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ABSTRACT 


The Nimish Subgr oup igneous suite is a linear belt of 


volcanic and plutonic rocks in the Dyke Lake area of the 


southern Labrador Trough . 


The volcanics are interbedded with the sediments of the 


Wishart and Sokoman Formations of the Aphebian aged , Knob 


Lake Group . The Sokoman Formation forms a time stratigraphic 


horizon that separates the lower Petitsikapau Lake Formation 


from the upper Astray Lake Formation of the Nimish Subgroup . 


The occur rence of these volcanics within the Knob Lake Group 


is unique relative to Labrador Trough stratigraphy , as elsewhere 


the Knob Lake Group is a dominantly sedimentary succession 


and volcani cs are restricted to the younger Doublet Group . 


Stratigraphi c relationships between the Nimish Subgroup and 


the Sokoman Formation indicate contemporane o us volcanic , elastic 


and chemical sedimentary activity . The i nternal stratigraphy of 


the Sokoman Formation exhibits a three - fold subdivision that is 


broadly correlatable with similar subdivisions in the Scheffer


ville 11 main ore zone 11 , 30 miles to the northwest . A detailed 


facies and paleogeographic model relating the volcanic activity 


to iron formation deposition in the Dyke Lake area is presented . 


(ii) 







The rocks of the Dyke Lake area have been affected by 


l ower greenschi st facies metamorp h ism d uring the Hudsonian 


or ogenic event , circa 1 735 my . Geochemical evide n ce indicates 


that the ign e o u s rocks of the Ni mi s h Subgroup have been 


metasomat i zed with l arge degrees of mobility i n Na2 o, K2 0 , 


cao , MgO , Si 0 2 , FeO and Fe 2o3 suspected . The 11 immobi l e trace 


element s 11 , Ti, Zr , Nb, Y and Ga imp l y t ha t t he Nimish lavas 


are a mildly alkal ine s u i te that ha s an al kali basalt - trachyande -


si te - comend i t e d i f f erent i atio n sc he me . 


Th e rare earth element , REE , geoc he mistry of the Nimi s h 


Subgrou p i s supportive of the a lka l ine nature o f t he vo l can ics 


and has been used to model the f rac t i onal c r ysta l lization 


pe t rogenesis involved i n t he two vo l canic cyc l es . The geo l ogi cal, 


geochemical and geophy si ca l evidence indicates tha t the Nimish 


Subgroup l avas are possibly a r i ft facies , al kal i ne su i te 


re l ated to the tensional tec t onic r egime that p r ece e ded the 


e xtrusion o f voluminous t holeiitic lavas of t he Doublet Gr oup . 


(i i i) 
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CHAPTER 


INTRODUCTION 


1 . 1 - Location and Access : 


The Dyke Lake - Astray Lake area is located in the 


Labrador Trough , 60 miles southeast of Schefferville, between 


latitudes 54° 15 ' and 54° 45 1 N and longitudes 66° 00 1 Wand 


66° 30 ' W. The area i s accessible by an unpaved road from 


Schefferville to Astray Lake then by boat along the Astray -


Dyke Lake system . The lakes are open to float plane and 


canoe from mid- July to October but spring flooding makes 


landing difficult in places . Access within the area is quite 


good as the area is surrounded by lakes with many deep bays 


indenting the larger peni nsulas . 


1 . 2 - Previous Work: 


The first systematic mapping of the area was by Fahrig 


(1949) of the Iron Ore Company of Canada (I . O. C. ) who carried 


out one inch to one half mile mapping over the whole area . His 


stratigraphic scheme was a southerly extension of the geology 


of the Knob Lake (later named Schefferville) mining dis trict 


and i ncluded recognition of the Nimish Volcanics, a suite of 


mafic to intermediate lavas and tuffs interbedded with sedi


mentary rocks in what was termed the Nimish Group . 


- 1 -







2 . 


This work was f ollowed by more detailed , 1 11 - 1000 ', 


I . O. C. mapping projects (Stevenson , 1952 ; Meliherscik , 1952 ; 


Kavanagh , 1952 ; Perrault , 1952 ; Usher , 1953) which covered 


the whole Dyke Lake - Astray Lake area . 


/ 


In con j unction with the mapp i ng of Us her (1953) , Sauve 


(1953) completed an M. Sc . thes i s on the sedimentological 


features of the Nimish volcanic and sedimentary rocks of the 


Dyke Lake - Astray Lake Peninsula . The Dyke Lake area was 


also d i scussed briefly by Zajac (1974) . 


1 . 3 - Present Investigation : 


This thesis embodies the results of e l even weeks field 


work during the summer o f 1977 followed by petrologi c and 


geochemi cal invest i gations through the summer of 1978 . The 


work is a continuation o f the project done with the New f ound -


land Department of Mines and Energy of which the pr eliminary 


results are published in Evans (1978) . Th i s work was e xpanded 


by obtaining rare earth element analyses of a se l ected sui te 


of samples and using these data as a base for petrogenetic 


investigations . 


Mapping was conducted on 1 : 50 , 000 scale with specific 


emphasis being placed on the i nternal stratigraphy of the 


Nimish volcanics and their relations t o the interbedded lenses 


of i ron formation . Numerous sections ol iron lormation 







measured to deve l op an internal stratigraphy for the iron 


formation and a paleogeographic model f or the area . 


3 . 


Laboratory work inc l uded petrographic studies of the 


various rock types and whole - rock chemica l analyses of the 


volcanic and associated intrusive rock sui tes . Major and 


trace e l ement data on the various facies of iron formation 


were co l lected to test for any intermixing betwee n the cherty 


iron formation and volcanic detritus . 


