Diopaide 	Projection onto C3A4.-S (Fig. 29). 
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Fig. 27.  CMAS Tetrahedron, Enatatite (14S) Projection onto C 2S3-S-A2S3 . 

Compositions Us on a strong olivine control line '*kioh may be 

subdivided into three segments along its length. 

Group I Cumulates. 

Group II Possible primary compositions* 

Group III Evolved compositions. 

Fig. 28. A. GAAS Tetrahedron, Olivine ()423)  Projection onto CS-MS-A. 

B. CMAS Tetrahedron, Olivine (1423)  Projection onto C-1IS-A. 

Fig. 29.  (AS Tetrahedron, Diops1e 	Projection onto C3A.-M-S. 

Ornamentation for these figures as in Fig. 7. 
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to ascertain the complete history of the liquid. 

The method for reducing the multicomponent analyses into the 4-component 

14II has been described by O'Hara (1968). Fig. 265 shows the positions of 

the four planes of projection used in the following discussion. 

As expected, the variation within the two suites lies along a well-

defined olivine control line up to the point where the feldspar-phyric be eel ta 

predominate. There is also the considerable degree of overlap that is noted 

in previous variation diagren. Both suites show a roughly trimodal distri-

bution in that they can be divided into three groups along the length of the 

olivine control line. An explanation of this feature, involving a continuous 

path of fractionation upon which has been superimposed discontinuous eruption 

of material, is adopted here. The three groups are now discussed in detail: 

Group I The points in this group are either olivine-enriched bases of thick 

flows (mainly on the Baffin Island side) or recognizably cimaUtic 

flaws (mainly on the Greenland side), characterized by large olivine 

phenocrysts as opposed to the more common microphenocryb.3. There-

fore, at least some, and perhaps ail, of the points in this grouping 

may be regarded as high-level cnnulktes and are thus not particularly 

relevant to any discussion of derivation of the entire suite of rocks 

from the mantle. 

Group II At least in Svartenhuk this group of points consists of a petro-

graphically and stratigraphically distinct suite of lavas, character-

ized by olivine microphenocrysta (or skeletal olivines) and everywhere 

occurring at the base of the volcanic pile, i.e. the first eruptives. 

The stratigraphio distinction is not as clear on Baffin Island, but 
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petrographically they are also characterized by a profusion of 

divine microphenocryste and show no tendency towards olivine 

cumulus enrichment. 

Group III This group consists of the leucocratic segregation veins in thick 

flows (mainly on Baffin Island), olivine-poor basalts from both 

areas and the feldspar-phyric basalts (Svartenhuk only). This 

grouping is also of small importance when consideration of the 

partial melting of the mantle is involved, because both petro-

graphic and chemical evidence suggest that these are the products 

of low-pressure fractionation. 

The pressure-dependent positions of the pseudo-invariant point in the 

natural system (0' Hera, 1968) are also plotted on this projection. This 

pseudo-invariant point is described by the equilibrium Oily + Opx + Cpx + 

Al-Rich Phase + Liquid, where the aluminous phase may be plagioclase, spinal 

or garnet, depending on the pressure. In addition, partial cotectics for 

some 4phase & : uiUbria are shown. Note that with increasing pressure the 

composition of the pseudo-invariant point becomes increasingly picritic. 

At a pressure of approximately 30 kb., the points in Group II (i.e. those 

being neither olivine cumulates nor late-stage liquids) roughly coincide in 

projection with the position of the pseudo-invariant point. Therefore, not 

only can these compositions be Daz-ental. to Groups I and III at low pressure 

through addition and removal of olivine, but also they may represent a primary 

liquid (the unmodified partial melt of the mantle) at 30 kb. The concentra-

tions of incompatible elements in these rooks are primitive relative to other 

tholeiltea, thus supporting the idea that they may be primary liquids. These 

Group II compositions (samples C-25b, DX-24 and 31, 1-64 and 102, P-5, R-13# 



S-28, 539, 544, 548 1  592 9  648, 651, 655 and 658) will be used in the subse-

quent discussions of petrogenetic models. 

B) Projection 2: Olivine 	onto OS-)S-A (Fir. 28A) 

By analogy with the olivine projection in the simple basalt tetrahedron 

(Fig. 21), the view along an olivine control line in this projection should 

show a strong clustering of points. In fact, what emerges is a short, but 

well-defined, trend back towards the 14S corner. Four possibilities may be 

considered by way of explanation: 

The trend might reflect a period of earlier (say, intermediate pressure) 

fractionation of orthopyroxene (Green and Ringwood, 196,0 9  i.e. a " fossil 

trend" or proliferation line (Cox, 1967).  However, there 18 no corroborative 

petrographic evidence such as large xezorysta or partially resorbed pheno-

crysts of orthopyroxene (Jamieson, 1966). 

The trend might reflect an increasing degree of partial melting in the 

mantle, during which increasing amounts of the orthopyroxene (4S) molecule 

are entering the liquid in the equilibrium harzburgite + liquid, i.e. under 

conditions of advanced partial melting. If this mechanism is the cause 

of the trend, then the positions of the loci of liquids in equilibrium 

with olivine end the three other phases taken in pairs indicate that mantle 

melting must have been taking place in the pressure range 10-20 kb. Also, 

it should be demonstrable that rough indices of primitiveness such as the 

levels of 1(0  or P 2  0 5 would behave in a linear fashion along the trend, 

which, in fact, they do not. 

Errors in the determination of Na20 will produce a shift of the points 

directly along what would appear to be an orthopyroxene control line in 

Fig. 28A. The degree of shift may be stated as being approximately 25% 
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apparent removal of En per 1% absolute of Na2O error. 	Flame photometric 

analysis of soda is better than 2% of the amount present, therefore 

representing at worst 0.5% apparent removal of En. On the scale of these 

diagrams this error could not be detected. 

4) The trend could be merely a projection effect resulting from the geometry 

and therefore have no petrogenetic significance. The line of sight from 

olivine through the points in the body of the tetrahedron intersects the 

projection plane CS4-A at a very oblique angle. This will cause a three-

dimensional cylinder of points along an olivine control line to plot as 

an ellipse on the projection plane, with the long axis of the ellipse lying 

in the sane plane as the control line and apparently back towards the MS 

corner. This is in fact what is observed, and a qualitative confirmation 

is available in Projection 3 (Fig. 28B) discussed below. 

Even with the trend ignored, the positions of the 1 atmosphere cotectics 

do not agree with the petrographically determined order of crystallization. 

As in the simple normative basalt tetrahedron, a set of cotectics intermediate 

in position between the natural and synthetic curves beat describes the 

crystallization history of most of the rocks, i.e, olivine, plagioclase and 

clinopyroxene in order of appearance. 

C) Projection 3; Olivine (MRS) onto C445-A (Fig 28B1 

This projection is of the same type as Projection 2 except that in this 

case the line joining Olivine to the group of points in the tetrahedron is 

now more nearly perpendicular to the plane of projection, CMS-A. Note that 

the apparent trend produced in this case back towards MS is considerably fore-

shortened relative to the same trend in Projection 2. It should now be clear 

that there are no petrogenetically significant trends In the Olivine projections, 
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and therefore in future discussions involving this type of projection (Figs. 

30 9  32, 33) the apparent  trend will be reduced to a circle of radius equal 

to the semi-minor exie of the ellipse of Group II points in Fig. 28A, and 

centred at the intersection of the minor and major axes of the ellipse. 

The discussion of this projection is essentially the same as that for the 

preceding MS projection. The trimodal distribution along the olivine control 

Line is preserved when seen from Diopside. Again, some of the pressure-

dependent cotectics are shown. The area of overlap between the Baffin Island 

and Svart.enhuk Group II rocks will be used in future discussions as the most 

likely composition of the parental liquid in these two geographical localities. 

Before actually considering the models of magma generation, it is useful 

to list certain limitations and requirements to which adherence must be paid 

in any consideration of petrogenesis. A model which does not satisfy the 

following conditions should be rejected: 

Assuming current estimates (Engel, Engel and Havens, 1965; Ringwood, 1966a; 

Gast, 1968; O'Hara, 1968) of the mantle composition are reasonable with 

respect to the incompatible elements, there must be a high degree of partial 

melting of garnet peridotite to account for their low concentration in the 

Liquid. 

Allied to the first consideration is the requirement that the liquid, once 

formed at depth, must be subjected to a minimum of crystal fractionation 

(a process which would tend to raise the level of the incompatible elements). 
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However, conditions should exist to allow a small degree of eclogite 

fractionation to operate on the primary liquid as a means of producing 

the Svartenhuk parental magma. 

Ultramafic xenoliths are nowhere present in the field; therefore, if they 

appear in the magma at any stage, whether as original mantle, residual 

mantle or cognate accumulates, they ntet be totally lost by sinking. 

The pronounced settling of olivine crystals in thick lava flows indicates 

that the magma was sufficiently fluid to permit crystal-liquid fractiona-

tion. Therefore, in order to bring the olivines to the surface, the 

magma must have risen rapidly in the condition of liquid + crystals. 

Either that, or also if all the skeletal olivinee in the one-phenocryst 

basalta of Group II are regarded as quench products, then the magma must 

have risen even more quickly in a superheated condition. These considera-

tions, plus the non-attainment of equilibrium by these compositions in 

the 1 atmosphere invariant condition, require a rapid rate of ascent of 

the magma in any proposed model. 

Three models are now considered for the generation of magmas in the 

mantle with compositions equivalent to the Group II basalts of Figs. 27 9  29. 

The second of these involves partial melting at a pressure of 30 kb. and is 

preferred over the other cases at 20 kb. and 40 kb. because of its general 

agreement with the above criteria and relative simplicity. 

?Yom work done in the simple normative basalt tetrahedron, it was demon-

strated that there was often a discrepancy between the positions of the 

cotectica drawn for synthetic compositions and those for natural rocks. It 
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was also found in Fig. 28k that a set of cotectics about half way between 

the 1 atmosphere natural and synthetic cotectica best agreed with the petro-

graphic evidence concerning the order of appearance of phases. This differ-

ence in position of the univariant equilibria continues to high pressures, 

and for this reason new sets of equilibrium curves applicable to Baffin Bay 

rocks have been drawn between the natural and synthetic curves in each of 

the three projections of Fig. 30. 

In the olivine projection the compromise curves were drawn between the 

20 kb. naturals (O'Hara, 1968) and the 20 kb. synthetics (Kuehiro, 1968). 

There is insufficient data in the diopaide projection to permit evaluation 

of either the amount or the sense of shift of the cotectics; therefore, those 

derived from phase relations in natural rocks have been left unaltered as a 

first approximation. Information available from work at 30 kb. suggests only 

a slight shift of the invariant point away from the En corner in the synthetic 

system relative to the natural. Therefore, the 20 kb. natural pseudo-

invariant point, OUv + Opx + Cpx + Al-Rich Phase + Liquid, has been adjusted 

by an amount equal to one-half the separation measured between natural and 

synthetic cotectice at 30 kb. 

The composite projection (Fig. 30), which involves only the Group II 

compositions of Figs. 27 9  29, suggests that starting with a mantle of spinel 

peridotite possibly poorer in A1203  and richer in olivine than average garnet 

peridotite (Ito and Kennedy, 1967),  the partial melting history would be as 

follows: 

Q]jy + Opx + Cpx + Sp 	 (subsolidus) 

Cliv + Opx + Cpx + Sp + Liquid (first liquid; isobaric pseudo-invariant 

condition) 
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Oliv + Opx + Cpx + Liquid (Sp out; residual lherzolite + liquid) 

Oliv + Opx + Liquid (Cpx out; residual harzthrgite + liquid) 

If the Group II compositions of Baffin Bay are to be regarded as former 

liquids at 20 kb which were subsequently rushed to the surface unnod.ified, 

then it is evident from Fig. 30 that this liquid was in equilibrium with a 

harzbrgitio mantle just prior to eruption. This implies a high degree of 

partial melting and is thus entirely consistent with the low levels of incom-

patible elements which these rocks display. The relationship between tempera-

ture, degree of partial melting and enrichment factor of the incompatible 

elements is given in Fig. 31 (after O'Hara, 1968). 

In further support of the 20 kb, case, it should be added that earthquake 

foci associated with current oceanic ridge structures, which may coincide with 

the region of mana production, occur at depths of less than 70 km. The 

oceanic analogy is further strengthened by the degree of similarity of certain 

trace elements in these rocks with those dredged off the sea floor (Tables 

8, 9). However, the model advanced in Fig. 6 was one of rifting of the 

continental crust, and certainly the lavas as exposed today do belong to the 

continental environment, beneath which a spinal-bearing mantle is not believed 

to exist (Ito and Kennedy, 1 967). A possible solution to this problem may 

be to suppose that the rifting apart of Baffin Bay was the mechanism by which 

garnet poridotite was initially converted to spinal peridotite by pressure 

release and finally partially melted on a further reduction of pressure. 

Grcn and Ringwood (1967) are not averse to appealing to "adiabatic rising 

diapir&' of mantle material in order to effect partial melting, and Oxburgh 

and Turootte (1968) have concurred. 

The initial partial melt of peridotite at 20 kb. is nepheline normative, 

but in advanced partial melting the liquid moves back into the hyperethene 



Fig. 30. Model for Partial Melting at 20 kb. 

Olivine Projection, Cf. Fig. 28A. 

Diopaide Projection, of. Fig. 29. 

Orthopyroxene Projection, of. Fig. 27. 

Black area denotes field of primary, Group U, compositions. 

agp • average garnet peridotite (Ito and Kennedy, 1967). 

Cotectic lines are those appropriate to the Group II compositions 

at 20 kb. 
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Fig. 31. Behaviour of Incompatible Eleneite on Partial Melting (after 

O'Hara, 1968). 
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Fig. 32. Model for Partial Melting at 30 kb. (or. Pig. 30). 

Fig. 33 • Model for Partial Melting at iL) kb. (of. Fig. 30). 
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normative volume. A high degree of partial melting has already been deson- 

etrated, and thus far the 20 kb. model satisfies the first of the four 

conditions which preceded this section. 

The initial objection to this model is that it has been necessary to 

assume that the mantle composition should have a bulk chemical composition 

different from average garnet peridotite and yet still contain spine), as a 

stable subsolidus phase. The composition of the necessary mantle peridotite 

can be stated with no more precision than that it must lie on a control plane 

through Oily, Opx and Liquid during advanced partial melting. The other 

objection is that it is only after the liquid has passed through the pseudo-

invariant point by losing both its olivine and orthopyroxene in reaction 

relationships that eclogite fractionation can begin. The position of the 

Group II compositions relative to the pseudo-invariant point is so disposed 

as to make impossible any opportunity for eclogite fractionation, even if it 

were possible at this pressure, which seems unlikely as garnet is not the 

stable alumina-rich phase. 

Mnff~  If 17- 41 7XI 

In the olivine projection the positioning of the synthetic cotectice 

was achieved by projecting compositions studied by O'Hara and Yoder (1967, 

Table 1) into the  plane CS-MS-A. From the experimentally determined appear-

ance of phases it was possible to fit a consistent set of cotectics to these 

projected compositions. The natural cotectios are from 0Hara (1968), and 

the compromise cotectica for the Baffin Bay basalta are taken half way 

between these and the synthetic ones. As in the case of the 20 kb. partial 

melting, sufficient data are not available for the precise positioning of 

the pseudo-invariant point or cotectic lines in the diopside projection. 
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Examination of the olivine and orthopyroxene projections suggests that there 

y be a small net shift of the pseudo-invariant point towards the Opx corner. 

If this is the case, then the position of the natural cotectica in the diopside 

projection of Fig. 32 closely approximates the position of the synthetic 

cotectice and those applicable to the Baffin Bay basalte. In the enatatite 

projection the synthetic coteotics were drawn to conform with phase relations 

studied by O'Hara and loder (1967)9 and the natural cotectics are from O'Hara 

(1968). The compromise cotectics for Baffin Bay rocks are drawn in an inter-

mediate position between the natural and synthetic curves. 

The individual parts of the composite projection indicate that the 

projected positions of the Group II compositions agree fairly closely with the 

position of the pseudo-invariant point. The history of partial melting would 

be as follows: 

Oily + Opx + Cpx + (kit (eubaofldua) 

Oily + Opx + Cpx + Gnt + Liquid (first liquid; pseudo-invariant condition) 

Oliv + Opx + Liquid 	 (Cpx and Gnt out simultaneously; residual 

harzburgite + liquid) 

The same problem regarding the composition of the mantle peridotite 

exists here as existed in the 20 kb. case. The peridotite bulk composition 

must lie on a control plane through Oily, Opx and Liquid during advanced 

stages of partial melting. 

The positions of the Group II compositions relative to the pseudo-

invariant point indicate that partial melting probably would not have advanced 

very far into the harzburgite + liquid equilibrium. The Immediate consequence 

of this fact is that the degree of partial melting would appear to be less 

than in the scheme of partial melting at 20 kb. If the degree of partial 
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melting is lees in the present case, then at least part of the deficiency 

of some trace elements in these basalts would have to be attributed to 

original depletion in the mantle material which time being processed. However, 

the degree of partial melting in the two cases, 20 kb. and 30 kb. regimes, 

is probably closer than Fig. 31 would suggest. This occurs simply because 

the larger olivine component of the liquid at any stage in the 30 kb. case 

means a larger ratio of liquid to residual mantle than at comparable tempera-

tures above the beginning of melting in the 20 kb. case. Therefore, with the 

30 kb. case also reaching the harzbirgite + liquid equilibritin, the relative 

proportion of liquid may even be greater than in the previous case. 

The most favourable argument for the 30 kb. case is that it allows both 

the desired degree of partial melting to take place and the required conditions 

for eclogite fractionation to prevail. Before any crystallization took place, 

part of the magma may be imagined to have escaped to the surface, and it is 

now represented by the Baffin Island lavas. The remainder of the liquid was 

uniquely situated relative to the pseudo—invariant point (as nearly as the 

position of that point can be estimated), so that an initial small amount of 

fractionation of harzbirgite at depth would quickly lead to the conditions for 

eclogite fractionation. Once such fractionation had begun, the bulk chemical 

composition of the liquid would not change greatly, although substantial 

enrichment of the incompatible elements in the potential Svartenhuk magma, as 

indicated by Table 3, would take place. That evolved magma would then be 

required to erupt from about 100 km. quickly enough to permit retention of 

any new phenocrysts formed as the olivine primary phase volume expanded on 

pressure release to envelop the liquid composition, but slowly enough to 

allow complete lose of the sma].] amounts of cognate harzburgitic and eclogitic 

cuni,lates. Therefore, the Baffin Island parental magma may be a true primary 
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liquid, whereas a portion of that primary liquid which suffered fractionation 

at high pressure later became the Svartenhuk parental mana. 

Since data on natural rocks are not available at this pressure, the 

position of the cotectios in the olivine projection is a compromise between 

an estimated natural position and the determined position in the synthetic 

eyatmn (Davis, 1964; Davis and Schairer, 1965). iven lees information is 

available for the diopeide projection; so the 30 kb. natural and an estimated 

40 kb. set of equilibrium curves are shown. In the enatatite projections 

there has no far been little difference between the projected positions of 

the natural and synthetic invariant points, and so the unmodified 40 kb. 

synthetic curves of Davis and Schairer (1965) have been used. 

Regardless of the mantle composition, the positions of the Group II 

points, representing erupted, near-liquid compositions, indicate that partial 

melting at 40 kb. nsst have produced liquids at least as basic as those 

points marked by open circles. Up to that point this scheme of partial 

melting does not preclude consideration of the mantle as average garnet 

peridotite. In this case, the partial melting history would be 

Oliv + Opx + Cpx + Gut 
	

(subsolidus) 

Oliv + Opx + Cpx + Gut + Liquid (first liquid; isobaric pseudo-invariant 

condition) 

Oliv + Opx + Grit + Liquid 
	

(Cpx out; residual garnet harztRl.rgite + 

liquid) 

03-iv + Opx + Liquid 
	

(Grit out; residual harzburgite + liquid) 

All three projections in Fig. 33 suggest that partial melting did not 

advance beyond the garnet harzbirgite + liquid equilibrium, if the starting 



76. 

material had been average garnet peridotite. With some other, possibly less 

alaiminnus mantle peridotite, partial melting may have reached the residual 

harzbirgite + liquid equilibrium. 

However, there are objections to this proposed model of magma generation 

and they are probably more serious than Uxee indicated for the previous 

cases. Fundamental to the objections is that the Group II compositions bear 

no special relationship to the 40 kb, cot.ectic curves, thereby implying that 

at least part of the evolution of the magma took place in some other pressure 

environment. The evolution of the 40 kb. liquid required, so that it might 

become coincident with the plotted positions of the parental Baffin Bay lavas, 

would need to involve not only co-precipitation of olivine and orthopyroxene 

(a condition not readily obtained, considering that all primary phase volumes 

contract to the advantage of divine when the pressure is lowered) but also 

preferential removal of the orthopyroxene while divine was retained • The 

magma would then have to erupt in this evolved condition, bearing only the 

characteristics of its moat recent depth of equilibration (or its attempt to 

achieve it), and leaving its previous, higher pressure history open to specula-

tion in the absence of axr  other evidence. 