1. 4 - Physiography and Glaciation : 


The physiography i s controlled by the underlying bedrock 


which , as in other areas of the Trough, has a prominent northwest


southeast structural grain . The volcan ics are responsible for 


the main relief and form long curvilinear ridges with a maximum 


rel i ef' o f' 200 m above lake level . Other lithotypes f'orm the 


gent ly sloping inland areas . In the extreme western part of' 


the area , north of' Marble Lake , f'ig . 1 , the r idges are formed 


by the Fleming Chert Breccia. Faults modi f y this topography 


producing some very steep cliffs notably west of Point Lake and 


east of Roger Lake . There is about 15 percent bedrock exposure 


on average but the Attikamagen , Denault , Wishart and Menihek 


Formations are very poorl y exposed with less than 5 percent 


exposure in most places . 







4 . 


Much evidence exists to show that the Dyke Lake region 


was strongly affected by glaciation . Hilltops have been 


scraped clean and littered with numerous large glacial erratics . 


Glacial stri ae are found both at the shoreline and on the 


hilltops implying an ice thickness of at least 200 m. Stoss -


side smoothing and polishing and lee side plucking have 


produced small - scale roche moutone~s. Eskers up to 3 km long 


with a relief of 70 m can be discerned on air photographs south 


of Esker Lake . With the exception of the hilltops the whole 


area has been covered by morainal deposits . 


Two peri ods of glaciation are recognized within the area . 


The first and most prominent glaciation followed the structural 


grain of the area with the ice moving from the northwest to the 


southeast , while a later recessive event shows a mean strike of 


northeast . This later event is only recognized by glacial 


striae and stoss - side smoothing in the northern part of the 


area (Usher , 1953) . 


1 . 5 - Statement of Problem : 


The occurrence of the mafic to intermediate volcanics of 


the Nimish Subgroup within the quartzite - iron formation sedi -


mentary succession of the Knob Lake Group is unique within the 


Labrador Trough (Dimroth et al . 1970) . Elsewhere in the Trough 


volcanic rocks are almost solely ultrabasic to basic in 







5 . 


composition and are associated with thick shale and intrusive 


gab bro sequences . The different sedimentary and geochemical 


associations of the two main occurrences of volcanic rocks in 


the Labrador Trough imply that different tectonic - petrogenetic 


factors controlled these two cycles of volcanism. Geochemi cal 


data on the volcanics of the Doublet Group are presented in 


Baragar (1960) and Dimroth et al . (1970) . 


Further study of the Dyke Lake area in the form of this 


thesis was undertaken with f i ve main goal s : 


(1) To produce a map outlining the general stratigraphy 


of the area and how the Nimi sh volcanics locally disrupt the 


otherwise continuous stratigraphy of the Labrador Trough . 


(2) To look at detailed facies relationships within the 


iron f ormation . 


( 3) To test for any poss i ble genetic links between the 


volcanics and the cherty iron formation. 


( 4) To obtain geochemical data on the Nimish volcanics 


in order to assess their petrologic affinities and internal 


petrogenetic relationships . 


(5) To compare the geochemica l results with the available 


data of the Doublet Group . 







6 . 


1 . 6 - Acknowledgements : 


The initial e i ght months of thesis work was supervised 


and financially supported by the Mineral Development Division 


of the Newfoundland Department of Mines and Energy . The work 


was done in coordinat i on with the general mapping program o f 


the Labrador Trough under the Newfoundland Mineral Development 


Agreement wi th the Federal Departments of Mines and Energy and 


Regional Economic Expans i on . The author is extremely grate f ul 


for the opportunity to coordinate this graduate work with the 


New f oundland Department of Mines and Energy . 


Miss Joan Burry provided capable assis.tance throughout the 


field season while Mr . Doug Dunka also helped during the first 


week . Field support services were coordinated by Mr . W. Tutt l e 


and suppl i ed by Laurentian Air Servi ces of Schefferville , Quebec . 


Thin sections were provided by Messrs . F . Thornhi l l, G. Ford 


and L . Warford , while Mr . D . Press and Mrs. G . Andrews cooperated 


to produce the chemical analyses summarized in this report . 


Mr . J . Vahtra ass i sted in X- Ray mineral identification work . 


Preliminary manuscripts were typed by Ms . D. Peavy , 


C . Gullage , D . Downey , C . Neary , P . Evans and L . Murphy while 


the final draft was prepared by C . Truss l er . 


Figures 1 - 15 were drafted by Messrs . K. Byrne , W. Howell, 


G. Martin and Ms . K. Stienhauser, while f igures 1 6 - 25 were 


prepared by Mr . B . Hiscock . 







7 . 


Field discussions with Drs . I. S . Zajac , W. R. Smyth , 


B . J . Fryer and R. J . War dle were quite useful in formulating 


my i deas . The field work was supervised by Dr . R . J . War dle, 


who along with Drs . W. R. Smith , D. G. Bailey and R . V. Gibbon s 


read initial drafts of the manuscript . The t hesis work was 


supervised by Dr . B. J . Fryer to whom the aut hor is grat e ful 


for his patience , time in discussions and financial 


assistance . 







CHAPTER II 


GENERAL GEOLOGY 


II .1 - Introduction : 


The map area lies about 30 miles southeast of Schefferville 


in the centre of the Labrador Trough . The area is underlain 


by a supracrustal sequence of t he Aphebian age Circum- Ungava 


geosyncline (Dimroth et al . , 1970) . The stratigraphy of this 


area is unique within the Labrador Trough in that volcanics 


occur within the Knob Lake Group as well as the Doublet Group . 


The volcanics occur in a large lens- like body that extends 


southeast of Schefferville for about 125 km and covers an area 


of 400 km2 . These mafic to intermediate volcanic extrusive 


and hypabyssal rocks occur interbedded with the Wi shart and 


Sokoman Formations wi th possible tuffaceous equivalents occurr-


ing as early as the Attikamagen Formation . 


Since the Nimish volcanics are found to occur at several 


stratigraphic horizons within the Knob Lake Group it is no 


longer possible with the rules of the American Commission on 


Stratigraphic Nomenclature (1970) to continue the use of the 


term Nimish Group (Usher, 1953 ; Sauve, 1953) , or Nimish 


Formation (Melihercsik , 1952) . Those volcanics which overlie 


the Sokoman Formation (largely restricted to the western part 
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of the area) are now termed the Astray Lake Formation, fig . l; 


while those which underlie the Sokoman but overlie the Wishart 


Formation (restricted to the eastern part of the area) are now 


termed the Petitsikapau Lake Formation . The two volcanic 


formations and associated intrusive rocks are collectively termed 


the Nimish Subgroup . 


The oldest exposed rocks in the area , Table 1 , are the 


thinly bedded grey silts tones and shales of the Attikamagen 


Formation . The base of this unit is not exposed but it is 


probably conformably underlain by the sandstones , conglomerates 


and arkoses of the Seward Formation (Wardle, 1976) . Conformably 


overlying, and in part possibly a facies equivalent to the 


Attikamagen Formation, are the finely laminated dolomites and 


dolomite breccias of the Denault Formation . 


North of Marble Lake the Denault Formation is disconformably 


overlain by the Fleming Chert Breccia while elsewhere in the 


area it grades conformably into the Wishart Formation . Contacts 


between the Wishart and Fleming Formation north of Marble Lake 


are gradational . The Wishart Formation represents a trans 


gressive sequence of basal siltstones, sandstones and quartzites 


with an upper siltstone member which thickens markedly to the 


southeast . 


The Wishart is conformably overlain by the Sokoman cherty 


iron formation in the central part of the area while north of 
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Marble Lake and in the eastern part of the area it is overlain 


by volcanic and sedimentary rocks of the Petitsikapau Lake 


Formation . Interbedding of Wishart lithologies with small 


lenses of intermediate volcanic rocks occurs east of Dyke Lake 


and Fawley Lake and on the peninsula at the south end of 


Dyke Lake . 


The Sokoman Formation is interbedded with, and conformably 


overlies , the Petitsikapau Lake Formation in the eastern part 


of the area and occurs below the Astray Lake Formation volcanic 


rocks in the central part of the area . Structural and sedi


mentological relations between the Sokoman , Astray and Petitsi 


kapau Lake formations indicate contemporaneous volcanic activity 


with both elastic and chemical sedimentation . The Astray Lake 


and Sokoman Formations are conformably overlain by the gray 


silstones and shales of the Menihek Formation , the top of which 


is not recognized in the study area . A series of pre - tectonic 


d i oritic to gabbroic sills and sheets, have intruded the rocks 


of this area . 


The area was deformed in the Hudsonian orogenic event, 


circa 1 ,735 my . (Stockwell , 1964) which produced a series of 


upright to slightly overturned open folds separated by numerous 


high angle reverse faults . The area can be divided primarily 


into three main structural/stratigraphic blocks with boundaries 


along faults running the length of Dyke and Astray Lakes . 
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These faults separate an area in the east where the volcanics 


(Petitsikapau Lake Formation) occur predominantly below the 


iron formation, from an area in the centre where the volcanics 


(Astray Lake Formation) occur primarily above the iron 


formation . The western most fault block has very few volcanic 


rocks exposed . The deformation was accompanied by prograde 


lower greenschist grade metamorphism and the inhomogeneous 


development of chloritic and micaceous penetrative fabrics . 


II . 2 - Stratigraphy : 


II . 2 . 1 - Attikamagen Formation : 


In the Dyke Lake - Astray Lake area the Attikamagen 


outcrops sporadically with best exposures occurr i ng north of 


Marble Lake . The thickness of the unit is unknown as the base 


is not exposed, but an estimate of 300 to 700 m was given for 


the Knob Lake area (Zajac, 1974) while in the Andre Lake area 


it varies from 375 to 1700 m (Wardle , 1976) . 


Typically the Attikamagen Formation is a laminated to 


thinly bedded , gray to black fissile shale or siltstone with 


minor argillaceous beds . Beds and lenses of silty dolomite 


are present north of Marble Lake while graded bedding and the 


presence of minor amounts of volcanic detritus suggest a 


tuffaceous component to the shales at the south end of Dyke 


Lake . Up to 15 percent fine sand - size angular fragments of 







13 . 


quartz and feldspar are present in some beds associated with 


a matrix of altered silicates , chlorite, clay minerals and 


opaques . Thin carbonaceous laminae occur sporadically along 


bedding planes . The cement i s usually a very fine grained 


quartz but dolomite is present north of Marble Lake . In the 


areas where the Attikamagen Formation are highly sheared, a 


poorly developed penetrative cleavage of muscovite and chlorite 


is visible . 


The Attikamagen Formation conformably overlies the Upper 


Seward Formation (Wardle , 1976) and passes gradationally into 


the Denaul t Formation dolomites in the west . 


The fine laminations , lack of major cross- bedding , and 


interbedding with minor quartzite and dolomite beds imply a 


near shore , low energy envi ronment of deposition for these 


rocks . The juxtaposition of carbonaceous shales and carbonate 


rocks i n the upper Attikamagen Formation implies large changes 


in the Eh/pH conditions of the sedimentary basin possibly 


resulting from local relief in a restricted depositional basin . 


Such a paleogeography could promote lens - like accumulations of 


carbonates with fine scale interbedding at the margins, as 


seen locally in the Dyke Lake area . 
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II. 2 . 2 - Denault Formation : 


The best exposure of the Denault Formation is along 


the long peninsula separating Astray and Marble Lakes . 


Typically the Denault Formation is extremely variable in 


thickness , ranging from 200 m to 1,000 mover a 35 - mile stretch 


in the Knob Lake area (Zajac , 1974) . A complete section of 


the Denault is missing in the Dyke Lake area , but it is at 


least 500 m th i ck across the Astray Lake - Marble Lake 


Peninsula . 


The formation consists of interbedded, fine ly laminated , 


variably clean , silty and cherty dolomites . An upper member 


of gray siltstones and shales very s imilar to the Attikamagen 


Formation is present above the carbonates west of Fawley Lake . 