In Chapter 3 it was suggested that the observed differences in chemical 

composition between the two suites could be explained by a higher degree of 

partial melting of mantle peridotits for the Baffin Island parental magma. 

This scheme still remains as an alternative to the operation of eclogite 

fractionation on the Svartenhuk parental magma, but evidence against variable 

degrees of partial melting includes the followings 

1) the lower degree of partial melting for the Svartenhuk magma, indicated by 
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the incompatible elements, has then to produce an erupted volume several 

orders of niipjti  t*ide greater than the volume on Baffin Island, and vice 

versa 

since a relatively high degree of partial melting is already suggested by 

the low levels of incompatible elements (probably into the liquid + 

residual harzb.zrgite equilibrium), all the sodium and potassium should be 

in the liquid at that stage, and therefore there should be no difference 

in the Na0/0 ratios of the two batches. 

the high level of some incompatible elements in the two nepheline normative 

specimens, especially 598, suggests that they could be the products of a 

mild degree of eclogite fractionation (sea section VI) 

This evidence is not conclusive in ruling out degree of partial melting as 

the cause of the differences in minor element content, but the model of sub-

sequent evolution of the magmas becomes very complex. 

Thus, in spite of the limitations imposed by the current paucity of 

high-pressure melting relations, it has been possible to advance a theory 

for the pro-eruptive history of the Baffin Bay basalts. Returning to the 

four limitations and requirements demanded by the chemistry and petrography 

of the rooks, it has been shown that fewer violations accompany the preferred 

case of 30 kb. partial melting than accompany the rejected ones. The require-

ment for a high degree of partial melting has been satisfied, as has the need 

for limiting or eliminating fractionation of the magma by rapid ascent on 

route to the surface, and the required conditions were met for eclogite 

fractionation to operate on a portion of the magna at depth. The relative 

simplicity of this model is also in its favour, although simplicity is 

probably a poor criterion to apply when dealing with what is, after all, a 

multicoznponent, open and polybaric system. Nevertheless, the end product, 
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the lavas, do have simple primitive compositions, and any complexities intro-

duced into the system during its evolution (including the anaU degree of 

eclogite fractionation) must only serve to diminish that primitive character. 

Therefore, it is suggested that the Baffin Bay magmas consist first of primary 

compositions derived directly from advanced partial melts at a depth of 

approximately 100 Ion. (Baffin Island parental magma), secondly of compositions 

modified somewhat at high pressure (3varteTlhuk parental magma),  and finally of 

compositions which evolved in low-pressure, high-level Tnagm chambers 

(olivine-poor basalte of both provinces and feldspar-pbyric basalte of 

Svartenhuk). It is this last category which still rename to be discussed 

and will be considered in a subsequent section. 

FM  M 

SAmples 598 and 641 contain 1.30% and 0.20% normative nepheline respec-

tively. All the other specimens are hypersthene-nornative and are thereby 

classified as tholeiitic in the terminology of Yoder and Tlfley (1962). What 

must be considered is whether these two specimens of "alkali basalt" may be 

accounted for in terms of alteration, both being collected at sea-level. 

Sample 596 has an unusual alteration of olivine to serpentine and 

chlorophaeite ('I) and is also characterized by an unusually high water content. 

The combination of high H204 9  X20 and Sr (Table 2) is reminiscent of some 

of the breccias of Baffin Island (RBB, ROB); so the possibility of contamina-

tion by sea-water cannot be ruled out. Sample 641 appears fresh in thin 

section but is characterized by a slightly higher value for Na2O (Table 2) 

compared with other samples of a similar MgO level. Again a sm&31 amount of 

sea-water with dissolved NaCl might be sufficient to produce the small amount 

of nepheline in the norm. 
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While it is simplest to regard these two flows as being contaminated, 

the presence of late-stage alkaline differentiates in Ubekendt Island (Drover 

and Game, 1948; Drover, 1958) should be taken into account. Their presence 

means that at some stage, in the intermediate- or high-pressure range (O'Hara, 

1968), some of the basaltic magma must have entered the nepheline-normative 

volume. The nepheline basalts and ,sonchiquitic basalte of Ubekendt indicate 

that at least some of this magma was retained at elevated pressures long 

enough to become so undereaturated as to be able to crystallize undersaturated 

minerals. However, there is no reason why some of the material could not 

have been erupted at an early stage of entry into the neplieline-normative 

volume. The implied delay of ascent makes it significant that samples 598 

and 641  occur well to the southwest in the peninsula. 

VII. Rate of Hama Ascent 

As a prelude to the discussion of high-level fractionation, some further 

comments should be made on the subject of transport of the magma to the 

surface. A rapid rate of ascent is implied by the skeletal habit, small size 

and profusion of olivine phenocrysta, the low level of incompatible elements 

and the failure of the early bulk compositions to attain equilibrium at 1 

atmosphere. Given such an apparent rapid rate of ascent, it is perhaps sur-

prising that there are neither xenoliths of fertile mantle nor of residual 

barren mantle in either province. This absence, at least, appears to be 

merely a characteristic of thol oil tic provinces. The absence of high-pressure 

cunulates has been mentioned in a previous section, and the fact that there 

are no intermediate-pressure oini1atee, such as Therzolite, may mean that 

once ascent was initiated it was both steady and fast enough to keep the bulk 

composition of the magma well within the primary phase volume of olivine. 
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Therefore, the opportunity for forming lower-pressure CUflIUlatM8 was never 

created. The absence of even dunitic cumnites, apart from the occasional 

gloneroporp)ritic cluster of olivine, again suggests that the magma was 

at no time static enough even to allow accumulation of its increasing olivine 

phenocxyet load. 

Murata and Richter (1966) have estimated that the rate of settling of 

olivine crystals (3 mm. diameter; 3.4 n./cc.) in a basaltic ma 	(2.77 

gm./cc.; viscosity 2 x 103   poises) would be about 0. 5 metres per day. There-

fore, in order for the magma to arrive at the surface complete with all 

phenocryata crystallized on route, the rate of ascent should never drop below 

this figure, although the smaller size of olivine phenocrysts in Baffin Bay 

parental lavas could permit slower rates of ascent. Since at least some of 

the magma arrives at the surface with its liquid composition still in the 

primary phase volume of olivine, the cooling rates must therefore not exceed 

approximately 100  per kilobar in the case of partial melting of garnet 

peridotite in the pressure range 20-40 kb. in order to calculate the rate of 

ascent required to remain within this limit, both the geothermal gradient and 

thermal conductivity of the surrounding rocks would have to be known, as well 

as the thermal coefficient of adiabatic expansion of basaltic magma. All that 

can safely be said about the rate of ascent is that it must have been faster 

than most other basalte, which tend to be erupted with two or more phenocryst 

phases. 

One further aspect arising from the work of Murata and Richter (1966) 

is that some of the most picritic compositions also tend to have the largest 

olivines (e.g. DX-52 11 mm.; 512 10 mm.; 593 8 mm,; 640 8 mm.). Of these, 

both the DX-52 and 593 flows were only 3 m. thick. Murata and Richter have 

shown that eruption of the most pidritic compositions in Hawaii are accompanied 

by high rates of discharge and apparent sweeping out of the olivine cumulus on 
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the floor of the magma chamber. This feature of periodic eruption of cumulus-

enriched magma is also demonstrable in the Baffin Bay basalts, and this may 

indicate that high-level magma chambers were in existence in both provinces. 

This mechanism of occasional parexynal evisceration of magma chambers may be 

the explanation for the low faulite content of the olivines (Fa8) in flow 

593, which was collected near Arfertuarasuk. In that area the differentiation 

should have been well advanced; in fact, the transition to feld epar-phyric 

basalta occurs in this region, but if very early, forsteritic cumulus had been 

disturbed then this anomalous flow vxmld be explained. The alternative to 

this suggestion is that sample 593 was simply collected from a flow on the 

eastern side of a fault block which had been tilted southwest, and consequently 

a very early flow was exposed. Neither of these possibilities can be tested 

at the present time. Another consequence of the idea of high-level magma 

chambers is that, if the periodic violent evisceration continued during the 

eruption of feldepar-phyric basalts, then the production of "grey flows" 

relatively enriched in mafic minerals might take place. This possibility will 

be investigated in a following section. 

III. Advanced Differentia 

Four aspects of advanced differentiation will be considered in turn. 

These are (i) the development of intra-flow differentiates; (ii) the develop-

ment of the feldspar-phyric basalta of west Greenland; (iii) the origin of the 

trachytes and other salic residua, insofar as they have already been regarded 

as late-stage fractionates of the basa].ts (Drever and Game, 1948); and finally 

(iv) the carbonate-rich material. 

A) Intra-f].ow Differentia 

The development of intra-flaw differentiates is a feature sometimes found 
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in the rare thick flows of picritic composition. On Baffin Island the late- 

stage leucocratic material produced in these flows represents the most evolved 

compositions in the entire province, whereas the bases of the same flows are 

frequently the most picritic. Only one such flow has been examined on Svarten-

huk, and its leucocrat,ic differentiate is in mwW respects intermediate in 

composition between the picrites and the feldspar-phyric basalts. Also, !lunck 

(1945) has described strong internal differentiation of two gabbroic sills 

on Nugasuak Peninsula, but none was observed on Svartenhuk. 

The original olivine basalt magma was obviously fluid enough to permit 

settling of both the olivine phenocryats and later olivinee which had crystal-

lized in situ. The texture developed in the picritic portions of the flow is 

that typical of olivine cumulus in an intercumulus matrix of plagioclase s, 

clinopyroxene and interstitial material (Plate VI). A gradual decrease in 

the content of olivine from near the base of the flow (approximately 50) to 

the top (approximately 2) is easily detectable in the field. esults of 

X-ray diffractooieter studies on two olivinee from the thick flow at Cape Dyer 

suggest that the expected cryptic layering may also exist. The olivinee from 

sample AA-30 gave Fa 8.6' and sample A-5, about 6 m. higher In the flow, gave 

Fa 19.3' 
That settling of olivine was principally responsible for the observed 

compositional variation may be seen from Fig. 7, in which the parts of Intra-

flow differentiates are indicated. To further illustrate that olivine has 

been responsible for the observed chemical differences, the amount of olivine 

removal needed to produce each differentiate from its parents has been calcul-

ated from Fig. 24.  The results are presented in Table 10, and it may be seen 

that there is a fair measure of correlation between the enrichment factor 

expected on the basis of olivine fractionation and the average enrichment 



Table 10 	thirichment Factors of Incompatible Elements in Intra-flow Differentiates 

A B A 	B Predicted Actual 	Enrichment Factor Avg. of Previous 

Olivine-Rich Intra-.ulow,  Wt. % Removed 1nricknt 
K20/K20A TiO/Ti0 ?205D/P295p B'A B'A zrWrA N1A/NIB 

Portion of Flow Differentiate as Olivine Factor  _______ Factors  

512 513 52 2.1 1.0 2.0 1.9 1.9 2.4 1.7 1.8 4.7 

A-5 A.4 49 2.0 2.3 1.8 2.0 2.5 2.4 1.5 2.1 4.3 

AA-26 AA-19 56 2.3 2.2 2.2 1.8 2.5 1.3 1.8 2.0 7.6 

AA-30 AA-63 60 2.5 1.5 2.2 1.7 2.1 2.2 1.6 1.9 14.3 

PP-18 PP-10 24 1,3 1.2 1.6 1.2 1.5 1.9 1.2 1.4 5.5 

R-13 R-16 50 2.0 1.8 1.7 1.3 2.2 2.0 1.5 1.8 9.1 

Predicted enrichment factor is based on weight fraction reixved as olivine from the picritic base of the flow (A) 
to produce the leucocratic differeritiates.(B). 
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factor of six incompatible elements. The last column demonstrates that the 

rate of decrease of Ni over the same interval has been two to seven times 

greater than the rise of inconipatibles, strongly agge sting that olivine 

fractionation was mainly responsible. 

Coupled with the build-up of the analyzed incompatible elements must also 

have been a similar degree of concentration of the equally incompatible 

volatilea, and the highly vesicular upper reaches of the flows testify to 

this enricheent. Periodic concentration and release of volatiles through the 

top crust of the thick flow may have occurred, since olivinee of the upper 

part of the flow (but it the already solidified lower part) are characterized 

by oscillatory and concentric development of iddingsite and fresh divine 

(Edwards, 1938). 

Relatively thin bands of leucocratic material with predominantly near-

horizontal attitudes are frequently found in the upper parts of the olivine-

rich portion of thick flows. The contacts between the two rock types are 

unchilled, and the sizes of the vesicles in these leucocratic bands are larger 

than those found even near the top of the flow. It is believed that during 

periods of high concentration of volatilee in the upper part of the flow, the 

magma became extremely fluid and was forced into joints produced by cooling 

and contraction of the solidified olivine-rich part of the flow. The long, 

almost skeletal grains of plagioclase and clinopyroxene in the leucocratic 

bands suggest that the magma was injected largely as liquid and that these 

grains have grown in situ. 

The projected positions of the intra-flow leucocratio differentiates in 

Figs. 22-24 require an explanation. The leucocratic material plots well within 

the plagioclase primary phase volume but nevertheless still along olivine 

control lines from the bases of their respective flows. Simple olivine 
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removal from the parent magma can take the composition of the liquid down 

temperature to the cotectic line represented by the equilibrium Oily + Plag + 

Liquid. In order for the bilk composition to continue to move ay from the 

parent on an olivine control line, olivine must begin to be preferentially 

lost in that 3—phase equilibrium. Gravitative settling of olivine is the most 

striking feature of the thick differentiated flows, and the only assumption 

that has to be made is that conditions prevailed to allow the flotation of 

plagioclase once it began to crystallize. This simple method of producing 

compositions in the plagioclase primary phase volume suggests the metd by 

which the feldspar.-phyric basalta may have formed. 

A mmmary of the order of appearance of phenocryst phases in the Svarten-

huk basalts is given in Fig. 340 where the phenccryst assemblage is plotted 

against the Thornton—Tuttle (1960) differentiation index. It may be seen that 

the silicate phases appear in the order olivine, plagioclase and olinopyroxene. 

I4agnotite is the first phenocryst phase to appear after olivine, but it 

sporadic occurrence suggests that its formation is probably dependent on 

variable conditions of oxidation prior to or during the time of eruption. 

Apparently, the liquid occasionally encountered a fluctuating field of magnetite 

crystallization, probably controlled by local, unstable conditions of partial 

pressure of ocygen. The more frequent occurrence of serpentine pseudomorphe 

after olivine in the Svartenhuk picrites and olivine 1*ealts, coupled with the 

hint of opaque phenccryats in one or two dykes on Baffin Island, suggests 

that dissociation of water and subsequent oxidation of the magma may have 

been the mechanism governing the formation of magnetite. This is, at least, a 

realistic suggestion, since convincing field evidence exists to suggest that 



Fig. 34. Appearance of Phenocryet Phases In the Baealte of Syartenhuk 

Peninsula.  
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the Svarterthuk magmas ascended through a thicker column of wet sediments than 

did the Baffin magmas. In the early stages the two assemblages, olivine + 

plagioclase and olivine + magnetite, appear to be mutually exclusive • A high 

water vapour pressure, with the consequent possibility of increased ppO2, could 

have the combined effect of suppressing the crystallization i  zation of plagioclase 

and favouring the formation of magnetite (Osborn, 1963). 

In spite of some reversals, the general trend is towards the development 

of four phenocryst phases in the later basalts, although olivine becomes 

invariably pseudomorphed in the late fold epar-phyric basalts. The generally 

low levels of S102 , relative to MgO and FeO, and of P205  preclude the foi-

tion of phenocryste of orthopyroxene and apatite respectively. 

Sple 520 from the base of the section of feldepar-phyric basalts has 

a differentiation index of 23.1  and represents the most primitive of these com-

positions to be erupted. From this stage onwards, most of the be salts appear 

to be evolving in the equilibrium Oily + Flag + Cpx + Mt + Liquid, possibly a 

pseudo-quaternary invariant point, and the process of crystal-liquid fractiona-

tion must now involve all of these phases. With reference to Fig. 7, it may be 

seen that the entry of the feldspar-phyric basalts at the 6-7% NgO level init-

iates marked dowmiard trends in Si02 , A1203  and CaO and upward trends in total 

iron, Ti02, Na20, 1(20  and P205 . This may indicate that addition or removal 

of plagioclase is now the predominant mechanism by which compositions are varied. 

Nevertheless,, there idotid be considerable scatter about any proposed plagioclase 

control line, and this must presumably result from the effects of small differ-

ences in divine, clinopyroxene and magnetite phenocryst content. For the 

most part, the rapid build-up of iron in the residual feldspar-phyric basalte 

(Figs. 7, 15) suggests that magnetite either has been acting as a non-

fractionating phenocryst (Cox et a]., 1967) or, at least, has been settling 

out of the magma in a proportion less than its concentration in the liquid. 
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The strong concentration of incompatible elements in these residual 

liquids, which have relatively stationary bulk compositions, indicates that 

the liquid nuiet indeed be evolving at or near an invariant point. There the 

major element bulk composition will ruin static, while incompatible elements 

will appear to have their rate of increase accelerated. Correlation coeffic-

ients between some of the elements are given in Table 11, where many of the 

incompatible elements which were previously weakly correlated in the divine 

basalts are now strongly positively correlated. As before, the strong positive 

correlations are based on mutual exclusion from precipitating phases, which 

therefore must include only small amounts of Ti020  K20 0  P2O5  Ba, Sr, Rb, T 

and Zr, Copper and zinc also have the appearance of being rejected from 

crystallizing phases, presumably as a result of low concentration of sulphur 

in the liquid. 

Turning now to the phase relations in the simple normative basalt tetra-

hedron (Figs. 21.24), it may be seen that the mechanism for the derivation of 

the intra-flow differentiates may also account for the evolution of the 

feldspar-phyric basaits. Many of the feldeper-phyric compositions may be 

accounted for in terms of fractionation of olivine from a Group II olivine 

basalt parent to the point where plagioclase is picked up as second phase. At 

that point, selective removal of olivine, and flotation of plagioclase in that 

equilibrium, would account for the early I eldapar-phyric basalts. Within a 

email cooling interval, olirpyroxene would also enter the equilibrium (Fig. 

24). This would then provide a further means of producing compositional 

variation by selectively removing Oliv + Cpx and thus driving the remaining 

hulk compositions towards the Flag corner. 

The continuity of all trace elements (whether positively or negatively 

correlated with NgO) from the olivine basalte through the feldspar-phyric 
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Correlation Coefici exits b.tw.en Components 
of Feldspar-phyrto 3aaalta of Svart.ithuk 

dsnotss significant correlation coefficient report. in Table 4 
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basalts supports the }potheeis that a single evolving magma was responsible 

for the entire range of basaltic compositions found in the vicinity of Baffin 

Bay. Had the feldspar-phyric basalts belonged to an independent line of 

evolution, the continuity of all the minor element trends would not have been 

expected to occur. Therefore, the conclusion can be drawn that a single 

melting event in the mantle produced a discrete magma batch, a proportion of 

which was quickly erupted as the fluid picritic and olivine-rich basalts, and 

the remainder more sluggishly erupted as the thick feldepar-phyric flows. 

Earlier a case was made for a snail degree of eclogite fractionation of 

the parental Svartenhuk magma. It is evident from the minor element content 

of the feldspar-pyric basaite that they are not a separate portion of the 

primary magma at 30 kb. which might have remained at depth to undergo further 

eclogite fractionation. O'Hara and Yoder (1967) have listed the chemical 

changes which would take place under eclogite fractionation and, while the 

differences between average Baffin Island and average Syartenhuk olivine basalts 

agree with the predicted changes, the differences between Svartenhuk average 

olivine basalt and average feidapar-phyric basalt do not. High-pressure 

evolution of the feldspar-phyrio basalts is thus ruled out, as is fractionation 

at intermediate pressures, where the residual liquid would be driven into the 

nepheline-normative volume (O'Hare, 1965 9  1968). The only remaining pressure 

regime is that of low pressure (lees than 10 kb.), where the liquid is commit-

ted permanently to the hypersthene-normative volume and should eventually 

produce normative quartz. The precise depth of the magma reservoir where the 

feldspar-phyric basalts evolved is unknown. Conditions were such that produc-

tion of oscillatory-zoned plagioclase phanocryats became a characteristic 

feature of these rocks, possibly owing to periodic baud-up and release of 

volatile e in the chamber. Also, the conditions of eruption were such that 
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gabbro xenoliths were never brought to the surface, although the "grey-flows" 

interspersed in the fold spar-p'ric basalts might represent more mat ic 

assemblages swept from the floor of the magma chamber. 