These sedimentary rocks are provisionally included in the 


Denault Formation but correlations with the work of Wardle 


and Doherty (1977) may show them to be members of the Dolly 


Formation as described by Harrison et al . (1972) . Typically 


the carbonates are gray on fresh surface but weather to a deep 


orange color . Low angle planar cross beds and f i ne scale 


sedimentary slumping structures are preserved in some 


localities . 


Outcrops on the Astray Lake - Marble Lake Peninsula have 


spectacu l ar beds of coarse dolomite breccias interbedded with 


finely laminated dolomites . These breccias contain rectangular 
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blocks of massive to laminated silty dolomite up to 1 m across. 


The blocks are aligned with long axes parallel to bedding 


planes and are set in a cherty dolomitic matrix . No sedimentary 


structures such as graded bedding or crossbeds were noted 


within these breccia units. 


A commo n feature, unique to the Denault Formation, is a 


well developed system of rectangu lar f'rac tures . This fracture 


pattern exists on scales up to 3 metres and occurs both within 


and cutting across fragments in the dolomite breccia . Little 


or no movement occurred along these fractures and they are 


commonly filled with veins of gray to black chert and quartz . 


In thin section the Denault Formation shows irregular 


subplanar bedding defined by concentration of clay minerals 


along bedding planes . Angular silt size detrital quartz makes 


up to 1 5 percent of some silty beds while trace amounts of 


detrital mica occur near the contact with the Attikamagen 


Format ion north of Marble Lake . The dolomite forms a mosaic 


of anhedral to subhedral rhombs up 30 mm in size . Some beds 


show development of orbicular shaped pure dolomite lenses 


about 3 mm across, aligned parallel to bedding . 


Contact relationships of the Denault Format ion with other 


formations are variable . The base of the Denault is a 


gradational contact with the Attikamagen Formation while t he 


upper contact varies from a disconformable relation with the 
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Fleming Format i on north of Marble Lake to a presumed 


gradational contact with the overlying Wi shart Formation on 


the east short of Dyke Lake . The Denaul t seems to be missing 


i n the southern part of the Dyke Lake - Astray Lake peninsula 


where the Attikamagen Formation appears t o be directly over 


l ain by the Wishart Formation . Alternat i vely the lower section 


of the Wishart Formation in thi s area cou l d be the upper 


si l tstone member of the De n ault Format i on , or Dolly Formation 


as recognized by Wardle and Doherty (1977) . 


In all aspects the Denault Format i on r esembles an 


evaporitic, lagoonal t ype do l omite formed by d i agenetic 


alteration of calcerous muds . The close association of fi ne 


shales and silty dolomi tes , the poss i bly storm generated i ntra


formationa l dolomite brecc i as and the rectangular f racture 


pattern within the do l omi te cl a s ts (typical of shr inkage 


cracks i n an evaporitic environment) are common sedimentologi cal 


features of restr i cted s horel i ne basins in a tropical environ


ment (Wilson , 1975) . Algal st r uct u res , wh i ch are often 


associated with mode rn trop i cal lagoonal environments, were 


not recognized in the Dyke Lake area but have been noted within 


the Denaul t Formation of adjacent areas (Harrison et al ., 1972 ; 


Donaldson , 1966) . 
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I I .2 . 3 - Fleming Formation : 


Regionally the d i stribution of the Fleming Format i on 


is r est r icted to areas unde r lain by the Denault Formation 


(Dufre s ne , 1952) . In the Dyke Lake area the Flemi ng Formation 


i s restricted to the westernmost fault block where it 


immediately overl i es the Denault dolomites . Exposure of the 


Fleming Formation i s very irregu l a r as it outcrops in large 


lens - like bodies with intervening areas not exposed . The 


Flemi ng Formation vari es from O to 130 m i n the Dyke Lake 


area . 


The unit cons i sts almost ent i rely of che r t breccia . Thi n 


beds of cherty quartzite are i nterbedded wi th t he massive 


breccia on the islands in Marble Lake . The breccia contains 


angular fragments of laminated to massive , multicolored chert 


up to 0 . 5 m across , set in a fine grained, rec r ystallized , 


quartzose matrix . No sedimentary structures or regional gra i n 


size variations were recognized in the area . In thi n sect i on , 


fragments of well rounded , occasionally fractured , spherical 


quartz grains up to 5 cm in size , comprise up to 20 percent of 


the clast popul at i on . Traces of cryptocrysta l line , carbonaceous 


opaque material define the chert laminations . Minor chlorite 


and opaques were r ecognized wi th i n the matr i x . 


Generally i t is accepted that the Flemi ng Formation is an 


intraformational conglomerate with variable contact relations 
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(Zajac, 1974) . Considering i ts coarse grained character and 


the abrupt lithologic change, the Fleming Formation probably 


disconformably overlies the Denault Formation . Harrison (1952) 


maintained that a band o f s l ate 1- 4 feet thick separates the 


two formations in the Knob Lake area but this has not been 


recogn i zed in the Dyke Lake area . 


Contact relations with the overlying Wishart Formation 


are also comple x. I n the Dyke Lake area the interbedd i ng o f 


t hin quar t zite beds a n d massive chert breccia and the chert 


cement in the lower units of the Wi shart Formation implies a 


gradational , conformable contact . Conversely , immediately 


northwest of the Dyke Lake area the chert breccia becomes 


much thi cker and outcrops very close to the Sokoman Formation 


(Usher , 1953) implying that the Flemi ng Formation may be in 


part a f acies equi valent of the Wishart Format i on . 


II . 2 . 4 - Wishart Format i on : 


The Wishart Formation forms the most cont i nuous unit 


in the area and is used as a marker horizon for structural and 


stratigraphic interpretations . In the Dyke Lake area , the 


unit is var i able i n th i ckness and ranges from 0 - 100 m in the 


northwes t to 500 - 700 m in the southeastern sect i on of the 


map area . Best exposures of the Wishar t Format i on are in fault 


blocks on Astray Hill at the southern end of the Dyke Lake -







Astray Lake Peninsula and on the peninsula at the south end 


of Dyke Lake . 


The dominant 11 thology of the Wishart Formation is a 
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light gray, massive to well bedded, medium to coarse grained 


quartzite wi th 5 - 10 percent argillaceous material . From 


northeast to southwest the rocks genera lly become thicker 


bedded, more poorly sorted and more feldspath i c i n composi t ion 


and interbedded lavas and sills become more prevalent . Towards 


the top of the format i on interbeds of gray siltstone become 


more abundant . 


A lean, gray , massive chert hori zon of about 3 m thickness 


lies at the top of the Wishart Formation south o f Charlie Lake . 


This chert member was also recognized in the Schefferville 


area (Harrison et al . , 1972). 


Sedimentary structures of the Wishart Formation in the 


Dyke Lake area are restric ted to occasional occurrences of 


low angle, herring bone cross - bedd i ng . 


Petrographic ally , the Wishart li thologies consist chiefly 


of quartz fragments with alkali feldspar and composite chert 


grains rarely making up more than 15 percent of the rock . The 


development of s trained, undulose extinction , subgrain boundaries 


and dislocations is quit e common . Despite thei r quartz -rich 


composition, the detritus is angular to subrounded and poorly 


sorted, even in orthoquartzite examples . In the feldspathic 
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wackes and interbeds of siltstones and shales, the s il t s i ze 


matrix constitutes up to 30 percent o f the rock . Th i s silty 


mater i al is occas i onal ly recrysta l lized to a muscovite , 


stilpnomelane, chlorite and opaque assemb l age which de f ines a 


fissility usually parallel to bedding . 


Locally the Wishart Formation exhib i ts clouding o f quartz 


grai ns , a porous t e x ture and thin f ilms of hemat i te coating 


vugs and grain boundari e s . Thi s is attr i buted to weathering 


processes resulting f rom sub aerial e xposure d u ring a period 


of Cr e t aceo us b l ock f ault i ng (Harri son et al . , 1 972) . 


Contact r elat i ons with the Wi shart Fo rmat i on and adjacent 


fo rma t ions are not well exposed in t he Dyke Lake area . The 


int erbedding of chert brecc i a and chert cemented quartzite on 


the islands of Marble Lake implies a gradational basal contac t . 


Regi onally , however , the base of the Wishart Formation is 


transgr essive s i nce it overlies the Attikamagen Format i on i n 


the cent re of t h e Trough and overs t eps the Fl e ming and Denault 


For mations , with local interbedding of Wishart and Denault 


(Harrison , 1952 ; Baragar , 1967) , to unconformably overlie the 


Archean at the western margin of the Trough . The contact i s 


u sua ll y marked by a conglomerat e horizon i n the Knob Lake area 


(Zajac, 1974) . 


The upper contact o f the Wishart Formation is marked by a 


lean chert and basal units of the iron formation in the west 
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and by thick volcanic flows of the Petitsikapau Lake Formation 


in the eas t giving conformable to paraconformable contacts . 


Elsewhere in this area of the Trough , the top of the Wishart 


is marked by a well developed quartz pebble conglomerate 


possibly reflect i ng near shore depos ition during a short lived 


regression in the area (Zajac , 1974) . 


The Wishart Formation in the Dyke Lake area shows features 


indicative o f a littoral to sublittoral depositional environ-· 


ment . Sed i mentation was essent i ally continuous with the 


near shore conglomerates and related disconformities of the 


Schefferville area being replaced in the Dyke Lake area by 


finer grained sedimentation and gradational contacts . 


II . 2 . 5 - Nimish Subgroup : 


II.2 . 5 . 1 - Nomenclature : 


The Nimish volcanics were first recognized by Fahrig 


( 1949) who used the term to name the volcanic rocks interbedded 


wi th the Knob Lake Group sediments in the Astray Lake - Birch 


Lake area . Succeeding workers used the term 11 Nim1sh " in 


varying contexts . Melihercsik (1952) ass i gned the volcanics 


formational status, Usher ( 1953) and Sauv~ ( 1953) used the term 


Nimish Group , whi l e Kavanagh ( 1 952) , Perrault (1952) and 


Stevenson (1952) used the term Nimish volcanics to describe the 


11 thotype , not assigning them any r ormal stratigraphic status . 
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Work in the 1977 field season has shown the need for recognition 


and further subdivision of the Nimish volcanics into an upper 


and lower formation based on stratigraphic, petrologic and 


geochemical data . The author proposed the term Petitsikapau 


Lake Formation for those volcanics that occur below and inter


bedded with the lower Sokoman Formation , fi g . 1 , while Astray 


Lake Formation was proposed for those volcanics and 


associated sediments that occur above and interbedded with the 


upper Sokoman Formation (Evans , 1978) . The term Nimi sh 


Subgroup includes the Petitsikapau Lake and Astray Lake 


Formations as well as the gabbroic intrusive rocks associated 


with the volcanics . 


II. 2 . 5 . 2 - Distribution and Thickness : 


The two volcanic formations are dominated by basalts 


which occur throughout the area . The areas west o f Point Lake 


and on Jasper Mountain (the hill immediately east of Roger 


Lake , fig . 1) represent two centres of volcanic activity for 


the Petitsikapau Lake and Astray Lake Formations respectively 


and are distinguished by porphyritic intermediate to acidic 


volcanic and tuffaceous rocks . A maximum thickness of 1 ~ 000 m 


is sugges ted for the Petits i kapau Lake Formation and 700 m :for 


the Astray Lake Formation , but thicknesses are diff icult to 


estimate because of inconsistencies in the volcanic stratigraphy 
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and the numerous folds and faults that repeat t he sect i on . 


Consideri ng t he general lithologic similarities of t he 


Pet i ts i kapau Lake and Astray Lake Formations , the litho l ogic 


descript ions will be combined with any features un i que to 


either formation noted i n the text . 