In Svarterihuk the most differentiated feldapar-phyric basalte were 

quartz-normative, and it would therefore have seemed likely that any strongly 

felsic differentiates of this material should be rhyolitic rather than 

trackytic. Unfortunately, the absence of any intermediate rooks between the 

baealte and the trachytee on Svartenhuk makes very difficult the proposal of 

any scheme of fractionation from the former to the latter. 

The answer to this problem mist eventually come from Ubekendt Islrvl, 

there Drover and Game (1948) have described an Upper Lava Group consisting of 

feldspar-phyric basalts, monehiquitic basalts, trachybasalte, biotite tracliytes, 

rhyolitee and acid pitchetones. This represents the youngest and most complete 

suite of late-stage salic differentiates yet recognised in the west Greenland 

province and provides the best opportunity for studying the evolutionary trends 

in detail. There is apparently a bias towards }ypersthene-normative late-stage 

products rather than towards alkaline material (J. G. MacDonald, pers. conin.), 

possibly indicating a predominance of low-pressure over intermediate- or high-

pressure differentiation processes. 

Probably the youngest rocks occurring In Svartenhukp and possibly the 

final material of Baffin Island, consist of dykes of compositions rich in 

carbonate. The mineralogy of the Baffin Island dykes includes carbonate and 

any or all of foretoritic olivine, serpentine, phlogopite, ecapolite (?) and 



an opaque ml-nral • In Svarterthuk the carbonate is associated with serpentine, 

basaltic xenoliths and an unidentified mineral. 

In the Padloping area of Baffin Island, a basement gossan, out by carbon-

ate, has been strongly altered to a sheared, greenish rock at the contact. 

This alteration is accompanied by the production of considerable graphite, 

presumably through reduction of carbonate by sulphide mineral.. In Svartenhuk, 

where the carbonate-rich material intrudes into the basalt., there are sheared 

and metamorphosed contacts, and the dykes are frequently characterized by 

inclusions of brecciated basalt xenoliths. 

Some semi-quantitative chemical work has been done on two or three 

samples from each province, and the following average values were obtained for 

Baffin Island and Svartenhuk in that order: Ba < 20, .20 ppm.; Sr 151, leO ppm.; 

Rbc.8, 48 ppm.; ! 7, 2 ppm.; Zr 21 9  28 ppm.; Cr <20, 90 ppm.; and Cu (6, 21 ppm. 

This suite of trace elements does not particularly favour a deep-seated origin 

for these rocks, i.e. true carbonatites (ese Gold, 1963) 9  but it may be signif-

icant that the two group averages are roughly comparable and therefore may 

have at least a con type of origin. 



CJiA?TEt 5 	 ASSOCIATED TECTONICS 

I. Introduction 

So far only the stratigraphic sizailarlty and degree of chemical correla-

tion in the two Tertiary subprovinces of Baffin Bay have been discussed. 

It 18 now proposed to relate the igneous event to its structural environment. 

In order to fully understand the tectonic framework, it is necessary to 

regard the production of basalta as only one of a large number of nearly 

contemporaneous events which characterized the early Tertiary history of the 

eastern Arctic of North America, including Greenland. All of these events, 

when taken together, constitute a persuasive assemblage of evidence in favour 

of continental drift. 

This chapter opens with an historical review of ideas on the topic of 

continental drift in this part of the Arctic, up until 1960. However, after 

that year it becomes difficult to make a distinction between papers contri-

buting directly to the solution of the problem of drift and those which are 

purely geological reports requiring further interpretation in the light of 

continental drift. In these latter papers there is usually no reference to 

the subject of drift, and it is such completely unbiased reports which are 

the most valuable. Therefore, work presented largely since 1960 will be 

treated in a later section which attempts to compile evidence in favour of 

continental drift, whether or not that was the original authors' intention. 

The chapter concludes with the presentation and discussion of a new model for 

the opening of Baffin Bay and the Labrador Sea. 

Historical Review to 1960 

Du Toit (1937)  has published an excellent review of the early years of 

drift theory, suggesting that the tentative thoughts, which eventually led to 
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a comprehensive theory, had been appearing in literature for nearly three 

centuries prior to 1900. After that date, publications on specific aspects 

of the hypothesis appeared quickly, e.g. the list of geological a!mfl'iritiee 

along the opposing Atlantic Coastlines made by Suess (1906). Then two years 

prior to the publication of Wegener' a initial paper on the subject, Taylor 

(1910), although more concerned with Tertiary orogeny than continental drift 

as such, nevertheless produced a remarkably lucid account of his ideas on 

the break-up of the continents in Arctic regions. So many of the ideas 

believed to be novel to later authors are in fact anticipated in Taylor's 

paper. These include consideration of the Robeson channel which separates 

Ellesmere Island from northwest Greenland as a "rift-line"; a rift origin 

for Hudson Strait, Foxe Channel, Gulf of Boothia and Lancaster South; and a 

movement of Baffin Island independent of North America and Greenland. H. 

even went so far as to state that the parting of these shores can hardly be 

more recent than the Tertiary, nor is it easy to believe that it is much 

older" • It must be rare in the geological world that the first speculative 

application of a new theory on a regional scale, based on scanty and often 

unreliable information, can still be largely upheld nearly sixty years after-

wards. Later, Taylor (1928a, b) on the one hand made a very reasonable 

estimate of the rate of drift, i.e. 1-3 cm. per year, but on the other made 

an implausible appeal to catastrophic capture of the moon by the earth in 

Cretaceous times, which, he said, would have provided the necessary tidal 

forces to move the continents. 

Wegener published many paper. after 1912, but it was not until 1924 that 

the third edition of his book was finally translated into English. In spite 

of the criticism regarding his timing of the rifting of the continents and 

the resulting rate of movement, he remained entirely convinced of the idea that 



all the continental masses, including the various blocks in the Arctic, had 

been greatly displaced. Unfortunately, Wegener' e enthusiasts led him to 

prop -ate acme unreliable evidence which was to discredit the theory for many 

years. It was in the eymposium under van der Gracht (1928) that Wegener came 

under heaviest criticistn, mainly on geophysical grounds and on the accusation 

of unscientific presentation. But in spite of the collection of specific 

objections raised in the symposiisn, most of the contributors were prepared to 

accept the theory if given more and better evidence. 

The untimely death of Wegener in 1930  slowed the pace of further inves-

tigation for many years. About this time Holmes (1928, 1933) presented the 

first detailed considerations of the possibility of moving continents by means 

of ther,nal convection calls in the mantle • He suggested that horizontal flow 

could exert a powerful viscous drag on the lower crust, which would result in 

tension rifts appearing, followed by actual physical separation. He was also 

convinced that the leading edges of the continents were the sites of the world-

irircling belts of Tertiary orogeny. 

Du Toit ( 1 937) demonstrated an ability for treating structural problems 

on a global scale. It was he who first suggested the piecing together of the 

fragments of "Thulean" lavas by restoration of the continents to their orig-

inal positions. "Dispersal by Drifting would not only solve this difficulty, 

but demand a parent volcanic region having only a fraction of the size current 

conceived." He was also convinced that the rifting and volcanism were closely 

associated. This earns point was emphasized by wager (1947),  when he remarked 

on the synchronous coemencement of eruptions in the widely scattered Brito-

Arctic remnants and dismissed the possibility of its being due to pure 

coincidence. 

Kranck (1939)  was the first to begin compiling data along both coasts of 

the Labrador Sea, with the aim of investigating the case in favour of drift. 
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He concluded that "there scans to exist a good correspondence as regards 

geological events during the Pre-Cambrian time on both aides of the Labrador 

Sea". 

The current revived interest in continental drift stems from the diacov-

cry of palaecmagnetian as a useful tool in deciphering the paths of former 

continental movements (Graham, 1949). A summary paper on palaeomagnetisn is 

given by Irving (1958)  in a symposium organized by Carey. In the same volume 

Carey himself coined many of the words which have become incorporated in the 

current jargon, including "oroclin&' and " sphenochamn". Carey' s idea on the 

formation of the Alaskan orocline was ingenious but unfortunately premature, 

nines more recent information collected in the Arctic Ocean is inexplicable 

in terms of his model for the opening of the Arctic. However, the principles 

are useful, and a simil ar but more limited ted application of than Is employed 

by the present author in his theory of the opening of Baffin Bay. 

111. Compilation of Inrormat;Lon Regaxdinx Con—ti-nental Drift  

a  

	 1y 

As a result of the paucity of Phanerozoic rocks in most of west Greenland 

and eastern Canada south of Lancaster Sound, there is very little that 

palaeontology can contribute towards a solution of the problem. However, 

the very absence of such rocks indicates that the entire region was probably 

a stable cratonic shield for the 1200 ar. prior to the Tertiary volcanic 

activity, and this in itself is significant. In spite of the scarcity of 

fossiliferous sediments, where they do occur they have provided useful infor-

mation. As already mentioned in Chapter 2, Rosenkrantz (1942)  and Birkelund 

(1965) have demonstrated the non-existence of a marine connection southwards 

from Disko before Upper Santonian times, but after that stage a connection 
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southwards to the European Cretaceous seas was established. The interpreta- 

tion which may be placed on this event is that the Labrador Sea and Baffin 

Bay were only beginning to open up at that time. (Larsen and Nller (1968) 

report the presence of some dykes in the Phwderikshaab area of southwest 

Greenland with a radiometric age of 1625 ne'., or Middle Jurassic, and this 

may be construed as further evidence that tension began in the south and 

moved northwards.) 

The other palaeontological evidence is provided by Trumpy (1961), follow-

ing from his work on the Triassic of northeast Greenland. He has demonstrated 

that the Triassic sea of east Greenland was only a narrow arm of an Arctic 

ocean which had a blind southern ending in the vicinity of Scoresby Sound. 

He concluded that "there is no direct proof for the existence of a North 

Atlantic Ocean in the Triassic (or, indeed, up to the Cretaceous)," the 

implication being that continental drift had not yet begun in the northern 

regions. Vine (1966) has ahon that even an opening of the North Atlantic in 

Palaeocene times requires an average rate of drift of only 2 cm./year, so that 

Trumpy' a conclusions appear reasonable. 

Bidgood and Harland (1961) have shoun that Greenland pole positions 

indicate "a movement of Greenland relative to North America which increased 

the separation of the two areas to give their present positions, that is, 

mainly by the opening of Davis Strait and Baffin Bay and by some spread among 

the Canadian Arctic Islands. The movement would be post—Triassic in date." 

Geophysical exploration of the Labrador Sea properly began with the work 
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of Jwing and Ewing (1959). They shot one seimnic refraction profile from 

54°27 1 N., 43° 19 1 . to 550 12 1 N., 42°30'. and established that along that line 

continental crust was absent. Their computed model gave 1.06 km. of uncon-

solidated sediment followed by at least 5.50 km. of oceanic crust. Heezen 

and Ewing (1961, Fig. 2) indicated the presence of a mid-ocean canyon in the 

Labrador Sea. Further seismic mrk was done by Drake at al.  (1963),  using 

the continuous profiling technique. They were able to show the following 

important features: (i) the sedimentary cover on the sea floor, especially 

near the continents, is extremely thick; (ii) sediments cover the entire sea 

floor, but at the geographic centre of the sea the 5.5 km./sec. "basement" 

rises to within 1 km. of the sea floor at 61-620H., actually outcropping as 

isolated peaks south of these latitudes and therefore, there exists a buried 

topography of some magnitude; and (iii) the seismic refraction data suggest 

a complex structure more like that of the mid-Atlantic ridge than of typical 

ocean basin. 

Data on earthquake epicentres have been sminarized by Meidler (1962) and 

Sykes (1965) • The range in magnitude on the Richter scale is from 3.5  to 

7.3 for the Labrador Sea and Baffin Bay; and depths of the focal points, while 

not knoim for certain, are believed to be shallow, i.e. <70 km. The epicentres 

define a rough line through Baffin Bay and the Labrador Sea, with two notice-

able concentrations at 61 01N. and 730]k'., and in the proposed model some signif-

icance is attached to these. A single explanation will be advanced to account 

for both the clustering of epicentres and their geographical "of f-centredneeel' 

in Baffin bay. In any case, there is no doubt that this is a seismically 

active area oven though the frequency of earthquakes is only about 10% that 

of a "normal" active oceanic ridge, e.g. the mid-Atlantic ridge or East Pacific 

rise. For this reason and other reasons following, it would seen necessary to 

regard the present structure as being in a state of old age. 



Fig. 35. Geophysical Data in the Labrador Sea. 





Aeromagnetic work in this region began with Hood and Godby (1964) and 

has been continued by Godby at al. (1966) and Hood at a].. (1967). The pattern 

of linear magnetic anomalies found running parallel to the geographic centre-

line of the Labrador Sea is strongly reminiscent of similar patterns developed 

on the flanks of ridges in other ocean basins (cf. Vine, 1966). Although the 

work of Godby at al. (1966) is not yet complete, their preliminary conclusion 

is that "the line of epicenters in the central part of the Labrador Sea 

bounded on either side by zones of parallel magnetic anomalies and additional 

seismic refraction and profiler evidence appear to support the hypothesis that 

there is an active buried median ridge in the Labrador Sea which is further 

evidence for a continuing continental drift between Greenland and North America." 

Johnson and Pew (1968) have been able to position the basement ridge more 

accurately and have placed it somewhat to the east of a line which bisects the 

distance between opposing continental shelf-breaks. They concluded that their 

seismic reflections do not permit the existence of continental material in 

the Labrador Sea, contrary to the statements of Kerr (1967a). Their interpre-

tation of the available geophysical data, atnanarized in Fig. 35, is that the 

basement high may represent the eastern belt of rift mountains, with the 

seismically active central band representing the ancient rift valley. The lack 

of an axial magnetic anomaly may be due to the blanketing by sediments or 

formation of the central band during a period of reversed polarity, but in any  

event the ridge must be regarded as extinct, or nearly so (Vine, 1966). 

Gregory at al. (1960) proposed that Lancaster Sound should be regarded 

as a fault on the basis of a strong magnetic discontinuity at the southeast 

corner of Devon Island. Other evidence pointing to this conclusion includes 
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the steep linear coastline of Devon Island, the steep submarine sides of the 

channel, the left-lateral offset of the Boothia Arch (Gregory at a].., 1961) 

and of the Brodeur-Devon hcline, and the etratigraphic uplift of the north 

side of the channel by up to 8 km. in Devon and Bathurst Islands (Gregory at 

al, 1960; Fortier at a]., 1963;  Barrett, 1966). This upthrow,  on the northern 

side uould explain the Precambrian basement type of regional magnetic 

anriqngl-iea on Cornwallis Island and southwest Devon Island. 

Barrett's (1966) detailed ehipborne magnetometer survey of lancaster 

Sound led to the conclusion that the north side of the channel has been up-

thrown by about 8 an, and, in the vicinity of Devon Island, at least, with 

regional dips westward, this also produced an apparent left-lateral offset of 

the same magnitude. However, the observed sinistral offset of the Brodeur-

Devon homocline and the Boothia Arch is more like 50 Ion., and so it may be 

necessary to include also a component of horizontal movement. Other evidence 

which would suggest t.ranscurrent movement on this lineament is Implied by Its 

extrapolation into the Barents Sea, where it defines a marked westward dis-

placement of the northern side of the continental shelf-break. This feature 

is we].l authenticated by Cromrle (1961) and Plouff at al. (1961) and leads 

to the speculation that the entire triangular block of Ellesmere Island-Devon 

Island-Prince Patrick Island may have behaved as a unit. 

The classical method of continental reconstruction has been to reassemble 

the fragments in the manner of a jigsaw puzzle. Bullard at al. (1965) were the 

first to apply an objective, mathematical technique to the continental shelf-

breaks, involving rotation about a point near the North Pole, in order to 

position the subcontinent of Greenland against North America. In spite of 
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the geologically oversimplified method of pure rotation, the fit is remarkably 

good south of Hudson Strait, and this positioning will be used as the starting-

point in generating a new model for the separation of Greenland from North 

America. The limitations of Bu].lard's fit are obvious, especially the enormous 

width of Mares Strait created in his model and the presence of undesirable 

overlap in the neighbourhood of Davis Strait, both of which require rectifica-

tion. Magnetic work by Keen et al. (1966, unpub.) and Hood (pers. comm.) 

suggests an extension of the Tertiary basalte into the strait, a feature which 

would have greatly enlarged the continental shelves and would now be respon-

sible for the observed overlap. 

That the jigsaw fit is not merely fortiutous is borne out by the strong 

degree of geological correlation between Labrador and the repositioned Green-

land. This has been discussed by Fitch (1965) and Harland (1965 9  1966), who 

have demonstrated that the various orogenic belts have continuity across the 

rift. These periods of orogorr can be very precisely defined by plotting the 

abundant age determinations available in Wanlees et a].. (1966), Larsen (1966), 

Larsen and MØller (1968) and Jrgeneen (1968). In this way, many similar 

structural provinces can be recognized and these are eunmarized in Table 12. 

Even naller-scale elements become aligned in this reconstruction. 

Bridgwater (1967) has remarked on the possible extension of the fault zone 

controlling Gardar intrusions from southwest Greenland into Labrador, where 

faulting controls the location of similar, possibly contemporaneous, intru- 

sives (Wheeler, 1960). 

F) Structural Evideneg 

If late Mesozoic-early Tertiary structures exist along the entire length 

of the Labrador Sea and Baffin Bay, it is only possible to recognize them as 



such in the Cretaceous-Tertiary rocks of Baffin Bay. In west Greenland 

Roenkrants and Pulvertaft (in press) have described an episode of normal 

faulting which defined the eastern 1 1nft of the basin of contemporaneous 

terrestrial and marine sedimentation. Repeated faulting kept pace with the 

rate of sedimentation, so that only in the fault-controlled depression did 

material accumulate, and the renewing of coastal fault-scarps provided an 

abundant supply of sediment. Rosenkrantz and Pulvertaft relate this faulting 

to a much larger event, saying that "the Cretaceous-Tertiary faulting in West 

Greenland occurred some way inside the continental margin, but it is of the 

type expected towards the borders of continental masses which have moved 

apart." Carey (1956) would call these second-order gravity faults" occurring 

near a major tension rift. In short, the timing and the pattern of the Upper 

Cretaceous faulting, subsidence, sedimentation and finally eruption of lavas 

onto an area that had been a stable cratonio block for over 1000 my. was indeed 

a major tectonic event. 

However, information obtained in this region is of rather limited value. 

In fact, it is the structurally complex region to the north of Baffin Bay 

which holds the key both to the timing and nature of the events occurring 

farther south. A sunirary account of the structural history of the Canadian 

Arctic archipelago is given by Thorsteine son and Tozer (1960, 1961), and a 

similar discussion of the neighbouring tectonics of northwest Greenland may be 

found in Troelsen (1950). A compilation of information from these as well as 

other authors (E].litagaard-Ranuesen, 1955; Fortier et al., 1963; Christie, 

1964, 1967; Kerr, 1967b) is presented in Fig. 36, which illustrates the main 

verifiable structural features. 

Briefly, the major pre-Tertiary orogeny occurred in Varisoan (late Devonian 

to middle Carboniferous) times, folding thick accumulations in the Franklinian 



Fig. 36. Geological Features in the Vicinity of Naree Strait. 



40 

/ 	 KEY 

Axel 
Heiberg 

rd NW Greenland 

Fault. Tertiary 

Fault, probably Tertiary 

Tertiary Thrust (barbs upthrown) 

Tertiary Fold Axis 

Variscan Fold Axis 

Southeastern Boundary of Sverdrup Basin 

/ 

- - 	Southern Boundary of Carolinides 

Central Stable Region 

Franklinian Eugeosyncline 

Ice 

Scale 	1 1 000,000 

FIG. 36 



100. 

geosyncline deposited there since the Eo-cambrian. This fold belt is --

referred to as the Parry Islands fold belt in the west, the Central Mere 

fold belt and the North Greenland fold belt. In Canada, Pennsylvanian (Upper 

Carboniferous) sediments were then deposited, with marked unconformity, onto 

the folded early Palaeozoic rocks, and sedimentation proceeded almost uninter-

ruptedly in what is known as the Sverdrup basin right up to early Tertiary 

times. In the south and east this basin lies on the beds of the Franklinian 

miogeosyncline, but in the north and northwest it lies on the eugeosynclirial 

facies of the same fold belt. At this point the stage was set for the period 

of Tertiary, so-called Alpian, orogeny which deformed the Sverdrup basin into 

the Eureka Sound fold belt. 