II . 2 . 5 . 3 - Lithology and Petrography : 


Massive to amygdaloidal , intermed i ate to mafic 


aphy r ic volcanic rocks make up 6 5 - 7 5 percent of the two 


format i ons . These rocks a r e massive to slightly vesicular 


i n outcrop with some examples showi ng a concentric ve i ning 


pattern of up to . 50 m i n d i ameter . Ve i n minerals are chlorite , 


hemat i te , quartz and epidote wh i ch along wi th calcite and 


potash fe l dspar are t h e dominant minerals infilling vesicles . 


The or i g i n of this ve i ning is somewhat en i gmatic . Usher (1952) 


de s cri be d i t as l i esegang banding resulting from weathering 


processes i n arid env i ronments but the presence of the green


schi st grade metamorphic minera l epidote in some examp l es 


woul d seem to indicat e a hydro t hermal origin . 


Pillow lavas up to 1 m across with 10 cm chlor i tic rims 


are only well preserved in the north end o f the Dyke Lake -


Petitsikapau Lake Peninsul a but are recognized sporadically 


throughout the area . These lavas always have f i ner scale 


concentric veining withi n the pillows . Thin lenticular beds 







of volcanOgenic sandstones are i nterbedded with the pillow 


l avas . 


In thin section the lavas are invariably altered to 


24 . 


lower greenschist f ac i es assemblages of calcite, chlorite, 


albite, ep idot e , opaques and minor quartz . Adularian potash 


feldspar is seen locally as a replacement mineral after 


plagioclase and as a vein mineral. This combined with the 


high and erratically distributed K20 values of the volcanics , 


Section V. 3, indicates some form of potash metasomatism . The 


opaque mine rals are dominantly magnetite with secondary 


hematite occurring locally . Magnetite occurs as anhedral 


masses and small subhedral microphenocrysts implying high 


level crystal fractionation of iron ox ides a l ong with 


secondary metasomatic opaque formation . No primary ferro 


magnesian phases or pseudomorphs were recognized i n thin 


section . Groundmass a l bite l aths are locally aligned in flow 


text ures and surrounded by a chloritic mesostasis. An aphyr ic 


intersertal t o pilotaxitic t exture is the most common igneous 


texture preserved i n the s e rocks . 


Porphyritic lavas are generally restricted to the 


Petitsikapau Lake Formation where they make up about 20 percent 


of the exposed lavas. Porphyritic l avas are only found in 


small amounts i n the Astray Lake Format ion east of Roger Lake . 







The porphyritic lavas are very homogenous and 


individual flows can be traced for 2 - 3 km along strike . 


Small scale concentric veining is developed locally but no 


large scale pillow lavas were recognized within the 


porphyritic flows . 
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The dominant phenocryst phase is altered euhedral to 


subhedral crystals of plagioclase up to 5 cm long . The 


plagioclase is usually partially replaced by albite, adularia, 


carbonate and lesser amounts of muscovite and epidote . These 


minerals often occur in simple and twinned plagioclase 


pseudomorph aggregates forming coarse glomerophenocrysts . 


Relict zoning is sometimes preserved through the alteration . 


Subhedral phenocrysts of augitic clinopyroxene up to 1 cm long 


were found in two sections . The pyroxenes are relatively 


fresh with only thin chloritic rims . Magnetite occurs as an 


abundant microphenocryst phase similar to the aphyric lavas . 


Groundmass mineralogy and textures are also similar to the 


aphyric lavas giving porphyritic to glomeroporphyritic, 


intersertal to pilotaxitic textures . 


Acid volcanic rocks are restricted to two localities, 


irrunediately east of Point Lake and west of Roger Lake, where 


they make up about 5 percent by volume of the Petitsikapau 


Lake and Astray Lake Formations . In these localities the lavas 


occur at the top of a thick mafic volcanic pile . The geographic 
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rest r iction of the silica rich volanics , their associat ions 


with coarse angular sediments and their stratigraphic 


relationships with the ma fie volcanics imply that these areas 


are volcanic centres associated with the Pe ti tsikapau Lake 


and Astray Lake Formation volcanic cycles . 


The acidic rocks are massive in outcrop and of limited 


aer i a l extent . Flow a lignment of feldspar phenocrysts is 


developed locally . The rocks vary petrographically from 


daci tes to coarse feldspar phyric trachytes, rhyodacites and 


rhyolites . They are typically porphyritic with small euhedral 


phenocrysts of orthoclase and albite set in a groundmass of 


aligned al bite laths . Phenocrysts are o f ten corroded and 


partially replaced by carbonate or potash feldspar . Quartz 


and adul ar i a veins are quite common making the primary nature 


of the potash feldspar phenocrysts somewhat dubious . Euhedral 


microphenocrysts of magnetite are present in some examples . 


Chlorite , quartz and clay minerals make up the mesostas is. A 


porphyritic trachytic t o pilotaxitic texture is common i n 


these rocks . 


Tuffaceous and volcanic - sedimentary rocks of the 


Pe t itsikapau Lake and Astray Lake Formations may be divided 


into coarse conglomerates and agglomerates which are s pat i ally 


associated with the ac i d i c volcan i cs , and finer grained 


tuffaceous and agglomeritic rocks which occur more distally . 
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A crude qualitative concentric zonation pattern of clast 


size within the fragmental rocks is developed around centres 


west of Point Lake and east of Roger Lake . 


On Jasper Mountai n , east of Roger Lake , there is a series 


of coarse agglomerates and conglomerates interbedded with 


acidic volcanics and tuffaceous sandstones . The dominant 


clast lithologies represen ted are red microcrystalline jasper, 


f i ne grai ned red rhyolite , rhyolite porphyry, aphyric mafic 


volcani cs and minor amounts of oxi de facies iron formation and 


gray Wi shar t Formation sandstones . The fragments are up to 


0 . 75 m across and are subangular to well rounded . Generally 


they are very poorly sorted boulder conglomerates but some 


of the finer grained sandstones are moderately well sorted . 


The matrix of the agglomerates is very similar to that of the 


assoc i ated sandstones , consisting of angular sand size particles 


of quar tz , f eldspar , chert, and mafic and acidi c volcanics . 


Sedi mentary structures are rare as the conglomeratic beds 


exhibit massive bedding up to 2 m thick , and in places a clast 


supported texture . Poorly developed , small scale trough 


cross - beds and graded bedding are preserved in the finer grained 


sandstones . 


The very coarse , i mmat ure nature of the sedimen tary 


structures within the conglomerate units and the assoc i ation 


with acidic volcanics imply that these fragmental rocks are 







part of an alluvial fan, or coarse river depos 1 t, formed 


around the subaerially exposed volcanic centre responsible 


for the interbeds of acidic volcanics . 
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The tuffaceous rocks found in the surrounding areas 


contain only 5 - 15 percent elastic material . The most common 


lithotype is red jasper with lesser amounts of rhyolite, 


basalt, quartz and feldspar . No recrystallization has occurred 


along the clast boundaries. The gravel - sized clasts are 


usually well rounded, moderately well sorted and occur in 


continuous horizons either at the top or bottom of flows . 


Poorly developed graded bedding was the only sedimentary 


structure recognized . 


II.2.5.4 - Intrusive Rocks : 


The intrusive rocks of the Dyke Lake area were 


originally included in the Montagnais intrusive suite by 


Stevenson (1952), Perrault (1952) and Usher (1953) who used 


the term to describe all the pretectonic sills intruded into 


the Kaniapiskau Supergroup in the Dyke Lake area . In this 


report the intrusives are included as part of the Nimish 


Subgroup, since it is later demonstrated that they are 


chemically similar to, and therefore probably cogenetic with , 


the Petitsikapau Lake and Astray Lake Formations . Best 


exposures are southeast of Hughes Lake and at the north end 


of Marble Lake . 
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The intrusive rocks consist of a suite of massive, 


medium to coarse grained rocks that range from dioritic to 


gabbroic composition . The suite is very homogenous with only 


small variations i n color index noted . In thin section the 


intrusives show a mineralogy of clinopyroxene , plagioclase 


and skeletal magnet i te with accessory apatite , chlorite and 


occasional orthoclase , quartz and micropegmatite . The sill to 


the west of Point Lake has a more alkalic composition and 


locally contains 15 - 20 percent modal potash f eldspar and 


cumulus apatite . Textures are quite vari able with phenocrysts 


of clinopyroxene , plagioclase , magnetite and occasional potash 


feldspar and apatite occurring sporadically in a groundmass 


of ophitic to subophit i c intergrowths of cl i nopyroxene and 


plagioclose . The feldspars are partially altered to albite 


and adularia and the groundmass is largely recrystalized to 


chlorite and opaques . The phenocrysts of opaques and clino


pyroxenes remain relatively fresh . 


II . 2 . 6 - Sokoman Formation : 


II.2 . 6 . 1 - Nomenc l ature : 


The Sokoman Formation is a cherty Precambrian iron 


formation of the Superior type (Gross , 1965) . It is the most 


important economic formation within the Labrador Trough and 


is mined for iron ore in the Schefferville area . 
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Early subdivisions of the stratigraphy of the Knob Lake 


region (Harrison, 1952 ; Dufresne , 1952) recogni zed two 


formations between the top of the Wishart Formation and bottom 


of the Menihek Format i on . The term Ruth Formation was applied 


to all the black ferruginous siltstones and shales overlying 


the Wishart quartzites while t h e Sokoman Formation included 


all the cherty iron formation units between the Ruth and 


Menihek Formations . 


In the main ore zone of the Schefferville area, the Ruth 


Format ion i ncluded parts of the Lower Sokoman Formation , which 


when highly altered is indistinguishable from the Ruth silt -· 


stones . This situation has been further complicated by the 


work of Zajac (1974) who showed that the Ruth Formation of the 


main ore zone is stratigraphically equivalent to the lowermost 


silicate- carbonate facies o f the Sokoman Formation in the 


Staki t Lake and other areas . On the basis of these strati


graphic inconsistencies, and petrologic evidence which implies 


a similar diagenetic history of iron enrichment for t he Ruth 


and Sokoman Formations , Zajac proposed that the Ruth Formation 


be included as a member of the Sokoman Formation . 


In the Dyke Lake area , the Ruth Formation is very thin or 


absent and is only exposed in three isolated areas making it 


a minor component of the stratigraphy and not worthy of 


formational status . The writer has therefore f ollowed Zajac 
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(1974) and included the Ruth Formation as a basal member of 


the Sokoman Formation . The Sokoman Formation can be divided 


into Lower , Middle and Upper Iron Formation units based on 


the variable mineralogy and sedimentary structures present . 


These divisions are believed to be equivalent to the similar 


subdivision proposed by G. S . Card for I . O . C . workers of the 


Schefferville area (Harrison, 1972) . The common abbreviations 


for the facies and the lithologic types are given in fig . 2 . 


II. 2 . 6 . 2 - Distribution and Thickness : 


The Sokoman Iron Formation is poorly exposed through


out the Dyke Lake area with best exposures occurring west of 


Tee Lake and Evans Lake and south of Charlie Lake . 


In the eastern Dyke Lake - Petitsikapau Lake Peninsula, 


the Pe ti tsikapau Lake Formation underlies and is interbedded 


with the Lower Iron Formation while in the western Dyke Lake -


Astray Lake Peninusla, the Petitsikapau Lake Formation is 


largely missing and the volcanics of the Astray Lake Formation 


overl i e the iron formation . Relative to these periods of 


volcanism , the iron formation forms a continuous time 


stratigraphic horizon that has a continuous internal strati 


graphy . A facies of iron formation rich in elastic detritus , 


termed magnetic graywacke by the I . O. C. geologists , is 


similarly recognized in the Dyke Lake area . The magnetite 
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graywackes occur as separate homogeneous units stratigraphically 


equivalent to the main body of the iron formation, as on the 


western shore of Pe titsikapau Lake, or as lenticular interbeds 


wi thin the volcanic pile as in the Tee Lake and Icombe Lake 


areas, (fig. 2). 