The timing of this period of folding is generally agreed to be early 

Tertiary, because it involved all of the Eureka Sound formation, which has 

been dated as Palaeocene-Eooena (Thoreteinseon and Tozer, 1960; Fortier at al., 

1963). The undisturbed overlying rocks of the Arctic Coastal Plain are not 

sufficiently well dated to provide an upper limit to this age of folding. 

The pattern of folding is such that the Sverdrup basin and parts of the 

previously underformed Franki liiian miogeosynoline have been thrown into a 

radially disposed arrangement of fold axes centred on the reversed Is-shaped 

bend in the Central Ellesmere fold belt. The eastern side of this fold belt 

is characterized by thrust faulting and deformation of the Franklinian niiogeo-

syncline (Thorsteineson and Tozer, 1960; Christie, 1967). In Axel Heiberg 

and El].ef Ringnes Islands the fold axes are aligned nearly north-south and 

the folding is relatively gentle. ';estwards in MacKenzie King Island and 

parts of Melville and Prince Patrick Islands the amplitude of the folding 

decreases markedly. Therefore, the Tertiary orogeny is characterized by defor-

mation with diminishing ml nishing intensity from east to west, with irsrd-dipping 
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thrust faults in the eastern region. The principal compressive stress would 

appear to have been directed from the east. 

In southwest E1lenere Island, in the vicinity of the proposed fulcrin, 

Kerr (1 968) has described the normal faults as being of Tertiary age, but 

his reasons are not given. The Grinnell thrust fault, dipping north and 

possibly of Tertiary age (Thorsteinseon and Tozer, 1960), has rejuvenated 

part of the old Variecart fold belt in northern Devon Island. Similarly, the 

Copes Bay thrust fault dips inwards towards the Sverdrup basin and is believed 

to be of Tertiary age (Thoreteineson, in Fortier at a].., 1963; Christie,  1967). 

In other words, folding in the Sverdrup basin was contemporaneous with mainly 

thrust faulting on its outer boundaries. 

G) Structural Significance of Nares Strait 

Without a doubt, the most perplexing aspect of continental reconstruction 

in the Arctic is whether Narea Strait represents a transcurrent fault, and if 

not, what sort of geological feature is it? Earlier workers (Taylor, 1910; 

Wegener, 1924;  Du Toit., 1937; Carey,  1958;  Wilson, 1963) who tackled the 

problem of closing the Labrador Sea and Baffin Bay were impressed with the 

length and straightness of the channel, and did not hesitate to regard it as 

the trace of an enormous sinietral transcurrent fault. Since more geological 

and geophysical information has become aviilble, several objections to the 

earlier hypothesis have been raised, notably by Keen at al. (1966, unpub.) 

and Kerr (1967b). 

Keen at a].. report the existence of east-west trending topographic and 

magnetic features in Smith Sound (southern Naree Strait) which give no indica-

tion of having been offset. However, since the data are, by their own 

admission, sketchy, their findings may only be classified as a warning until 
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more detailed studies are undertaken. The objection raised by Kerr (1967b) 

is more substantial and requires close scrutiny. In essence, what he deduces 

is that stratigraphic considerations do not allow any transcurrent movement 

on Nares Strait, and he presents an extremely complex model for the formation 

of the lineament without lateral offset. This mechanism requires the opening 

of a aphenochamn northiarda from the head of Baffin Bay to a point at k30 °N., 

which becomes a "transform pivot" creating a zone of compression or apheno-

piezm beyond. This ephenopiezni is characterized by thrusting and incipient 

sinietral tranecurrent movement, and eventually the whole complex tripartite 

structure (southern extension, central pivot, northern compression) transforms 

to a simple rift valley. How the iao° reversal of principal stress direction 
in the north was achieved is not made clear. Kerr merely states, "Compression 

existed in the segment ,  north of Lat. 80°N, and ceased before extension began 

in that segment". The remaricable linearity of this complex structure is also 

suspect. 

However right or wrong his interpretation is, the value of Kerr's work 

is that it marks the and of the era when it was sufficient to regard Narea 

Strait as a tranecurrent fault merely on the basis of its length and straight-

ness. Either his interpretation suet be regarded as correct or else a better 

case must be made for transcurrent movement, and this involves a close examin-

ation of Kerr' a data. Fundamental to his interpretation is a dubious inter-

polation of isopach contours from various Palaeozoic formations on Ellesmere 

Island to possible atrat.igraphic equivalents in Washington Land. These 

contours are supposed to demonstrate that the unite In Washington Land are 

directly on strike with those in Ellesmere Island, and yet the isopacha change 

direction by as much as 600  and are projected across the 150 ion, of Kane 

Basin, often through a single data point on the Greenland side. One of the 
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data points on the Greenland side is in Peary Land, some 600 km. distant from 

the nearest one in Washington Land. This particular method of correlation 

appears to be very dangerous and is quit.. unconv.thcing. 

Kerr' a second argument in favour of his rift valley is that Oliver at al. 

(1955) discovered that at a latitude of 789N. Nares Strait transmit,. the Lg 

phase of earthquake mirface wavesp which are supposedly transmitted only by 

continental structures. However, King at al. (1966) pointed out that the I 

phase is not attenuated when traversing lees than 100 km. of oceanic crust. 

The strait is only 80 km. wide from shoreline to shoreline at the point of 

traverse; therefore, the transmission of this phase is not relevant to the 

establishing of any particular origin to the strait. 

Christie (1964) suggested a lateral offset on the Judge Daly fault zone 

in northeastern Ellesmere Island • Kerr conceded that "the zone had up to a 

few kilometers of incipient left-lateral displacement". Then instead of test-

ing this movement as a possible on echelon subsidiary of a major fault zone 

in the channel, he proffered another explanation based on very dubious 

structural relations southwards. Having thus dispensed with the Judge Daly 

fault zone, he revealed that "water-covered extension faults are inferred as 

responsible for the main outline of Nares Strait north of Lat. 80 °N; however, 

no extension faults have been reported'; and yet he chose to discount the 

transcurrent fault that has been reported. Another revelation is that "the 

inference of normal faulting as the latest structural event in the north is 

based mainly on the shape of the strait" • The shape is, of course, just as 

well explained by a transcurrent fault, and it would thus appear that no 

progress has been made since Taylor (1910). 

Unfortunately, the state of geological knowledge of this area at the 

present time is such that a wide variety of interpretations is possible, given 
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a certain set of assumptions. The dilemma is really provoked by the lack of 

an indisputable marker horizon or structure occurring on each side of the 

strait. However, the significant point not dealt with in Kerr's (1967b) 

arguments is that the episode of Variscan folding is younger than the deposi-

tionsl pattern; it does not conform to any particular depositionsl pattern; 

and it is not susceptible to the lateral facies changes which could lead to 

errors in correlation. If we then attempt to link the structural provinces 

across Naree Strait, we must only beware of the possible overprinting of some 

of the Variecan folding (and even unfolded Franklinian iniogeosynclinal rocks) 

by the Tertiary A].pian orogeny, especially in eastern Ellesmere Island. The 

areas affected by pre-Tertiary folding in E31ere Island have been delin-

eated fairly clearly by Troelsen (1950 9  Fig. 2), Hailer and Kuip (1962, Fig. 

2), Fitch (19659 Fig. 4)  and Kerr (1 967b,  Fig.  7.. • On the other hand, 

Thorsteinason and Tozer (1960 9  Fig. 2) believe that the east coast of Elles-

mere Island from Judge Daly Promontory south to Bache Peninsula has been 

affected by only(?) the Alpian orogeny. Christie (1964, Map 1148A) indicates 

that Tertiary folding cannot at least have affected Judge Daly Promontory. 

Detailed evidence southwards is not available, although Troelsen (1950) 

states that the Devonian marine strata bordering on Kennedy Channel were 

deformed in the Variecan orogeny. 

The boundary between the Variacan fold belt and the central stable region 

has been well documented in north Greenland by L. Koch (1929) 9  Troelsen (1950), 

Ellitsgaard-Ranussen (1955) and Hailer (1961). This structural marker 

reaches Naree Strait at Hal]. Land, whereas the same feature on the Canadian 

side roaches the strait just north of Bache Peninsula. The large measure of 

agreement on the location of this feature amongst both committed and uncommit-

ted authors suggests that it may be the nearest thing to an actual marker 
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that is available. If it is accepted that this is a reliable marker, then 

one is forced to conclude that the sinistral displacement on Hares Strait 

must be at least 150 km. 

In an independent study of large-scale fracture patterns in northern 

Canada and Greenland, Hulgenberg (1966) concluded that substantial sinietral 

nwnent must have occurred along Nares Strait, offsetting what he regarded 

as an original, regular, rhombohedral pattern of fractures. His restoration 

of the Greenland pattern to fit that of Labrador required translation along 

Hares Strait anci also involved a shift of Baffin Island westwards to close 

Prince Regent Inlet, the Gulf of Boothia and part of Foxe Basin. 

In addition, Thoreteinseon and Tozer (1960, kig. 1) showed the boundary 

between the Palaeozoic miogeos)ncline and eugeosyncline emerging at Archer 

Fiord from the southwest. Extrapolation of its last observed trend should 

intersect nortest Greenland in the vicinity of Hall Land or Nyboe' s Land. 

In fact, the stratigraphic columns there are dominated by sandstones, 

arenaceous shales and thick massive limeatonsa (Troeleen, 1950), and although 

they are not referred to as "miogeornclinal" it is evident from the facies 

that they display no eugeosynclinal characteristics. It must be concluded 

that the ?alaozoic eugeosynclinal deposits lie well offshore to the north of 

the north coast of Greenland, again suggesting sinietral offset. 

Finally, and totally independent of geological considerations, is the 

finding of 0teneo (1963) concerning the configuration of the total intensity 

of the earth's 'nagretic field north of Efleemere Island. He reported an 

S-shaped flexure of the 56,000 gamma contour over the linear extension of 

Hares Strait, indicating a sinietral offset in excess of 100 km. along that 

lineament. The logical conclusion of these structural, depositional and 

magnetic arguments is to regard the line of Naree Strait as the locus of a 
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left-lateral, transcurrent fault, involving a horizontal displacement greater 

than 100 km. 

IV. New Node). for the Separation of Greenland from Canada 

Until recently there was only one school of thought regarding the move-

merit of Greenland away from North America, and that subscribed to displace-

ment entirely by translation along Nar. a Strait (Taylor, 1910; Wegener, 1924; 

Du Toit, 1937;  Carey,  1958;  Wilson, 1963). The idea is attractive in its 

simplicity but it fails to account for other major Tertiary tectonic events 

in the Arctic which were premznably related. 1inple translation is also 

inadequate on the grounds that an increasing degree of separation between 

Greenland and Canada is required from north to south. Recently, Kerr (1 967a, b) 

has proposed an absence of transcurrent movement in Nares Strait, suggesting 

that separation took place entirely by continental extension (manifested by 

normal faulting) and by rotation of Greenland counter-clockwise away from 

North America • The conclusion of Kerr' a argument (1 967a), concerning the 

presence of a continental remnant in the Labrador Sea, has been shown to be 

invalid by Johnson and Pew (1968). Nevertheless, the mechanism of rotation 

is necessary in order to generate various other tectonic features in the 

Arctic archipelago. It is felt that a reasonable compromise should be struck 

between the two extreme views - pure translation and pure rotation - in con-

structing a new model for the separation of Greenland fcm Canada. 

The problem of selecting an initial configuration of the continents 

before drift began has largely been resolved by Dullard .t al. (1965, Fig. 7). 

The position of southwest Greenland against Labrador in Fig. 37 is nearly 

identical to their fit of the continental shelves. However, it is modified 

in the north so that Baffin Island is compressed back towards the mainland and 
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the volcanic province, which was non-existent before Tertiary times, is 

removed. These alterations are geologically justifiable and serve to elimin- 

ate 	

n-. 

ate the sizable overlap of continental shelves which Bullard at al. (1965) 

reported in Davis Strait. (It should be pointed out that although their 

mathematical fit of bathymetric contours was achieved by rotation only, the 

centre of rotation located at 88.5°N.,  270 . 
is geologically meaningless.) 

Kerr (1967a) indicated that attempts at reconstruction must also compensate 

for extension of the continents by normal faulting, so that, in a sense, the 

fit of Bullard at a].. (1965) does not represent the minim= separation of arr 

to points on the opposing continental blocks. In other words, restoration 

of the displacement on some of the known normal faults (0. Holtedahi, 1950; 

H. Holtedahi, 1958) will further close the gape now occupied by the continental 

shelves and increase the degree of credibility of some geological correlations. 

One further reservation must be made about the method of reconstruction, 

and that concerns the distortion inherent in the map projection used (conical 

projection, from Hilgenberg, 1966). This distortion is, of course, unavoidable 

and it should therefore be remembered that Figs. 37-40 can only portray the 

general pattern of what is taking place and that great detail is not obtainable. 

REM 
A tension rift, presumably related to thermal activity in the mantle, 

probably began to work a sinuous path northwards sometime in the Mesozoic era. 

The course of the rift was mainly dictated by the developing mantle convection 

cell, but the actual detail of the crustal rupturing must have depended on 

local inhomogenies in the cruet. If the dykes retorted by Larsen and MAler 

(1968) in southwest Greenland are the first manifestation of this thermal 

activity in the area under consideration, then this structure at the southern 

end net be as old as middle Jurassic. 



Fig. 37. Model for the Opening of Baffin Bay-Labrador Seat Stage I. 

Fig. 38. Model for the Opening of Baffin Bay-Labrador Seas Stage II. 

Fig. 39. Model for the Opening of Baffin Bay-Labrador Seas Stage III. 

Fig. 40. Model for the Opening of Baffin Bay-Labrador Sea: Stage TV. 
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The next tectonic activity recorded along these coasts is farther north 

in the Svartenhuk-Nugeauak area, where a prolonged episode of normal faulting 

began in the early Upper Cretaceous (Rosenkrantz and Pulvertaft, In press). 

Finally, the rift appears to have reached the southeast corner of Ellesmere 

Island by the early Tertiary, nudging from the age of various structures there. 

However, when the advancing rift reached this point it encountered, nearly at 

right angles, a relatively young, thick, folded sequence in the form of the 

Franklinian geoeyncline. This structure was in turn reinforced on its northern 

side with a thickness upwards of 10 km, of sediments comprising the Sverdrup 

basin. apparently, the rift was unable to penetrate the greatly thickened 

crust in this region and instead terminated at that point, and a phase of 

simple rotation began, using the southeast corner of Ellesmere Island as a 

fulcrum or pivot. 

B) State Li Rotation, Foldina axdVolcanii (Fig. 38) 

The wedge-shaped opening which developed between Canada and Greenland as 

rotation continued fits the definition of a ephenochaet as described by Carey 

(1958), Presumably the vicinity of D&viis Strait was one area of very high 

heat flow and the voluminous outpouring of lava occurred in response. That 

the thermal activity in the mantle did persevere in a northwesterly direction 

is evidenced by the Upper Cretaceous-Tertiary basic intrusions and volcanic a 

in the Sverdrup basin (Blackad.ar, 1964). He states that "by far the greatest 

concentration of basic plutone is in western Axel Heiberg Island and in 

structural highs on Cornwall Island and the Ringnee Islands", i.e. on strike 

with the course of the rift. 

The rotation, pivoted in southeast Ellesmere Island, threw into compres- 

sion that region to the northwest of the pivot. Three major effects are noted: 
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the originally nearly linear Frenklinian fold belt began to bond into a 

broad U-shape, here named the Ellesmere orocline 

the soft sediments filling the Sverdrup basin were subjected to compres-

sion, directed mainly from the east by the rotation of Greenland, resulting 

in a fan-shaped arrangement of told axes, here named the Sverdrup epheno 

pieem; Tozer and Thoreteinason (1964) have drawn attention to the curious 

fact that the strike of the fold axes in the Sverdrup basin is transverse 

to the axis of the sedimentary erynclinorium 

in the region of GririeU Peninsula on Devon Island and the east coast of 

Ellemnere laland, the incompetent Sverdrup sediments were thrust onto the 

Yariscan fold belt; if the debatable thrusting in north Greenland is truly 

of Tertiary age (Euitsgaard-Raemusaen, 1955; Hailer and Kuip, 1962; Dawes, 

1966), then the reversed sense of the thrusting, i.e. northwards, may be 

due to the yielding of the most incompetent memberp this time the Variscan 

fold belt, resulting in the overturning towards the foreland of the north 

llemnsre Island Carolinidian fold belt 

This phase of rotation continued until the bend of 5do  currently displayed 

by the Ellesmere orocline was established. 

C) Stage III Faulting and Translation (Fig. 39) 

As the folding became tighter in the Sverdrup sphenopiezxn, a transform 

fault (Wilson, 1966a) with left-lateral strike slip movement, here named the 

Naree transform fault, broke through the fozr warp in the Varisoan fold 

belt near Bache Peninsula and extended across to the mid-Atlantic rift system. 

According to Carey's (1958) terminology, the Baff in ephenochaem is now more 

properly called a rhombochams. From the period of this conversion the move- 
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merit of Greenland became entirely one of translation along the Hares transform 

fault. The folding of the Sverdrup aphenopievn terminated at this time of 

breakthrrngh. 

The newly introduced lateral movement of Greenland exerted a drag on 

Ellesmere Island, thereby partially releasing the compression at the orocline. 

This allowed the opening of extension faults in southern Ellesmere Island 

(Kerr, 1968), Jones Sound between Ellesmere and Devon Islands (Gregory at a].., 

1960, 1961) and Lancaster Sound between Devon and Baffin Islands (Thorsteinason 

and Tozer, 1960; Gregory at a].., 1961; Fortier at al., 1963;  Barrett, 1966). 

The formation of Prince Regent Inlet and Foxe Basin probably also belongs to 

this period of extension faulting and must involve crustal thinning, if not 

the production of new oceanic crust. Fortier (in Fortier at al, 1963)  states 

that "Parry Channel, which apparently marks a line along which beds and 

structures on one side are offset from those on opposite sides, and Prince 

Regent Inlet, which has a remarkably straight western shore, are probably the 

loci of faults but this is not demonstrable". Coupled with the opening of 

Prince Regent Inlet and Foxe Basin, some transcurrent movement along Lancaster 

Sound, Fury and Hec].a Strait and Hudson Strait must have taken place. Evidence 

to support this conclusion includes the following: (i) there is an apparent 

left—lateral offset of the Brodeur—Devon homocline (Fortier at a].., 1963,  Fig. 

1; Barrett, 1966) between Baffin and Devon Islands and also of the magnetic 

anomaly associated with the Boothia Arch (Gregory at al., 1961, Fig. 2); 

(ii) Heywood (1967) showed some east-west trending faults of unknown age in 

Melville Peninsula which may have facilitated or been the result of movement 

in FVry and Hecla Strait; and (iii) Hudson Strait was considered as a fault 

by Taylor (1910), and recently Hood and Bower (1966) produced magnetic evidence 

to show at least a component of southern downdropping. 
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Also indicated in Fig. 39 are  the areas of new oceanic crust (in the 

Labrador Sea on either side of the ridge and in Baffin Bay on one side only) 

created as a result of the inferred sluggish movement of Baffin Island away 

from the ridge. The Davisaseinic ridge, developed in the same manner as 

the Wyvifle-Thomson ridge in the North Atlantic or the Walvis ridge in the 

South Atlantic, has also been indicated. 

1)) Stage IV Residual Activity (Fig. 40) 

During part of the Tertiary, the widening of the Baffin rhombochasn was 

accomplished by movement along the Naros transform fault. However, the con-

dition was eventually reached in which Greenland went into equilibrium between 

the opposed forces opening Baffin Bar on the west and the North Atlantic on 

the east. The greater structure appears to have prevailed and Greenland is 

now drifting away from the mid-Atlantic ridge at much the same rate as contin-

ental North America. The relatively weak seismic activity of the Labrador 

Sea ridge suggests that this is probably true, and it therefore follows that 

there would be little or no further movement along the Naree transform fault. 

This is confirmed by the striking lack of earthquake activity in that channel. 

Streas release associated with the minor seismic disturbances on the Baffin 

Bay structure is probably accommodated in the various straits and channels to 

the west, which are similarly characterized by a few epicentres. 

The extrapolated lineaments of Lancaster Sound and Hudson Strait intersect 

the Baffin-Labrador ridge in the vicinity of the two nBjor concentrations of 

epicentres in Baffin Bay and the Labrador Sea respectively, it is suggested 

that these concentrations of epicentres represent the points on the ridge 'there 

differential, i.e. slower, movement of Baffin Island relative to all other 

blocks was initiated. Why Baffin Island has lagged behind is not clear but 

structural evidence already discussed suggests that it has done so, 
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) trks on the Model 

Studies dealing with continental drift tend to fall into two distinct 

categories. The first type of presentation is conceived on a globe.], scale 

and, liberally accompanied by sketch diagrams (e.g. Le Pichon, 1968), attempts 

to explain all the major structural phenomena of the earth's crust. Of 

necessity, this manner of approach is abys lacking in detail. The second 

type of presentation is concerned with the examination of a restricted area, 

from which broad, general conclusions are often drawn (e.g. Kerr, 1967b). 

Clearly neither approach is scientifically sound, but if a comprehensive, 

detailed picture is ever to urge then the second type is preferable to the 

first. As further geograiical areas of manageable proportions are "solved" 

internally, then a consistent mosaic may someday be compiled. 

The present study belongs to the second category, being expanded from 

one small volcanic province to enbrace the natural geographical unit of Green-

land and the Arctic archipelago. A reasonably consistent model has been 

proposed for the formation of all the principal geological features observed, 

but immediately beyond these arbitrary boundaries many problems arise. It 

should be stated in advance that a large proportion of the difficulties that 

arise are due to the scarcity of reliable information, notably in the Arctic 

Ocean basin where most of the major structures are imperfectly understood. 

Indicative of this lack of knowledge is the fact that the Lomonoaov ridge has 

received such a wide variety of interpretations. These include a "n&iatath" 

(Carey, 1958), folded mountains related to the Eureka Sound fold belt and the 

Verkhoyanak Mountains of Siberia (Pushcharovekly, 1960; Dither at al., 1965), 

a volcanic structure based on magnetic susceptibility (King at al., 1966) and 

dredginga (Hakkel', 1958), and simply a boundary between ocean basins of 

differing ages (Wilson, 1966b). Needless to say, objections can be raised to 

each of these interpretations. 
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There is a somewhat better measure of agreement concerning the Alpha rise, 

which has both the topographic and magnetic expression of a block faulted area 

(Hunkins, 1961; King at al., 1966), with the implication of crusta]. extension. 

If this interpretation is correct and the present drift model is to be retained, 

then the rotation of Greenland and Ellesmere Island into the Arctic basin must 

be of a different age from the formation of the Alpha rise. Wilson (per.. 

coia.) believes that the compressive force which deformed the Franklinian 

geoeyncline in Variscan times was directed from the norUsveat by the closing 

of a former Arctic ocean. That ocean is then supposed to have reopened in 

Pennsylvanian times into a narrow sea susceptible to periodic restriction of 

water flow and subsequent formation of the evaporites now observed at the base 

of the section in the Sverdrup basin. Aeromagnetic evidence (King at al., 

1964) Implies that a large part of the Arctic Ocean basin on the Canadian side 

of the Lamonoeov ridge consists of foundered continental crust. If this is 

true then serious isostatic problems are raised. In the light of unsolved 

problems such as these it was considered unwise to try to incorporate the 

features of the Arctic Ocean basin into the present model. 

Another problem concerns the fault in Lancaster Sound. Barrett (1966) 

interpreted the magnetic anomalies in such a way as to yield a fault plane 

dipping south at 45° . If this is true then the proposed transcurrent movement 

along this channel may have taken place along an older, nearly vertical fault 

plane. ihen the region was thrown into tension by the dragging away of EUe.-

mere Island, the normal fault was guided by the surface trace of the older 

transcurrent one but developed a new dip to the south. 

In the Baffin Bay volcanic province there is an apparent inconsistency 

between the model and the conclusions of Rosenkrantz at al. (1942), who envis-

ioned an extension of the Cretaceous seas southward from the Sverdrup basin. 
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Apart from the Coloradoan affinities of the early fauna, there is no other 

evidence that a sea opened up in this manner and,, in fact, Tozer and Thorstein-

ason (1964, Fig. 20) definitely favour a northward extension of the proto-

Atlantic through the Labrador Sea and Baffin Bay. The model's mechanism of 

progressive tectonic activity northwards agrees palaeogeographically with 

Tozer and Thorateinseon (1964) but still does not necessarily preclude a 

superficial overspill of the Sverdrup sea from first reaching Svartenhuk and 

Nugesuak if palaeontological considerations so demand. 

Further to the south there is also the problem of bifurcation where the 

Labrador Sea ridge is supposed to meet the mid-Atlantic ridge. Although the 

mid-Atlantic ridge may now be the stabilized locus of production of new 

oceanic crust, the period of dual activity(?) of these ridges, or of the con-

version of Greenland to a stagnant block, must have been extremely complex. 

Precise dates of activity are not available in order to allow construction of 

a model; therefore, this problem is directed to future investigators when 

more information is forthcoming. 

Most of the objections to the present model stem from the relative new-

ness of geological and geophysical investigations in the Arctic, and will 

probably be resolved as new data become available. Even so, there are strong 

si,e4ltiitiee between this model and the composite picture presented by Matthews 

(1966), Laughton (1966) 9  Girdler (1966) and Freund (1965)9 concerning the 

intersection of an oceanic ridge structure (Carlsberg) with a continental 

landmass (Afro-Asian block), to produce a ephenochaem (Gulf of Aden and the 

Red Sea) plus rotation and translation of one of the blocks (Arabian Penin-

sula). This analogy is continued in that both areas display a constriction 

in the sphenochaan at a point where the axis of the aphenoohaem has either been 

offset or warped, and both of the narrows (Straits of Bab el Mandeb and Davis 
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Strait) are characterized by copious outpourings of lava. The development 

of "hot spots" on mid-oceanic ridge structures 18 not exceptional (e.g. 

Iceland, Azores, Bouvet, St. Paul-Amsterdam Islands) and may have no signifi-

cance beyond representing local areas where mantle melting has been more 

extensive or where magms release was perhaps facilitated by the change in 

strike of the ridge. It is interesting to speculate that the Baffin Bay "hot 

spot" may be the rlict early Tertiary equivalent of the present-day "hot 

spot" in the same latitudes, namely, Iceland. 

If the analogy with the opening of the Red Sea is appropriate, then 

geophysical results from that area should allow predictions to be made about 

the Baffin Bay area. For instance, there should be a positive Bouguer 

gravity anomaly over the axis of the ridge, and deep seismic refraction pro-

files should con! inn the sort of crustal layering characteristic of mid-

oceanic ridges. Also, palasomagnetic work on the Tertiary lavas should show 

rotation of Greenland relative to North America by an amount equal to the 

degree of bending effected in the Franklinian fold belt. Finally, the resi-

dual seismic activity suggests that detection of higher heat flow, associated 

with the ridge, may still be possible. 

Answers to the objections and testing of the predictions will take con-

siderable time. The geographical areas are immense and difficult of access; 

as a result, it may be decades before proper investigation, interpretation 

and debate resolve the current geological and structural 
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" DI;_f 

In this summary the major topics of the previous chapters are brought 

together, and listed under each topic are the pertinent facts, arguments and 

hypotheses. The chapter concltee with a concise re-statement of the envisaged 

petrogenetic scheme and an evaluation of the mrm total of the foregoing 

evidence. 

the pioritic and olivine basalts generally form thin flows, suggesting a 

highly fluid mag 

the four principal zones in any flow are (a) basal chill, (b) lower massive 

zone, (c) upper vesicular zone and (d) chilled top 

presence of dykes of appropriate composition and absence of any central 

eruption features suggest eruption principally through fissures 

most eruptions of olivine-rich basalt were local phenomena, thereby making 

correlation of measured sections quite impossible 

the basal breccias have a subaqueous, possibly submarine, origin judging 

from the type of alteration, and the attitude of the giant cross-bedding 

in the breccia units may be used to locate the source area 

thick olivine basalt flows develop intra-flow differentiates, and at Cape 

Dyer the extremes of composition in one flow bracket all other compositions 

in the entire province 

the feldspar-phyric basalts are generally thicker and cover larger areas 

than the picrite basalts, and are only found on the west Greenland side 

of Baffin Bay 

eruptive history: picritic breocias - subaerial picritee - olivine baealt.s - 

feldspar-phyric breccias and/or flaws - tractes carbonatites(?) 
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II, Chemical Characteri8tics of the Basalts 

all but 2 of the 79 be salts analyzed are rperethenenor,native and are 

therefore referred to as tholeiltic (after Yoder and Tilley, 1962) 

the olivine bssalt,e are characterized by high MgO, Cr 203  and NiO; also 

low TIC)2, 1C20 2°5' Ba, Sr, Rb, T, Ga and Zr (the incompatible elements) 

incompatible elements are enriched in the Svartenhuk olivine basalts over 

those of Baffin Island by a factor of approximately 1 • 5 

trace element trends are continuous from olivine baalts to feldspar-

pbyric baealt,s 

against MgC) as an index of low-pressure fractionation, the rats of increase 

of incompatible elements in the feldepar-phyric be salts is greater than in 

the olivine basalts 

III. Evidence Sucestin& the (Pp]ybarjp) Fractionation of Olivine to Vary 

a general decrease in nodal olivine occurs from early picrites to late 

feldspar-phyric be salts 

strong gravitative settling of olivine in thick olivine basalt flows and 

the rate of change in concentration of incompatible elements and Ni 

confirm that olivine is the principal fractionating phase 

a plot of )'lgO against other oxides (after Powers, 1955) indicates olivine 

remval as being responsible for linear trends produced and limits the 

fayallte content of olivinee 

4) correlation coefficients in 21 x 24 matrices are strongly positive between 

MgO, Cr203  and NiO and strongly negative between MgO and the incompatible 

minor and trace elements 

5) strong olivine control lines produced in the simple normative basalt tetra- 
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hed,ron and examination of concentrations of incompatible elements and 

nickel along these lines indicate olivine fractionation 

strong divine control lines exist in the modified Q'AS tetrahedron 

bulk composition of Group II magmas indicates that they must precipitate 

olivine on route to the surface, i.e. in a decreasing pressure field 

presence of at least some euhedral (as opposed to skeletal) olivinee in 

the one-phenocryst basalts indicates that the ascending magma probably did 

not reach the surface in 100% liquid condition 

incompatible elements are enriched by a factor of 1,5 in Svartenhuk olivine 

basalts without a corresponding difference in major element chemistry or 

nickel and chromium contents 

the offsetting of trends occurs in certain of the simple variation diagrams, 

whereas others are perfectly linear 

average of Svartenhuk olivine basalts has higher CaO/}lgO, Ni/Mg and lower 

Na20/K20 ratios than Baffin Island average 

principal component analysis demonstrates mathematical feasibility of 

eclogite fractionation to produce observed differences between the two 

suite. 

considering the bulk compositions, the model of magma production at 30 kb. 

provides a reasonable environment in which partial melting and eclogite 

fractionation can take place 

1) correlation coefficients lend support to the idea of olivine fractionation 

as a major control of variance of bulk compositions 
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discriminant function analysis rejects the miU hypothesis, i.e, that 

average Baffin Island olivine basalt equals average Svartenhuk olivine 

basalt, and in so doing provides a mathematical function to categorize 

analyses of basalts from the Baffin Bay region 

principal components analysis supports eclogite fractionation 

1) a medal of the opening of ffiri Bay is based only on field relations 

observed by the author 

2) three petrogenetio models attempt to satisfy the peculiarities of both 

bulk chemical composition (low incompatible elements) and phase relations 

(non-attainment of equilibrium at low pressure): 

generation at 20 kb. fails because it requires a mantle composition 

unlike average garnet peridotite and does not provide a favourable 

environment for eclogite fractionation 

generation at 30 kb. provides both a high degree of partial melting 

to produce a hypersthene-normative primary magma and an opportunity 

for fractionation of eclogite 

generation at 40 kb. shows that the projected bulk compositions 

do not conform with 1aioni phase relations 

3) a four-stage medal for the opening of the Labrador Sea, Baffin Bay, Naree 

Strait, Hudson Strait, lancaster Sound, etc., is based mainly on published 

geological and geophysical work including palaeontology, palaeomagnetic 

studies, seismic refraction profiles, seismicity, aeromagnetic surveys, 

jigsaw fits and, in particular, structural relations in the vicinity of 

Hams Strait, including folding and normal, thrust and transcurrent (trans-

form) faulting 
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baseaent rocks exhibit a similar grade of metamorphism (garnet amphibolite 

facies with a possible increase to graute fades northwards) and 

a1it11r rock types, especially the garnetiferous gneisses and tourmaline-

bearing quartzo-feld spa thic dykes 

that there are Phanerozoic rooks at all along the shore. of Baffin Bay in 

mrthy of note, and that they.hould be vl1*tnetrioaiJ.y disposed and of the 

same geological age (late Cretaceous-early Tertiary) is even more 

evidence exists in both provinces for normal faulting contemporaneous with 

deposition of late Cretaceous-early Tertiary sediments 

there is a similarity of rock types and fossil flora content in the sedi-

ments from both sides 

there is a similAr period of eruption of lava with radiometric ages in the 

range 58-54 nor. ago 

"offshore" source region is demanded for both basalt provinces; i.e. a 

con source region could lie between the two areas as now exposed 

formation of basalt breccias with giant cross-bedding is common to both 

areas 

similar magma-types are erupted, i.e. a hyperathene-normative picrite 

basalt with low incompatible elements 

trace elements plot on smooth trends from Baffin Island picrites through 

Svart.enhuk picritee and olivine baa1ts to feldspar-phyric basalt. 

stmilRLr  dykes of carbonate-rich material are common to both area. 
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Vill, fle-statement of PetroEeneti.c Sch 

Generation of the basalt magmas, now represented by lava flows of Ter-

tiary age along the coasts of Baffin Bay, is believed to be the product of a 

partial melting event in the mantle at a pressure of approximately 30 kb. 

This pressure was chosen because the position of its pseudo-invariant point 

in the OWLS system coincided with the bulk compositions believed to be paren-

tal in both basalt provinces. (The method of selecting the parental composi-

tions was initially one of a process of elimination, but the decision was 

confirmed by petrographic and etratigraphic considerations.) At the conclusion 

of partial melting, a small portion of the primary magma was erupted directly 

to the surface, the composition of the liquid never leaving the primary phase 

volume of olivine, and this matrial is now considered to be represented by 

the piorite basalts of Baffin Island. 

The remainder of the partial melt, retained at high pressure, suffered 

approximately 33% of eclogite fractionation. This resulted in the raising of 

the levels of the incompatible elements by a factor of 1.5  over the Baffin 

Island parental average without at the same time greatly changing the major 

element bulk composition. This evolved magma was then erupted in precisely 

the same condition of po].ybaric fractionation of olivine as that experienced 

earlier by the Baffin Island parental magma, and is now represented as the 

parental composition of Svartenhuk. Whereas the Baffin Island basalt ma 

source appears to have been practically exhausted in the early stages, the 

greater volume of magma in Svarterthuk underwent prolonged gabbro(?) fractiona-

tion at pressures less than 10 kb., thereby generating the feldspar-ph.yric 

basalts with their late-stage exponential increases in incompatible elements. 

On present evidence there is no reason to believe that the trachytes are any-

thing but high-level fractionates of the feldspar-phyric basalts. The 
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injection of comparable carbonate-rich materials in both provinces may repre-

sent the last residua of raterial which fractionated to carbonatite-like 

compositions at 30 kb. before being erupted. 

The above model is consistent with petrographic and ChnjCal data collected 

in the course of this research and is in agreement with what is currently 

accepted concerning the phase relations of basalt tnr.s both at high and low 

presire8. 

From the  high degree of etratigraphic and geoohnica1 correlation between 

the two basalt provinces, and from the weight of other geological and geo-

physical evidence in the eastern Arctic, the conclusion may be drawn that the 

two provinces are the fragments of one formerly continuous basalt "plateau", 

now separated by continental drift. Such being the case, the production of 

magma and rifting of the continents are simply two manifestations of one major 

geological event and are therefore Inseparable either in time or in space. 
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APPENDIX A 	 PETROGRAPHY 

I. Introduction 

The purpose of this appendix is to provide general petrographic informa-

tion to accompany the chemical analyses. The approach will be to describe 

the petrography of the minerals, followed by short petrographic descriptions 

of each analyzed specimen. In the latter section, locality is noted, pheno-

cryat assemblage is presented under the sample number (if dirnibl, 

general texture is described, and an estimated mode with mineral compositions 

(where determined) is included. Samples AA-63, C-56, DL-52, E-2, G(d)-2, 

512 9  589, 629, 641 and 658 were point-counted. The determination of olivine 

compositions was done by X-ray diffraction, using the method of Yoder and 

Sahama (1957), modified by using NaCl as the reference standard. Plagioclase 

compositions were determined by the Michel-Le'vy symmetrical extinction angle 

method on polysynthetic albite twinning in the zone perpendicular to (010), 

using Tobi's (1961) high-temperature curves. 

For the purposes of this petrographic study it is convenient, in order to 

prevent unnecessary duplication, to discuss the rocks as a single group rather 

than as suites from two provinces. 'here there are differences between the 

Baffin Island and Svartenhuk suites, these are indicated. Also, in many 

instances the phenocrysts, olivine in particular but sometimes plagioclase as 

well, have been described as skeletal in form. There is no difficulty in 

recognizing these grains as partially formed crystals rather than as possible 

resorbed phenocrysts. In every case the edges of the crystals (seen as corners 

in section) are perfectly sharp, and the large enbayinents occur in the faces. 

If resorption into the liquid were responsible for the habits developed, the 

free energy considerations would demand that corrosion should take place on 
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the corners and edges first, bit this is not observed in the early baaalts. 

This conclusion is in complete agreement with the work of Drover and Johnston 

(1957) on divines from jdm1l  ar rocks on IJbekendt Island, west Greenland, and 

of Kopecky and Voldan (1959)  on some experimentally investigated rocks. 

One of the more interesting features of these basalts is that they have 

crystallized only one variety of pyroxene, namely, elinopyroxene. Vaasjoki 

(1965) has reported orthopyroxene in a basalt from Asuk, Disko Island, but 

its intimate association with native iron suggests that it is also a product 

or the unusual reducing conditions v&ich must have prevailed. This absence 

or orthopyroxene holds true, not only for the extremely olivine-rich members 

under study (where olivine and liquid seem to have reacted to produce dma- 

pyroxene; see Itonen and Sohairer (1 961) and O'Hara (1968)) t  but also for the 

entire sequence of differentiation to quartz-normative tholeiltes. As may be 

seen from Figs. ?1-23 the bilk composition of the lavas being so close to the 

normative divide renders the crystallization of orthopyroxene an unlikely 

event, although had there been differentiates in the intermediate range, hypere. 

thene might have appeared. 

The order or appearance of phases in the Svartenhuk suite has already been 

portrayed in Fig. 34.  In Baffin Island all the breccias are characterized by 

phenocry ate of olivine and microphenocrysts or microlites of plagioclase. It 

is therefore possible that mazy  of the subaerial flows may also have contained 

plagioclase as a second phenocryst phase, but this is rarely demonstrable. 

However, it is also possible that the initial eruptions (the breccias) suffered 

more extensive cooling on route to the surface, whereas later flows passing 

through the pro-heated conduit did not cool sufficiently to allow the forma-

tion of a second pheriocryet phase. In both provinces chromian spinal is an 

early phenocryst and it will be discussed later. 

One final topic before the mineralogy is discussed concerns the nomen-

clature of the rocks. The name "picritet' has been reserved for basalts containing 
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more than 25% modal olivine. Otherwise the rocks are referred to as olivine 

basalte, except for those in which plagioclase is the principal phenocryst 

phase. These feldspar-phyric-  basalts occur only rarely without olivine, 

clinopyroxene and magnetite as coexisting phases, although the olivine is 

usually completely pseudomorphed. 

11,  Olivine 

'there divine compositions have been determined, the fayalite content is 

given in the individual petrographic description. In general, the range is 

from N to FL219 
these values being 1% Fa. The size ranges from Infinitesi-

mally small microlitea in the basaltic glasses to phenocrysts having a maximum 

dimension somewhat in excess of 1 am. in some of the thick cumulitic flaws. 

The largest olivines in the parental Group II compositions of Chapter 4 do not 

have maximum dimensions in excess of 4  ma.; average maximum dimension for 16 

of these compositions was 2.2 ma. and average dimension was 1e88 than 1 ma. 

Therefore, the high 14g0 in these basalte may be attributed, in part, to a pro-

fusion of small oLtvines rather than a few large crystals. 

The shape of the olivines varies widely from microlites and bizarre 

skeletal varieties to subhedral and perfectly euhedra]. crystals, and the habit 

appears to be largely determined by the rate of cooling. 

The principal types of alteration are partial conversion to iddingeite 

and partial or complete conversion to serpentine. In the olivines of some 

leucocratic segregations in thick flaws, several concentric rings of idding site 

and olivine are built up in a single crystal. This is a possible reflection 

of cycles of periodic concentration and eventual lose of volatiles in the 

differentiating manna (Edwards, 1938). In at least one flow (1-102) it may be 

seen that iddingeitization is later than poikilitic enclosure of some of the 
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olivinea in the clinopyxoxene, as those enclosed are not altered. Also, the 

divines of the breccias are not characterized by ajW alteration to idding-

site. in some tufts on Baffin Island and in some of the feldapar-j*yrio 

basalts of Svarterthuk, olivine has been pseudomorphed by carbonate. 

The abundant, tiny chrome apinels with mrImun1  dimensions of 0.02 ran. 

are most frequently enclosed in the olivine phenocrysts, although individual 

grains are occasionally found in a fine-grained groundmase or basaltic glass. 

Vaaaoki (1965) has reported a partial analysis and results of X-ray diffrac-

tion work on the reddish epineis, which place them in the range of chrosni-

ferous apinel-hercnite or, more simply, picotite. 

The range of stability of picotite in chrome-bearing picritic liquids is 

not known. In the petrogenetic model (Chapter 4) it was proposed that olivine 

began its crystallization at depth and continued to the surface • £f the 

central inclusions of idiomorphio picotite in olivine have petrogene tic 

significance, then it is possible that they are intermediate- to high-pressure 

relicts upon which the olivine crystals nucleated. This can only be true if 

the picotites have a large pressure range of stability, since their occurrence 

as euhedral grains in some groundmasees might demonstrate stability at atmos-

pheric pressure. 

A few plagioclase compositions are included in the individual petrographic 

descriptions. In general, the plagioclase laths are aml 1, zoned and without 

good polysynthetic twinning,, making determination of composition exceedingly 

difficult. In general, the plagioclases lie in the range A.n50-65, perhaps 



A 5. 

surprisingly albitic for such primitive basalta, although the fact that the 

single pyroxene is augite must account for a large proportion of the calcium. 

The plagioclases of the feldspar.-phyric basalt* are generally characterized 

by oscillatory zoning. 

Lathe of plagioclase range in size from microlitea in the glasses up to 

crystals approximately 2 cm. in length in the leucooratic segregation veins 

of thick flows. Occasionally in the glasses, equant, rhomboidal, rather 

quenoby-looking plagioclases occur. 

In general, the plagioclase is very fresh, although in some of the Svarten-

huk picrites, especially those of (h'oup It they are strongly altered to zeolite. 

It is not believed that any large chemical changes have accompanied this 

alteration, as the altered specimens are not noticeably off-trend in the 

variation diagrams. The only occurrence of plagioclase alteration in the 

Baffin suite is sericitiv.ation(?) in the palagonite (where the olivine remains 

remarkably fresh) and replacement by carbonate in some tuffs (not analyzed). 

V • Auite 

As mentioned earlier, the only pyroxene is a relatively high calcium 

variety. This much has been deduced about the chemical composition as the 

result of optical 'ork done by the author (Clarke, 1965, unpub.), wherein the 

2Vx of pyroxene. in 5 flows in Baffin Island were found to be between 

5053°. 4m11Ar optical work was done by Noe-Nygaard (1942), also establish-

ing the high calcium nature of the pyroxenes in Svartenhuk. Optical work 

has also shown that there may be considerable chemical variation, especially 

amongst the pyroxnee of the feldspar-phyric basalt., which tend to be zoned 

and are probably titaniferous, as the purplish-brown colour would suggest. 

Clinopyroxene is never found as a phenocryst on the Baffin side and is 

the last phase to appear as a phenooryst in the Svartenhuk suite. Therefore, 
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only rarely are the augites euhedral and their most frequent occurrence as 

phencerysta is a.nhedral grains in glomeropophyritic clusters with plagioclase. 

The textures developed by the augites range from poikilitic to ophitic or 

grarnhliir, depending very much on the individual composition. The cleavage 

is usually well developed, and twinning is most prominent in the leucooratlo 

intra-flow differentiates and the feldspar-phyrlo basalts. 

There is rarely any alteration to the clinopyi-ocenee. A possible exeol-

ution of opaque material occurs in sample 629. 

VI, Manetite 

For the sake of simplicity, the opaque phases in these rocks are collec-

tively referred to as magnetite in the petrographic descriptions. An examina-

tion of the opaque minerals in reflected light has revealed that many complex 

relationships exist between the various spinals and oxide minerals. These 

relationships include the following: 

skeletal magnetites in the sideromelane of the feldspar-ph.yric basalts 

vermicular intergrowthe of oxides and silicates 

poikilitic inclusion of early-formed olivineB by magnetite 

occurrence of magnetite and ilmenite as discrete phases in the same rock 

exaolution of ilmenite from magnetite 

intergrowthe between spinal and ilmenite in the groundmass (the spinel 

being of different composition from that enclosed in the olivine phenocryste) 

some apinele zoned outwards to magnetite 

alteration products in the eerpentinization of olivines 

secondary,  oxidation and hydration of early-formed oxides to form hematite 

and goethite(?) 
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As demonstrated in Fig. 34, magnetite (probably titaniferous) was a 

sporadically occurring phenocryst in the early eruptivee on Svarterthuk. In 

many of the later feldspar-phyric basalta, aulEedral and euhedral magnetite 

phenocrysts coexist with skeletal magnetite or ilmenit.e in the groundmass. 

In addition, some of these later ha salts contain specks of sulphide, and one 

or two may contain native copper. 

VU. Sideromelane 

Basaltic glass forms up to 80 of some of the samples analyzed. It is 

normally pale green in plane polarized light and perfectly isotropic. The 

rapid cooling has produced perlitic cracks, most of which are centred on 

prominent phenocrysts. 

The weaker alteration product of sideromelane is termed palagonite (after 

Peacock and Fuller, 1928) and is characterized by an uptake of water which 

causes a colour change, although optical isotropy is retained. This colour 

change is from pale green to dark green in the black breccias or to reddish-

brown in the orange breccias. The stronger alteration involves both physical 

and chemical attack on the sideromelane, presumably by superheated water, 

resulting in the formation of birefringent fibropalagonite (after Munok, 1942). 

The envelopes of fibropalagonite about the sideromelane and palagonite shards 

also may contain large quantities of zeolite and sometimes are accompanied by 

leached ferromanganiferous(?) globule. (Bonatti and Nayudu, 1965; Bonatti, 

1967). That the palagonite and fibropalagonite are strongly hydrated is 

suggested by samples RBB and RDBp which average 35-40 of these alteration 

product. and 8.0% 1 204 . On the assumption that the unaltered basaltic material 

in these specimens has the average value of about 1% H20, the palagonite and 

fibropalagoni te contain on average about 18% H20'. 
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VIII, Zeo].itee 

The case for regarding at least some of the zeolites as magmatic in 

origin has already been discussed in Chapter 3. The occurrence of zeolitea 

in the cavities of completely fresh lava flows on Baffin Island and in fresh 

sideromelane of both provinces favours this interpretation. Of course, there 

are also the picritic flows of Svartenhuk, in which most of the zeolit.es are 

obviously breakdown products of plagioclasee. 

As many as four different varieties of zeoLite have been recognized in 

a single flow, two of which are analcite and p}lllpeit., However, no detailed 

work has been done. 

Apatite has been detected in only two specimens, 629 and 670 9  both of 

which are coarse-grained relative to the other basalts. The apatite needles 

tend to radiate out from patches of fine-grained interstitial material, and 

the P 2  0 5 
 in most specimens is therefore probably contained entirely in the 

fine-grained groundmass. 

A feature of the fine-grained interstitial material, found in the leuco-

cratio segregations of thick flows, is the development of what appears to be 

a quartz-feldspar Intergrowth. These leucocratic segregations represent the 

most differentiated material on Baffin Island, and since quartz is generated 

by the norm calculation, modal quartz is a distinct possibility. 

PWO c 

A chioritic mineral is seen to exist as pseudomorphe after olivine in 
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some of the feldaparptrric flows; otherwise, it occurs mainly as interstitial 

patches and vesicle f"111 a. 

II. etroraDhic DescriDt.toxte 

A) BaffLU Ie.1*r4 

A-5 	Picritic portion of thick flow at radar station, Cape Dyer. Euhedra3l, 

oliv 	and arihedral olivine (Fa19) phezcrysta (cumulus) embedded in large 

poikilitic grains of plagioclase and less abundant augite. Olivines 

are slightly iddingeitized and contain nearly opaque, euhedral grains 

or spine].. Approx. mode: Oliv 50%, Flag 30%, Cpx 20%, Sp trace 

Leucocratic, olivine-poor portion of same flow as above. Oliviriis 

sinai]., subhedral, slightly iddingeitized and without spine]. inclusions. 

Ophitic texture between plagioclase and augite. Magnetite skeletal. 

Approx. mode: Oliv 10%, Flag 45%, Cpx 45%, Mt 1% 

AA-19 Same flow as above. Second leuoocratio and vesicular band from the 

top and 1 ni. thick. Coarse-grained aggregate of plagioclase and 

twirued augit.e, both of which are strongly zoned. Olivines small #  

rounded and partly iddingeitized. Interstitial material consists of 

skeletal magnetite, feathery augite and a wormy lxitergrowth of plagio-

clase and quartz('?) reesembling a myrmekitic texture. (Plate V). 

Approx. mode: Oliv 1% 1, Flag 45%, Cpx 451, Interstit. 4% 

AA-26 Picritic portion of same flow, 2 m. below AA-19. Mainly aubhedral 

oliv 	olivine phenocrysts (c'mulua) poikilitically enclosed in large zoned 

plagioclase and angite (intercumulus). Olivinee slightly iddingaitized 

and contain euhedral inclusions of spinal. Some skeletal magnetite 
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along the boundaries between the intercumulue and cumulus crystals. 

Approx. mod.: OLtv 50%, Flag 30%, Cpx 20% 0  Sp trace, Mt trace 

AA-30 	Sme flow  1.5 rn below AA-26. Euhedral and subhedral olivine (Fa 19) 

cliv 

AA.-63 

phenocrysts (cisnulus) enclosed in large zoned poikilitio grains of 

plagioclase and augite (intercumulus). O].ivines enclose the charac-

teristic idiomorphic spinal and are partially iddingeitized. A 

zeolite forms part of the intercumulus material as well as filling 

the small vesicles. The olivines enclosed in Cpx are definitely 

anhedral, whereas those enclosed in Flag are euhedral, suggesting a 

possible reaction of the olivine with the liquid to form clinopyroxene. 

(Flat. VI.) Approx. mode: Oliv 55%, Flag 20%, Cpx 20%, Zeal 7,51 9  

Sp trace 

Same flow as above, 7 m. below highest point exposed on the laioll, 

which in turn suet represent nearly the top of the flow, judging fr 

the thickness of the vesicular portion of the flow to this point. 

Strongly resorbed olivines with no spinal inclusions and all showing 

evidence of at least one episode of iddingeitization followed bV a 

further period of divine growth. Ophitic texture between plagioclaee 

and clinopyroxene, both of which are zoned. Interstitial material 

consists of microlites of plagioclase and clinopyr'oxene, skeletal 

magnetite, iddingeite (hematite?) and a dusting of fine—grained 

magnetite. Approx. modes Oily 5%, Flag 45%, Cpx 45%, Interstit 5% 

C-4a 
	

Upper epherulitic portion of subaerial flow 7 in. thick, Padloping 

cliv 
	

Island. SuU'iedral and euhedral olivine phenocrysts with id.tcmorphic 

spinal inclusions in a groundinasa of radiating feldspar and clino-

pyroxene aicrolitee. Zeolitea confined to enall, irregular cavities 
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usually elongated parallel to the plagioclase microiltes. (Plate 

VII.) Approx. mode: 03-iv 50%, (bn 48%, Zeol 2%, Sp trace 

C—i 5 	Subaerial flow 4 m. thick, Padloping Island. Anhedral to euhedral 

oily 	olivine phenocryats (cinnn1ua) with spine], inclusions and only rare 

patchy alteration to iddi.ngsite. Large crystals of plagioclase and 

smaller crystals of clinopyroxene poikilitically enclose the olivine 

phenocryets. As in AA-30 the olivines tend to be corroded if enclosed 

by pyroxene. Approx. mode: Oily 45%, Plag 30%, Cpx 25% 

C-25(b) Lower chilled margin of a 2 m. thick subaerial flow, Padloping Island. 

city + Anhedral to euhedral olivine phenocryste with red epinels and very 
plag 

alight alteration of margins to iddingsite. One or two plagioclase 

phenocrysts. Groundinass consists of plagioclase laths, clinopyroxene 

microlites and magnetite. Approx. mode: Oily 20%, (i 30% 

C-56 	Centre of a dyke 2 m. wide, Padloping Island. Phenocrysts of olivine, 

oliv + the larger ones partly serpentinized, and an occasional phenocryst 
plag 

of plagioclase. Complete gradation in size between phenocryst and 

groundmass varieties of olivine and plagioclase. Ophitic texture 

between plagioclase and augite in groundinass. Approx. mode: Oily 15%, 

Flag 40%, Cpx 40%, Mt 1% 

DX-9 	Subaerial flow 7 M. thick, Padloping Island. Generally euhedral 

oily 	olivine phenocryats with spinel inclusions and about 50% alteration 

to iddingsite. Groundmaes plagioclase laths enclosed in large 

poikilitic augite crystals. Approx. mode: OU.y + Idd 20%, Flag 40%, 

Cpx 40%, Mt 1% 9  Sp trace 
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IL-lB 	Chilled block from orange breccia, Padloping Island. Phenocryeta 

oily + of olivine with spinal inclusions and phenocrysta of plagioclase in 
plag 

a glassy groundmass showing very fine magnetite and protiicrolitic 

crystals of clirpyroxene. Approx. mode: Oily 15%9 Flag 15%, am 70% 

DX.-24 	Irregular subaerial flow 1-.2 m. thick, Padloping Island. No thin 

oily 	section. 

1)1-31 	Subaerial flow 3 in. thick, Padloping Island. Suledral to euhedral 

oily 	olivinee (Fa1 5  )  
with spinal inclusions and jackets of iddingeite. 

Ophitic to poikilitic texture between plagioclase and augite. Approx. 

mode: Oily 40%, Flag 30%, Cpx 30%, Mt. 1%, Sp trace 

[1X-48 Subaerial flow 4 in. thick, Padloping Island. 	As DX-31. 	Approx. mode: 

oliv Oily 25%, Flag 35%, Cpx 35%, Mt 2%, Sp trace 

111-52 	Subaerial flow 3 in, thick, Padloping Island. Large olivine pheno- 

oily 	crysts (Fa 10) with abundant red spinals and alight alteration to 

iddingeite. Ophitic to poikilitic texture between plagioclase and 

augite. Approx. mode: Oily 50%, Flag 25%, Cpx 2519  Mt 2%, Sp trace 

Black breccia, Cape Searle. Fresh euhedral and skeletal olivine 

oily + phenocryste with spinal inclusions and also a few phenocryets of 
piag 

plagioclase. Unaltered glass (aideromelane) is greenish and completely 

isotropic. Each fragment of glass has a complete darkened border 

of palagonite and individual fragments may be separated by a zone of 

fibropalagonite. Some vesicles are filled with a zoolite (chabazit.'?). 

(Flat. VIII.) Approx. mode: Oily 10%, Flag 5%, Siderom 35%, Palag 

Falag 25%, Sp trace 
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FD.-1 1 	Dyke 8 m. wide, Cape Searle Island. Serpentine peeudnorphs after 

oily + euhedral olivines, t*lt included spinele are unaltered. Occasional 
plag 

plagioclase phenocrysts. Doleritic texture in groundmass. Approx. 

mode: Oily 5%, Flag 50%, Cpx 45%, Mt 1%, Sp trace 

FF-41 	Dyke margin, 3 m. wide, Cape Searle Island. Olivinee sutkiedral to 

oily + euhedral with only minute alteration of a few phenocryete to serpen-
plag 

tine. Spinals large and euhedral, some of which are found in the 

groundmaae rather than the olivinee. Plagioclase phenocryete usually 

in monomineralio glomeroporphyritic clusters but occasionally 

clustered with olivines as well. Fine-grained groundinass consists 

of roughly equal proportion, of plagioclase laths and clinopyroxene 

microlitee. Approx. mode: Oily 15%, Flag 2%, Cn 80%, Sp trace 

G(b)-15 Subaerial flow 5 m. thick, Durban Island. Arthedral to euhedral 

oily olivine phenoerysts with apinels about half altered to iddingaite. 

Ophitic texture in groundxnaea. Approx. mode: Oily 25%, Flag 35%, 

Cpx 35%, Mt 1%, Sp trace 

G(d)-2 Subaerial flow 15 m. thick, Durban Island. Olivinea large with abun- 

oliv 	dent opaque spinal inclusions. Augite greenish, large and poileflitic 

towards olivine and plagioclase. Approx. mode: Oily 40% 9  Plag 30%, 

Cpx 30% 9  Mt 2%1,  Sp 1% 

G(d)-34 Sample from talus *  Durban Island. No olivine. Large intergrown 

crystals of augite and zoned plagioclase. Texture variable from 

poikilitic plagioclase through ophitic to poikilitic augite. Much 

skeletal magnetite. Also fine-grained interstitial patches of 

microlitic augite, feathery p].agiocLase, fine-grained magnetite and 

wyrekite(?). Approx. mode: Flag 45%, Cpx 45%, Mt 5%, Interetit 5% 
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1-64 	Basaltic block in orange breccia, Raid's Bay. Generally subhedral 

oily 	to euhedral fresh olivine phenooryets (Fa 14) with some reddish 

spinals enclosed. Groundmaes contains recognizable plagioclase 

laths, reddish epinele, microlites of augite, fine-grained magnetite 

and minor glass. (rate DL) Approx. mode: Oily 35%, Flag 30%, 

Cpx 30%, Glass 2%, Mt 2%, Sp trace 

1-102 	Subaerial flow 5 m. thick, Reid's Bay. Subhedral phenocryete of 

oily + olivine with inclusions of spinal and altered rims of iddingeite 
piag(?) 

except where olivine has been poikilitically enclosed by clinopyrox- 

ene. Minor plagioclase phenocryst8. Ophitic texture in groundmsse. 

Approx, mode: Oily 25%, Flag 35%, Cpx 33%, Mt 21, Sp 1% 

P-5 	Subaerial flow, Cape Dyer. Skeletal to eithedral olivine phenocryst.a 

oily 	with spinal inclusions and minor alterations to iddingaite. Both 

augite and plagioclase form large poikilitic crystals towards the 

earlier-formed olivine. Cavities are filled by two zeolites, 

analcite(?) and phmipsite(?). Approx. mode: Oiiv 30%, Flag 30%, 

Cpx 25%, Zeol 10% Mt 2%, Sp trace 

PP-10 	Subaerial flow (near top) about 30 m. thick, Cape Dyer. Large fresh 

oily 	olivine phenooryste with opaque spinels. Ophitic texture in ground- 

mass between plagioclase and augite. Approx. modes Oily 35%, Flag 

35%, Cpx 30%9  Nt 2%, Sp trace 

PP-.18 	Seine flow as PP-10 but 18 m, lower. As above. Approx. mode: Oily 

oily 	55% 9  Flag 20%, Cpx 20%, Mt 1%, Sp trace 

R.-1 3 	Subaerial flow 14 m, thick near lower contact. Large generally 

oily 	euhedral phenocrysta of olivine with reddish spinal inclusions and 
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alight alteration to iddingaite. Ophitic texture in groundmass. 

Approx. mode: Oliv 40%, Plag 30%9 Cpx 30%, Mt. 1%, Sp trace 

R-16 	Segregation band in R..13 flow about 5 in. from base. Olivines strongly 

resorbed and iddingaitized. Both plagioclase and augite are strongly 

zoned and form an ophitic texture. Large skeletal magnetites assoc-

iated with interstitial patches of fine-grained miorolitic augite, 

feathery plagioclase and granular magnetite. Approx. mode: Oily 5%, 

Flag 45%, Cpx 40%, Mt 5%, Interstit 5% 

RBB 	Black breccia • Olivine and plagioclase p&ienoczyste in perfectly 

oily + isotropic aid eromelane • Each sideromelane fragment 18 encased in a 
plag 

rim of palagonit.e and individual fragments are separated from each 

other by zeolites. Approx. mode: Oily 157. 0  Flag 15, Siderom 30%, 

Palag 25%, Zeol 5 

ROB 	Orange breccia. Phenocryste of divine, reddish spine], and plaglo-. 

oliv + class in isotropic aideromelane and extensive orange palagonite. 
plag 

Individual glass fragments separated by fibropalagonite, zeolit 

(chabasite?) and clots of reddish-brown opaque material. (Plates 

XI, Xli.) Approx. mode: Oily 10%, Flag 5%, Siderom 30%, Palag 35%, 

Fbpaiag 15%, Zeol 5%, Opaque 2% 

ROR 	Loose block. 3ubhedral olivines with spinal Inclusions and only minor 

oily + alteration to iddingeite. Two habits of magnetite(?) in groundmaaa, 
mt(?) 

with euhedral variety being phenocryste (7). Ophitic texture in 

groundwaes, the augite sometimes being poikilitic towards the olivines. 

Approx. node: Oily 55%, Flag 25%, Cpc 20%, Mt 1% 9  Sp trace 
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5-28 	Loose block. Olivines (F 21 ) with reddish epinels and alteration 

o3-iv 	of margins to iddingeite. Ophitic-poilcilitic texture in groundmaes. 

Approx. mode: Oily 35%, Flag 30%, Cpx 25%, Mt 2%, Sp trace 

SOG 	Orange breccia, Cape Searle. No thin section. 

T-42 	Margin of dyke 1-2 in. wide, Cape Searle. Fresh euhedral pheno- 

oily + crysts of olivine with enclosed reddish spineis. Also a few pheno-
plag 

crysts of plagioclase often In aggregated clusters. Occasional 

reddish epinel in groundmaes. Matrix fine-grained with clinopyroxsne 

appearing as miorolites. Approx. mode: Oily 30%, Flag 5%, Cbs 65%, 

Sp trace 

T-47 	Margin of dyke 2 in. wide, Cape Searle. Generally euhedral and 

oily + skeletal phenocryate of olivine aligned parallel to margin of dyke. 
plag 

Olivines characterized by small reddish epinel inclusions and slight 

serpentinization. Minor glomeroporphyritic aggregates of plagio-

clases. Some magnetite in groundmass very euhedral. Granular texture 

between plagioclase and augite in groundmaes. (Plate x.) Approx. 

mode: 011w 20%, Piag 2%, Cbs 75%, Mt 3%, Ap(?) trace 

T-55 	Subaerial flow 10 in. thick, Padloping Island. Suthedral to euhedral 

oily 	olivine phenocrysts with spinal inclusion and strong alteration to 

iddingeite. Ophit.lc texture between plagioclase and clinopyroxene 

in groundmass. Approx. mode: Oily 25% 9  Flag 40%, Cpx 30%, Mt 2%, 

Sp trace 

) est Greenland 

512 	Subaerial flow approx. 30 in. thick, picritic portion, east side of 

oily 	Suvdlua. Large fresh olivine phenocryets (Fa) with opaque euhedral 
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apinel inclusion. Augito in groundnase is granular and plagioclase 

is partly altered to zeolite. A second zeolite fills vesicles. 

(Elate ull.) Skeletal magnetite in groundmasa. Approx. mode: 

OUv 55%, Flag + Zeol 25%, Cpx 15%, led (vesicles) 2% 9  Mt 1% 

513 	Segregation from 512 flow. n1l subhedral to euhedral olivinea 

with occasional spinal inclusions and partial alteration to idding-

site and chlorite. Ophitic texture between plagioclase and augite 

in groundmaas where fresh, otherwise extensive alteration to 

zeoLtte and chlorite. Large vesicles containing at least three 

varieties of zeolite. (Plate XIV.) Approx. mode: Oliv 10% 9  Flag 

35%, Cpx 35%, Zeol 10%, Mt. 4%, Sp trace 

520 	Basaltic block in breccia, head of Tasivasaq. Smiil1 euhedral pheno.- 

oily + crysta of olivine, slightly zoned phenocrysts of augite and large 
plag + 
cpx + 	phenocryats of plagioclase showing strong oscillatory zoning and 
Wt 

tendency towards a glomeroporp}qritic texture with the augite. Fine-

grained groundmaas of plagioc].ase, augite, magnetite and chlorite. 

(Plate LV.) Approx. mode: Phenocrysta; Oily 2%, flag 14%, Cpx 4%, 

Mt trace. Groundniasa; Flag 40%, Cpx 35%, Mt 3%, Chlor 2% 

529 	Subaerial flow 35 m. thick, west side of Suvdlua. Large aubhedral 

oily 	and skeletal olivine,  phenocrysta with opaqie spinal inclusions and 

alteration to iddingeite along cracks. Elongate skeletal olivine 

aligned parallel to base of lava flows. Plagioclase in part breaking 

down to form zeolite. Augite granular. Anhedral magnetite. Approx. 

mode: Oily 50%, Flag + Zeol 30%, Cpx 15% 9  Mt 2%, Sp trace 
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534 	Sill(?) or subaerial flow, west side of Suvdlua. Subbedral and 

oily + skeletal pkIemoCXystB of olivine, some with inclusions of a reddish 
plag + 
mt 	spine].. Also glomeroporphyritic clusters of zoned plagioclase 

phenocryats. Considerable euhedral phenocrysts of magnetite, ground- 

mass variety being skeletal (ilmiit.). Granular groundmaas of 

plagioclase, clinopyroxene and anhodra]. magnetite. Minor zeolitee 

in vesicles. Approx. mode: Phenoor7ats; Oily 3%, Flag 2%, Mt. 3%. 

Groundmaas; Flag 45%, Cpx 45%, Mt 1%, Zeal 1%, Sp trace 

539 	Dyke 2 in. wide in breccia, east side of Umiarfik. Subhedral to 

oily 	euhedral fresh olivine phenocrysts with reddish spine]. inclusions. 

Ophitic texture in groun(as5. Approx. mode: Oily 30 , Flag 35%, 

Cpx 30%, Mt 2%, Sp trace 

544 	Basaltic block from breccia, east aide of Umiarfik. Generally euhedra]. 

o].iv + olivine phenocrysts with inclusions of reddish spine], and minor 
plag 

alteration in some grains to serpentine. Skeletal phenocrysts of 

plagio clase • Groundmaas consists of extremely fine-grained plagioclase 

and magnetite, nilcrolitic clinopyroxene and glass. (Plate xvi.) 

Approx. mode; Oily 35%, Flag (phen) 20%, Gm 45%, Sp trace 

546 	Loose block, east side of Uwiiarfik. Large generally subbedral olivine 

oliv 	phenoorysts (F 18) with reddish spinal inclusions and alight altera- 

tion along cracks and margins to iddingalte. Most of plagioclase is 

altered to zeolite and vesicles are occupied by two other types of 

zeolite. Augite fresh and poikilitic towards olivine and plagioclase. 

Approx. mode: Oily 60%, Flag + Zeal 20%, Cpx 15%, Zeal 5%, Mt 11, 

Sp trace 
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548 	Dyke 4-5 in. wide, west side of Umiarfik. Generally eu1edral 

o3-iv + phezcryats of olivine (F a12  with inclusions of reddish-brown 
Mt(?) 

spine).. Possible phenocryste of magnetite. Ophitic texture in 

groundmaes. Approx. mode: Oliv 35%, Flag 30%, Circ 30>. 9  Mt 2%, 

Sp trace 

554 	Dyke 1 m. wide, Neruthseoq. Partial serpentine pseudomorpha after 

oily + mrall olivine phenocryets. Gloineroporphyritic clusters of oscillatory-
plag + 
coc 	zoned plagioclase crystals and anhedra). augitea. Fine-grained 

groundmass of plagioo].ase, cUrpyroxone, magnetite and a yellow 

alteration product. Approx. mode: Oily 1%, Flag 15%, Cpx 5%, (n 80% 

578 	Loose block, Skai4. Phenocrysta of completely pseudomorphed olivine, 

oily + oscillatory-zoned plagioclase (usually in glomeroporphyritic clusters), 
plag + 
cpx + 	clinopyroxene and euhedra]. magnetite. Granular groundmasa of plagio- 
mt 

clase and clinopyroxena. (Plate XVII.) Approx. mode: Oliv 1%, 

Flag 10% 9  Cpx 5% 9  Nt 4%, Cn 80% 

580 	Thick subaerial flow, Amitsoq. P}ienocrysts of completely pseudo- 

oily + morphed olivine, zoned plagioc].aae, zoned augite and magnetite(?). 
plag + 
cpx + 	Granular grotmdnss. Approx. mode: Oily trace, Plag 3%, Cpx 2%, 
mt (?) 

i 95% 

583 	Subaerial flow, Amitsoq. Almost completely pseudcinorphed olivine 

oily + phenocrysts, glonieroporphyritic clusters of oscillatory-zoned piagio-
plag + 
mt(?) 	class and possible magnetite phenocrysts. Strong flowage alignment 

of groundinasa plagioclase lathe and granular texture with clino-

pyroxene. Alteration of a mafia mineral in the groundnBas to a 

mineral equivalent to that which replaces olivine. Approx. mode: 

Oily it, Flag 10%, Nt 8%, Cn 75%, Alteration 5% 
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586 	Subaerial flow 4 in. thick, Svartenhavn. Phenocrysts of oscillatory- 

plag 	zoned plagioclase often in glomeroporphyritic clusters. Ophitlo 

texture in groundmass. Interstitial material in groundmase consists 

of a very fine-grained brownish devitrified glass(?) and maetite, 

often skeletal. Approx. mode: Flag 10%, Cn 70%, Glass(?) 10%, Mt 5( 

589 	Subaerial flow, Svartenhavn. Chlorite pseudosrphs after olivins 

oliv + phenocrysta, glomeroporphyritic clusters of oscillatory-wined plaglo-. 
plag + 
cpx + 	clase and emall phenocryeta of augite. Likely phenocrte of magnetite. 
Mt 

Groundmass of granular plagioclase, olinopyroxene and magnetite. 

Vesicles filled with chlorite. Approx. mode: Phenooryeta; flag 50, 

Cpx 3%, Mt 2%. Groundn.ss; Flag 35%, Cpx 35%, Mt 10%, Chior 1% 

592 	Subaerial flow 15 in. thick, Tasiussap ima. Euhedral, suthedral and 

o].iv + skeletal phenocryets of olivine with abundant opaque spinal inclusions. 
Mt 

Also phenocrysts of magnetite in the groundmass as well as elongated 

groundmass varieties (ilmenite?). Granular texture in groundmasa 

between plagioclase and cpx. Vesicles filled by two types of zeolite. 

Approx. modes 011  30%,  Mt 3%, Cn 65%, Sp trace 

593 	Subaerial flow 3 in. thick, Tasiussap lisa. Large aubhedral olivine 

oily + phenoorysts (Fa8) with inclusions of a large opaque spine], as well as 
mt 

a minute reddish spinal and showing minor alterations along margins 

and cracks to serpentine. Also phenocrysts of magnetite. Granular 

texture in groimdmnass between plagioclase and augite. Partial break-

down of plagioclase to z9olite which is also present in vesicles. 

Approx. mode: Cliv 50%, Flag 15%, Cpx 25%, Zeol 10%, Sp 1% 
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594 	Subaerial flow, Tasiussap in*. Possible pseudomorpha after olivine 

oliv(?) phenooryete (and in groundmaee?). Large glcsneroporphyritio cluster. 
• plag 
• cpx 	of oscillatory-zoned plagioolaoee. Occasional phenocryete of augite 

usually associated with plagioclase clusters. Likely phenocrysts 

of magnetite. Granular texture in olivine (? )-plagioclase.-augite- 

magnetit. grndmaes. Approx. mode: henocryets; Oliv 1%, P1.ag 5%, 

Cpx trace. Grounuassj Plag 35%, Cpx 35%, Mt 10%, Alteration 10% 

59 	Subaerial flow, 3 in. thick, Tasiueap irna. Partly aerpentinized pheno- 

oily + czyete of olivine with inclusions of opaque and z'edd.t*& spinal. 
plag + 
cpx + 	Glomeroporphyritic clusters of clinoiyroxene. Magnetite phenocryets(?). 
mt(?) 

Groundmaes texture is essentially granular. Groundnse clinopyroxene 

is zoned outwards to a brown rim (titanaugite?). Partial breakdown 

of plagioclase to zeolite. Approx. mode: Oily 51, , Flag trace, Cpx 

2%, Mt 2%, Cn 35%, Zeol 5% Sp trace 

599 	Subaerial, flow 4 m. thick, Ego Bay, Tasiussap i.e. Generally sub- 

oliv + hedral and skeletal phenocryste of olivine with minor opaue spinal 
plag + 
cpx + 	only and partial alteration to serpentine(?) along cracks. Strongly 
mt 

zoned phenooryats of piagioclase often in glomeroporphyritic clusters 

and generally subhedral phenocryste of augite also occasionally in 

glomeroporphyritic aggregate. Two varieties of magnetite are sub-

hedra]. (phariocryata?) and skeletal (groundmaaa?). Granular texture 

in grounass. At least two varieties of zeo].ite occur as vesicle 

fIlling.. Approx. mode: Oh, 15%, Flag 25%, Opx 10%, Mt 2%, (n 45%, 

Zeol 2, Sp trace 

600 Subaerial flow, Sge Bay. Large, generally subhedral (zoned?) pheno- 

o].jy + cryste of olivine without spinal inclusions and with partial altera- 
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plag + tion to iddingeite. Also ph&iocrysts of plagioclase showing oscil-
cpx + 
mt(?) 	lator'y zoning and a few apparently unzoned phenocryate of augite. 

Phezcryete of magnetite possible. Granular texture in groundnse 

between plagioclase and olinopyroxene. Magnetite interstitial. 

Approx. modes OUv 5%, Plag 2%, Cpx 1%, Gm 80%, Mt 10% 

625 	Subaerial very vesicular flow s  Arfertuarseuk. Large, partly corroded 

anortho phenocryets of alkali feldspar (anorthoclase?). Ferromagne sian 
+ hb(?) 

minerals, possibly hornblende, completely pseudomorphed. Groundmaes 

extremely fine—grained with trachytic texture. (Plate XIX.) Approx. 

mode: Anortho 20%, Ferromag 5% 9  Gm 80% 

629 	Centre of dyke 4 m. wide, Arfertuaresuk. Somewhat corroded and 

oily + altered phenocryets of olivine, phenocrysts of zoned (often oscilla-. 
plag + 
cpx + 	tory) plagioclase frequently in gLomeroporphyritic aggregates and 
nit (9) 

large phenocrysts of augite showing zoning on the rims to titanaugite. 

Magnetite possible phenocryeta. AU three silicate phenocryat phases 

plus magnetite present in groundmaas in a granular to partly ophitic 

texture. Needles of apatite present. (Plate XVIII.) Approx. modes 

Oily 7% 9  Flag 45%, Cpx 80%, Mt 8%, Gm 10' 

630 	Intrusion(?) at least 30 in. thick, krfertuaresuk. Large euhedral 

anortho phenocrysts of anorthoclaee and a second alkali feldspar(?) apparently 
+ cp,c 

undergoing resorption. (Plate XX.) Also phenocrysts of aegirine 

augite. Approx. mode: Anortho 15%9 Cpx 5%, Gm 80% 

635 	Subaerial flow, 5 m. thick, Arfertuaresuk. Fiienocryets of olivine 

oily + completely altered to iddingeite, plus serpentine((). Individual and 
plag + 
cpx + nit glomeroporphyritic zoned phenocryste of plagioclase, the latter often 
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associated with clusters of augite phenocryate. Also euhedral 

magnetite phenooryets. Groundmaae very fine—grained plagioclase i 

clinopyroxene + magnetite. Approx. mode: Oliv 2% 9  Flag 20%, Crxx 2%, 

Mt 10%, Gm 650% 

636 	Subaerial flow, 7 m. thick, Arfertuaresuk. Completely pseudzrrphad 

oily + phenocryets of olivine (replaced by chlorite and carbonate?), 
plag + 
opx + 	strongly zoned phenocryete of plagioclase, fresh, slightly zoned 
mt (?) 

phenooryets of augite often in glomeroporp1rritic aggregates with 

plagioclase, and phenocrysts of magnetite(?). Grarmiar groundniase. 

Approx. modes Oily 2%, Flag 20% 8  Cpx 2%, Mt 6%, Gm 70% 

638 	Boulder, east aide of Arfertuarasuk. Phenocrysta of olivine completely 

oily + altered to carbonate and an unknown mineral. Large phenocrysts of 
plag + 
cpac 	plagioclase showing very strong, mostly nonnel zoning and a few amall 

augite phenocrysts. Granular groundmaas. (Plate XXI.) Approx. mode; 

Pseudo Oily 10%, Flag 20%, Cpx 5%, Gm 60% 9  Mt 5% 

640 	Loose block, South Coast. Large auedral olivine phenocrysts with 

oliv 	mainly opaque spinal inclusions. Groundrnase consists of plagioclase 

laths incorporated in large poikilitic grains of augite, also 

development of skeletal magnetite and vesicle fillings of zeolite 

and chlorite. (Plate XXII.) Approx. mode; Oily 55%, Plag 25%, 

Cpx 15%, Mt 1%, Zeol + Chi 5%, Sp trace 

641 	Loose block, South Coast. Generally suthedral olivine phenocryste 

oily + with only minor inclusions of a nearly opaque spinal. Alteration of 
mt (?) 

olivine along cracks to serpentine and magnetlte. Fienocrysts of 

magnetite likely. Granular to ophitic relationship between plagio 
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class and clinopyzoxene in groundmaas. Magnetite skeletal. Approx. 

mode: Oily 35%, Flag 30%, Cpx 30%, Mt 2%, Sp trace 

642 	Subaerial flow 2 m. thick, South Coast. Large, mainly skeletal 

oily + pherxcryete of olivine with inclusions of both opaque and reddish 
Mt 

epinel. Possible phenocryste of magnetite approaching euhedral 

shapes whereas groundniasa opaque a are skeletal. Flow aliment of 

plagioclase in groundmass and granular relationship with clino-. 

pyroxene. Zeolites in vesicles. Approx. modes Oily 35%#  Nt 1%, 

Zeol 2, (n 60%, Sp trace 

643 	Loose block, South Coast. Generally subhedral olivine phenocryata 

oily 	of widely variable size (some groundmaes?) with inolusiona of mainly 

the opaque spine].. Slight, alteration of olivin.e to iddingaite. 

Granular texture in groundmaas. Zeolitlo patches with inclusions of 

rutiie(?) or spinel(?). Approx. mode: Oily 40%, Plag 25%, Cpx 25%, 

Zeol 15%9  Mt 1% 

648 	Basaltic block from breccia, Umivik Bay. Generally euhedral or 

oily + skeletal phenocryste of olivine with abundant reddish spinel inclu-
plag 

alone. Also phenocryate of plagioclase some of which look feathery. 

Reddish spinals in glass. Glassy groundmaee. (Plate xxiii.) Approx. 

mode: Oily 30 0  Flag 5%, Ci 65%, Sp trace 

649 	Loose block, thnivik Bay. Euhedral to eubhedral olivine phenocrysts 

oily + ( Fa ) with abundant spinel inclusions, all of the opaque variety. 
nit 

Also magnetite phenocrysts. Alteration of plagioclase to zeolite in 

the groundmaes and augite occurs as fairly large grains which have 

well-developed faces if grown into a cavity now occupied by further 
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zeolitic material. More rutile('t) associated with zeolitic cavities. 

Approx. mode: Cliv 455(, Flag + 1.01 25%9 Cpx 20%, Zeol (vesicles) 

Mt 2,  Sp trace 

651 	Basaltic block from breccia, Umivik Bay. Olivine ph.nocryata, mainly 

oliv + euhedral and akelet 1, with abundant inclusions of isotropic reddish 
plag 

apinels which are also found in the glassy groundmasa. Also a few 

phenocr7sts of skeletal plagioclase. Approx. =do: Cliv 351, Flag 

1%, Glass and (t 65%, Sp trace 

655 	Subaerial flow 2 a. thick, Umivik Bay. Suthedral phenocryete of 

oily + olivine,  (Fa 1 ) with inclusions of both reddish and opaque spinal. 
at 

Magnetite probable phenocryets. Cphitic texture in groundmasa. Minor 

patches of chlorite in groundn*aa. Approx. mode: Oily 30%, Flag 35%9  

Cpx 30%, Mt 2%, Chior 2%, Sp trace 

658 	Glassy breccia, Kanguissap ima. Isotropic blocks of aideromelane 

oliv + with a darkened rim of palagonite separated from one another by 
plag 

fibropalagonite. Phenocryeta of olivine, mainly skeletal, with 

reddish spine), inclusions and also phercryete of p].agioclase in the 

glass. Occasional patches of chlorite. (Plate xxiv.) Approx. 

mode: Oliv 25%, Flag trace, Sidercza 40%, Fa].ag 5%, Fbpalag 25%, 

Chior 5%9 Sp trace 

661 	Subaerial flow, 3 a. thick, South Coast. Olivine phercrysta corn— 

oily 	pletely pseudomorphed by an unidentifiable brown mineral which also 

occupies all the interstitial areas in the groundmaas. Rock in 

apbyric apart from the 1% of pseudomorphed olivines. Granular tex-

ture in groundmnass. Approx. mode: Brown Min 15%9 Flag 45%, Cpx 4O, 

Mt 2% 
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662 	Marginal chill of a dyke, 8 m. wide, South Coast. Phenocrysts of 

oliv + olivine partly eerpentinized and bearing only minor opaque spinal 
plag + 
cpx + 	inclusions. Zoned phenocrysts of plagioclase and augite often in 
mt(?) 

glomeroporpritic aggregates. Possible magnetite phenccryste. 

Granular texture in groundnss. Approx. mode: Oily 2%, Flag 5%, 

Cpx 10%, Mt 3%, GM 80% 

664 	Subaerial flow, 2 m. thick, South Coast. Iddingeite and serpentine 

oliv 	peeudcrphs after olivine phenocrysts. Well-developed ophitic 

texture in grounthass although a lot of the plagioclase has now 

broken down to zeolite. Two other varieties of zolite occupy am&31 

vesicles. Approx. mode; Pseudo Oiiv 5%, Flag + heol 45%, Cpx 45%, 

Zeol (vesicles) 2%, Mt 3% 

669 	Subaerial flow, 7 m. thick, South Coast. Sobhedrai phenocrysts of 

oliv + olivine with spinal inclusions predominantly of the opaque variety 
mt 

and alteration of margins to iddingeite. Also phenocrysts of magne- 

tite. Groundnaee very fine-grained and granular. Small vesicles with 

infillings of zeolite. Approx. mode: 03-iv 30%, Mt 2%, Zeol 3%, (n 65. 

670 	Thick sill, Qordlortup. Coarse-grained dolerite with olivinas both 

corroded and partially altered to idding site. Olivinea tend to be 

enclosed in augite rather than plagioclase and are more corroded in 

contact with augit.e than with plagioclase. Doleritic texture between 

augite and p].agioclase, both of which are zoned. No orthopyroxene. 

Interstitial material consists of magnetite, a green fibrous mineral 

(chlorite?) and small apatite needles. (Plate xxv.) Approx. mode: 

Oily 10%, Flag 40%, Cpx 40%, Mt 5, Chior 5% 
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671 	Sill(?) , Firer jold. Subhedral olivine phenocryst.s with few spinal 

oliv + inclusions and partial alteration to serpentine. Magnetite a poe-. 
mt(?) 	

sible phenocryst phase. Fine—grained granular groundinaas • Approx. 

modes Oliv 15%, Ift  3%, Flag 40%, Cpx 40%, Sp trace 



Plate I • Unconeolidated uhits eanda with interbedded coal and black shale, 

north coast of Padloping Island. 

Plate II. Stack at Cape Scans showing giant cross-bedding in volcanic breocia 

unit followed by a section of approximately 300 m. of picritlo 

flows generally thinning upwards. 
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Plate III, Macro—texture of orange volcanic breccia with talus slope in 

foreground, Cape Searle. 

Plate IV. LowermoBt black breccia grading up into a subaerial sequence of 

flaws upon which the upper orange breccias, with conspicuous 

cross—bedding, have been deposited. 
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Plate V. AA-19 67). Intra-flow differentiate, from same flow as AA-30 

(Plate VI), showing large twinned augite, zoned plagioclase and a 

na1l interstitial patch with skeletal magnetite and ntyrmekite(?) 

on the left edge of the photomicrograph. 

Plate VI. AA-30 (x7). Olivine-rich base of thick flow showing cumulus 

olivine, often euhedral towards intercumulue plagioclase but 

arihedral when enclosed by augite. 





Plate VII. C-4a (x30). Some of the radially arranged plagioclase lathe 

amongst olivines in a epherula from a variolitic flow. 

Plate VIII. E-2 (x30). Hyaloclastita from black breccia, showing skeletal 

phenocrysts of olivine with inclusion of opaque spinel and 

glass in sideromelana darkened at the margins to palagonit,e. 

Vesicles contain zeolites. 





Plate IX, 1-64 (x7).  Typical Group LI composition showing a profusion of 

olivine miorophenocrysts (enclosing euhedral spinels) in a fine-

grained groundmase. 

Plate X. T-47 (40). Dyke rock showing both skeletal olivine and some which 

have undergone partial serpentinization. 
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Plate XI. ROB (x7). Orange breccia (plane polarized light) showing 8lceletal 

olivines enclosed in aideromelane with darkened margins of palag-

onite. Amorphous accumulations of opaque ferromanganiferous(?) 

oid..dee in the finely comminuted material between larger pieces of 

sideromelane. 

Plate XII. ROB (4). Sane area as in Plate XI but with crossed polare to 

show isotropy of sideromelane and pa].agonite but birefringence 

of fibropalagonite. 
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Plate XIII. 512 (x7). Typical Group I composition with large phenocrysts 

of olivine. Groux1mase plagioclase in this specimen is breaking 

down to zeolite, 

Plate XIV. 513 (x7).  Olivine—poor iritra—flow differentiate from same flow 

as 512. 





Plate XV. 521 (x7). Glassy portion of same flow from which sample 520 was 

taken showing phenocrysts of olivine and augite but predominantly 

plagioclase (one of which shows osci1ltor7 zoning), in a ground-

mass of sider'omelane and fibropalagonite. 

Plate XVI. 544 (x30). Typical Group II composition (see Plate D:). 
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Plate XVII. 578 (x7). Feldspar-phyric basalt (plane polarized light) ehaw- 

ing phenocrysta of plagioclase, augite, magnetite and possible 

pseudomorphe after olivine (large opaque areas). 

Plate XVIII. 629. One of the most evolved basalts collected on Svarterthuk 

showing a predominance of plagioclase and augite phenocrysts. 
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Plate XIX. 625. Vesicular subaerial trachyte from Arfertuaresuk, 

Plate U. 630. Trachyt,e intrusion(?) from Arfertuarseuk showing large 

phenocrysts of alkali feldspar. 
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Plate XXI. 638 (x30). Feldspar—phyric basalt. 

Plate XXII. 640 (x7).  Large phenocryets of olivine in a typical Group I 

composition. 
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Plate XXIII. 648 (x?). Rapidly cooled block from breccia showing micro- 

phenocrysts of olivine and plagioclase. 

Plate XXIV. 658 (c7). Glassy picritic breccia showing skeletal olivines. 
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Plate XXV, 670 (x7).  Olivine dolerite sill (plane polarized light) showing 

anhedral, corroded olivinea with iddingaite in cracks and with 

doleritic texture between plagioclase and au4te. 
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ANALYTICAL METHODS 

B 1. 

Altogether 81 hand epecins were reduced to rock powder and most were 

analyzed for 23 components. First the process of analysis is logically 

traced. 

Field specimens were first scrubbed under }t, running water and then 

rinsed with distilled water in order to remove adhering soil particles and 

other foreign matter. Up to 700 grams of the specimen were then reduced on 

a "Cutrock" hydraulic splitter to chips with a madnnnn dimension of about 

4 om., and in the process any weathered surfaces were discarded. The fresh 

chips were than crushed to —24 mesh on a tungsten carbide plate using a WC 

pestle. This coarse powder was then coned and quartered until a sample of 

75-150 grains was obtained which was finally ground to —97 mesh In an agate 

ball mill. The ground material was stored in capped glass bottles and was 

dried overnight at 1100C. before analysis of any element or preparation of 

fusion discs for the X—ray analysis took place. 

Possible sources of contamination include Fe and Mn from the jaws of the 

"Cutrock", cobalt and tungsten from the WC plate and pestle, which have a 

binder consisting of 10% Co. and silica from the agate ball mill. Only the 

cobalt contamination was quantitatively investigated and was found to be 

unacceptably high; therefore, Co was net analyzed in these rocks. Otherwise, 

the extreme care taken during sample preparation is believed to have kept 

contamination from the other sources mentioned above to below detectable 

1 unIts. 

Roughly speaking, the 81 analyses may be broken into two groups of 11 
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and 70 specimens. The first batch, consisting of samples A5 9  6; C-56; 

DX-9, 18 9  249  48, 52; E2; P-5 and T559 was analyzed completely in the wet 

lab with DX-24 and  48 being done entirely in duplicate. Sample E-2 was 

analyzed once by Dr. E.L.P. Iblercy and in duplicate by the author. In fact, 

the SiO2 , 14g0 and CaO in the  remaining 8 samples of the first batch were the 

only major oxides in the two batches analyzed on the basis of a single deter-

mination. In both batches all minor elements determined in the wet lab were 

analyzed at least in duplicate. Of the trace elements, Bat Sr and Ni were 

duplicated after an interval of several months. 

The second batch was analyzed for major elements by L.ray fluorescence 

(XRF) never relying on less than two determinations from a single disc, often 

duplicating discs, and duplicating 12 of the 70 fusions. Of the minor elements 

done in the wet lab in the first batch, Ti and )ln were transferred to XRF in 

the second batch. 

Six specimens (A-5, 6; DX-47; FD-11; 1-1 02; and P-5) were run for some 

trace elements on a Huger and Watts E478 Littrow Optical Spectrograph, and 

the following averages were obtained: Li 10 ppn., V 200 pin., Cr 1500 p*u., 

Ni 450 prIn., Cu 100 pm., Sr < 200 pun. and Ba <100 ppn. Later work with the 

L..ray Spectrograph confirmed the general levels of all but the first two, 

neither of which lends itself to easy determination by the XRF technique. 

In the wet lab a Unicain SP500 Spectrophotometer was used for determination 

of Ti02, MnO and P205, and an EEL Model A Flame Photometer for N&20 and K20. 

A modified Philips F'J 1 510 XRay Spectrograph was used for elements determined 

by XRF. Below is a brief description of the methods used; details are given 

only when a suitable reference could not be cited. 
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A) First Batch: Malor Elements 

Silica, Calcium and Magnesium - classical grav.imetric technique, see Peck (1964). 

Alumina - DCTA method, see Mercy and Saunders (1966). 

Total Iron as F620  - silver reductor method, see Mercy and Saunders (1966). 

Ferrous Iron - Method: To 0.5 gin, of rook powder in a Pt crucible add 5 ml. 

of 50 freshly boiled y0 4,  and 10 ml, of HF. Cover with lid 

and place on hotplate to boil within 3 minutes. Boil for 5 

minutes. Imnerse quickly in boric acid solution (10 gin. H3B04  + 

400 ml. distilled water). Add 10 nil, of indicator (100 ml. 

1120 + 100 ml, H3PO4  + 0.02 gin, sodium diphen7lsm4ne eulphoriate). 

Titrate with standard potassium dichrcmate (K2Cr204) solution. 

B) First Batch: Mi.xxr lnente 

Titanium - tiron method, see Yoe and Armstrong (1947). 

Manganese - see Richards (1950). 

Phosphorus - see Baadegaard and Sandell (1954). 

Alkalis - Method: 	To 0.1 gin, of sample in Pt crucible add 4 ml. HNO3  and 

5 ml. HF and dry on sand bath over several hours. Add 4 ml. HNO3  

and 2 ml. HF and dry as before. Add 2 nil. 1:1 H2SO4  and place on 

medium hotplate and allow to fume dry. Hold crucible over low 

flame to dull red heat to remove last traces of f\miea. Cool, add 

distilled water and bring to incipient boiling. Filter into beakers, 

washing filter paper six times with very hot distilled water. Add 

0.5 ml. of 10% H2SO4  and make up to mark in 100 ml. flask. 1bin 

against identically acidified standards in f].axne photometer. 

Water - Lead oxide-lead chromate fusion, see Shapiro and Brannock (1956), 

except fusion mixture as per Peck (1964). 
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Silica, Alumina, Total Iron, Magnesium, Calcium - XflF, see Table B-I. 

Ferrous Iron - as First Batch. 

D) Second Batch: I4inor Elements 

Titanium, Manganese - XRF, see Table B-i. 

Phosphorus, Alkalis, Water - as First Batch. 

Carbon Dioxide - see Welcher (1963). 

The theory and application of XRF spectroscopy is well described by 

Jenkins and De Vries (1967). In short, it is a comparative method which 

measures the intensity of characteristic secondary X-rays emitted by the 

sample relative to known standard materials run at the same thne • The sample 

preparation technique described below enables the analyst to construct linear 

calibration curves, from which is read directly the concentration of any 

particular element, given its count rate or peak to background ratio. 

The fusion technique of sample preparation is long and arduous, but 

necessary in order to homogenize the sample, eliminate mineral and grain size 

effects, and standardize the mass absorptions of the rocks, so that peridotites 

and granites can be read off the same calibration curve. Powdered rock sample, 

lanthanum oxide (heavy element absorber) and lithium tetraborate (diluent and 

flux) are weighed out in the proportions 1:1:8, with 0.7500 grams being a 

convenient sample weight. These three constituents are mixed and transferred 

to a carbon crucible, which is then placed in a muffle furnace at 700 0C. The 

temperature is then raised to 10500C., at which the sample is kept for a 

period of 20 minutes before being removed to cool in air until cool enough to 
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touch. The fused glass bead is removed from the crucible, and to it is added 

sufficient lithium tetraborat.e to restore the original, intended 9:1 dilution 

of the sample; (loss of volatile on fusion effectively increases the weight 

fraction of the sample, and this effect must be counterbalanced by the 

addition of further diluent). 

The bead and added lithium tetraborate are then ground to -200 mesh in a 

tungsten carbide ball mill. The fine powder is dried at 1100C. and stored in 

an airtight bottle until pressed discs are required for the XRF spectrograph. 

Each disc is made in a 15-ton  ram from the bead powder with a backing of boric 

acid 0.5-1 .0 cm. thick. Since the working surface of the disc is susceptible 

to deterioration with time, it was found that the Life of the disc could be 

prolonged by storing it in a warming oven. A lowering of the count rate is 

the first indication of this decay and is usually noticeable on the Mg peak 

about a month after pressing the disc. Given these conditions, each disc was 

analyzed for all elements within ten days of pressing, beginning with the 

lower atomic numbers and working up. 

Standards for making the calibration curves were prepared in exactly the 

same manner. The most useful of these for basalt analysis included the U. S. 

National Bureau of Standards numbers NBS la, 76 9  771, 91 and 102; the U.S.G.S. 

numbers AGV-1, BCR-1, DTS-1, G-2, GSP-1 and PCC-1 (Flanagan, 19671 Carmichael 

at al., 1968); also a peridotite (353) analyzed by Dr. I.L.P. Mercy, the 

Milford Granite and the 11 samples analyzed in the first batch of analyses. 

Synthetic standards prepared by Mr. G. R. Angell were especially useful for 

trace element determinAtions, as many of the above standards have not yet 

been assigned official values for many of the rarer trace elements. 



Table Dl 	Operating Conditions for X-Ray Spectrograph 

Element Mg 1426C&  22Ti 24Cr 
'n 

Fe i Cu 29 
31' 37Rb 3S1' 39! 40ZZ %Ba 

Generator (KY/ma) 50/28 60/20 60/20 40/20 40/20 50/20 50/24 40/20 40/20 50/20 50/20 80/24 50/24 50/24 50/20 50/20 60/20 

Analyzing Crystal ADP FE FS Li? Li? FE Li? LiF Li? L1F(1 10) Li? LIF LI! Li? LiF(1 10) Li? Topaz 

(cps/) 6 43 440 23()0 1400 - 1 ,425 1120 - - - - - - - - - 
Count Rate 

(P/B/pi) - - - - - 0.007 - - 0.011 0.011 0.008 0.025 0.004 0.005 0.004 0.004 0.008 

Theoretical LLD (pp) - - - - - 6 3 6 2 4 1 3 5 2 12 

Additional Notes: 1 • Cr Tube for Z - 1222; otherwise W tube except Z - 31 where )b was used. 

K line measured in every case. 

Coarse colli mator I - 12-20 and I - 31; otherwise fine collimator. 

Vacuum and gas flow proportional counter used for Z • 12-26; otherwise non-vacuum and scintillation counter used. 

Peak counts only measured in I - 12-22, 25 and 26 on fusion discs; otherwise Peak/Background ratio measured on -97 mesh rock powder. 

Foxrni].a for lower limit  of detection (LLD) - 3/mj Ib/Th where m - net cps/p, ib is the count rate on the background in ape and Th is total counting 
time on the background in seconds, 

VKp interference ignored; therefore Cr values quoted are slightly high. 

S. RbKp interference on I peak; therefore subtracted 1/5 Rby, from Yv,,L before ratioing. 

9. 6rKa interference on Zr peak; therefore subtracted 1/12 6rK. from Zr before ratioir*g. 

82  P 

p0/24 

Li? 

0.005 

6 



TABLE B2 

Precision of Gravimetric Analyses 

I-.21 (Lp!J)* 	E-22 	E-23 	Dr-2I 1 	Dx_21 2 	 Dx-48 2  

Si02 
 45- 14 45,15 1.5.15 45.95 4.6,01 47,32 4.7.35 

R 2 
 0 3 24.70 24.,72 24..71 24.,78 24.,73 27.35 27.4.5 

CaO 9.03 9.05 9.01 10.29 10.12 11.69 11.68 

MgO 13.09 13.19 13.07 16.71 16.92 10.78 10.76 

* Analyzed. by Dr. E.L.P. Mercy 



TABLE B3 

Precision of X-ray Fluorescent Analysis 

Avg, 	if'ferenoe 
anse (vt 	

) 
Mean foleranoe between 2 Accepted. Avg. Difference 

Low High (wt ) 
Limits" 	(?t. ) Values (wt ) 

&s 	of Mean! 

102 14.1.9 51,5 14.6.1 0.4.0 0.15 O.32/ 

Tb 2  0.38  3.12 1.24 0.02 0.01 0 1 08T 

A1203 
 

5.7 16.7 11.7 0 1 10 0,05 0,42 

Total'e 
as Fe 8,8 15.4. 12.8 0.15 0.06 0.47 

203 

rgo 4.7 30.6 15.2 0.25 0.11 0.72 

CaO 5.1 14.7 10.2 0.08 0.03 0.29 

TOTALS 1.00 0.41 

* The tolerance limit is defined as the maximum allowable difference 
between two determinations before an average was taken 



B 6. 

Precision and Accuracy of Gravjnetrio Analyses 

The question of precision in classicsl gravimetric analysis has been 

extensively studied by Fairbeirn at a].. (1951) and Stevens at a].. (1960) in 

large co-operative efforts on the standard materials C-1 and -1 • A sty of 

accuracy was undertaken by Fairbairn and Schairer (1952) and Fairbairn (1953) 

on a synthetically produced glass of a granitic composition close to G-1. 

Only by knowing the true composition In advance is it possible to make an 

evaluation of accuracy. None of the above studies offers a solution to the 

investigation of accuracy In a single analysis, nor has any solution been 

advanced since • However, an idea of the precision of the gravimetric deter-

minations performed on samples E-2, DX-24 and 48 is suggested in Table B-.2, 

although insufficient data are available here for proper statistical treatment. 

Precision and Accuracy of X-Ray Analyses 

The contents of Table B-3 give an idea of the degree of precision obtain-

able in the analysis of the major elements. It may be seen from the last 

column that the error introduced by counting effects would only rarely rise 

above 1% of the amount present. Added to this error must also be the incal-

culable errors which can creep into the lengthy sample preparation technique. 

These molds the difficulty of weighing dried sample in a humid atmosphere 

and the possible loss of material in several stages of handling. 

Because it is a comparative method, the accuracy of XR.F analysis is 

limited by the quality of the analysed material which is used as standards. 

The total of all oxides is a poor criterion for accuracy, as it can mask large 

errors, but in any other way accuracy is difficult to measure. In the end, 

analyses with totals of 100.0 0.8% were considered acceptable; the mean total 

and standard deviation were 99.83 0.13%. 



B 7. 

Calibration curves for trace elements were based on a wide variety of 

standard materials, including natural rocks, NBS synthetics mid various 

departmental synthetics. Samples and standards were irradiated as -97 mesh 

powder supported in the sample holders by mylar. The computation of a peak/ 

background ratio is a crude means of eliminating differential mass absorption 

effects, but in the case of each element a good line was readily fitted to 

the half dozen or mDre standards used. 

The most difficult of all the elements to analyze was barium, principally 

because of the sharp rise in background counts, with consequent low peak/back-

ground ratios. Even so, the result of 45 consecutive runs on W-1 uncorrected 

for drift gave a standard deviation of only 6.5 ppn. at the 160 pin. level. 

All other elements had substantially lower atomic numbers and also had drift 

corrections applied; therefore, it may be concluded that precision was consid-

erably better than that obtained for barium, although actual figures cannot be 

quoted. 

In the determination of Ga, Rb, ! and Pb it was important to choose the 

duration and number of counting intervals which would render the theoretical 

lower limit of detection (LLD) as smell as reasonable time permitted. The 

calculation of the LLD is such that a peak is not assumed to exist unless the 

counts at the peak position are three time greater than the standard deviation 

of the background counts, i.e. 99% confidence that the peak is real. Only for 

Pb was the LLD so high that not a single sample exceeded its value; peak 

background ratios indicated that Pb was less than 2 pn. In all specimens, but 

this can be stated with only 33% confidence. 
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