Considering the lack of outcrop and degree of interbedding 


with the volcanics, accurate thicknesses of the iron formation 


are very difficult to establish . Figure 2 gives the composite 


stratigraphic sections for 1 4 different localities and shows 


how the iron formation and its stratigraphic subdivisions vary 


in distribution and t hickness throughout the Dyke Lake area. 


Thicknesses quo ted in this diagram are approximate as contacts 


are often unexposed, sections often incomplete and thicknesses 


of facies of the Iron Formation within each locality variable, 


all making the diagram somewhat schematic . 


Despite these problems minimum thicknesses for the iron 


formation can be estimated, varying from 20 m at Eileen Lake 


(section XII, Figure 2) to 150 mat Pierres Point (section V) . 


The Iron Fo rmation might be 500 m thick on the large peninsula 


at the north end of Dyke Lake (sec t ion I) where outcrops of 


steeply dipping magne ti te graywacke outcrop on each side of 


the easternmost peninsula. No outcrops are available inland 


to confirm their continuity . 
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II . 2 . 6 . 3 - Lithofacies and Petrography : 


The sedimentological and petrologic features of the 


iron formation are best described by taking each f ac i es i n 


turn . In this section 11 primary " will be used f or all textures 


resulting from the deposition of the sediment , while 


" secondary " and 11 secondary diagenetic u will be reserved for 


all features related to post - sedimentation , pre- metamorphic 


processes . 


The basal unit of the iron formation in the Dyke Lake area 


is comprised of black ferruginous siltstones and shales (old 


Ruth Formation) which outcrop at the base of section s south 


of Charlie Lake (sect i on VI , Figure 2) , north of section III 


and on the peninsula at the south end of Dyke Lake. These rocks 


are very poorly exposed and often highly fractured ; consequently 


any large scale primary sedimentary structures are o bscured. 


In thin sect i on they are finely laminated with 1 - 2 mm beds 


de f ined by traces of carbonaceous material . 


The rock is comprised of 50 - 60 percent angular to 


subrounded, silt size quartz , plagioclas e and potash feldspar 


fragments set in an opaque clay size matrix . In places this 


matrix has recrystallized to a stilpnomelane- muscovite- chlorite 


assemb lage forming a strong primary f issility subparallel to 


bedding . I n exposures at the south end of Dyke Lake and 


northeast of Section III , the rock contains euhedral , 3 mm 
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sized crystals of pyrite distributed along bedding planes . 


This unit is distinguished from the other two siltstone and 


shale members of the Knob Lake Group by the presence of potash 


feldspar and the abundance of carbonaceous material . 


The silicate - carbonate f ac i es is best exposed in Sections 


and X . It shows we l l developed subplanar bedding of 1 - 2 cm 


thickness with beds defined by variations in the carbonate and 


silicate mineral proportions . Rocks poor in carbonate are 


usually poorly bedded and commonly exhibit an irregular 


conchoidal fracture . 


The primary minera logy of th is facies is high l y variab le . 


The most common primary assemblage found is siderite, greenali te, 


magnetite and chert with minor amounts of minnesotaite . In 


assemb l ages void or low in carbonate, minnesotaite becomes 


the dominant silicate phase, almost to the exclusion of greenalite 


and carbonate. It i s also associated wi th an increased magnet i te 


content . 


In thi s facies siderite occurs as subhedral rhombs and 


composite mo saics , up to 100 n m across, intergrown with anhedral 


microcrystall i ne chert . Greenalite is present as pleochroic, 


subhedral, tabular crystals of 50 nm size when in its primary 


state a nd as large irregu l ar f elted masses when replacing other 


silicates or oxides . Minnesotaite i s usually present as 


bundles of radiating acicular crystals . These crystals are 
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usually spread randomly throughout a bed or clustered in a 


crude spherical pattern reflecting a relict granular texture . 


Secondary diagenetic magnetite occurs as a series of subhedral , 


50 nm crystals aligned roughly parallel to bedding or in 


crystal aggregates forming a relict granular texture similar 


to minnesotaite . This 11 fish net 11 texture , typical of 


minnesotaite and magnetite , represents diagenetic remobilization 


of iron and recrystallization of primary Fe- Si gels (French , 


1973) . Occasional large anhedral crystals of magnetite are 


probably the result of diagenetic or secondary replacement of 


iron carbonates . 


The grain size and texture of the recrystallized quartz 


varies from mosaics of cryptocrystalline rounded blebs to 


homogeneous angular crystals up to 100 nm across . The large 


quartz grains are associated with relict granular and oolitic 


horizons . Gro&s ( 1961) suggested that these sand·· like horizons 


would have had a higher interstitial water content than the 


thinly layered non- granular types , which would promote diffusion 


and recrystallization to form larger grains . 


A unique silicate- carbonate facies has been noted in many 


sections . In this rock type all the primary iron silicates 


are pseudomorphically replaced by stilpnomelane while the 


carbonates are replaced by iron oxides . The pseudomorphic 


textures indicate that this mineral assemblage probably 
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developed in the diagenetic environment . The geochemistry 


of this facies, as discussed in Evans (1978), indicates that 


the primary SCIF was diluted by volcanic ash and subsequently 


recrystallized . Iron formation facies of this type are 


called Volcanic - SCIF facies . 


The carbonate iron formation , best exposed in Sections V 


and XIII, typically forms thick subplanar beds with l ean chert 


interbeds 3 - 7 cm thick . Finer laminations are discernable 


in thin section . The primary mineralogy is siderite and 


chert with minor amounts of magnetite and iron s i licates . 


Vari ations in the percentage of s i derite and chert define the 


bedding with siderite occurring as interlocking subhedral 


crystals up to 1 00 nm l ong surrounded by anhedral intergrowths 


of recrystallized quartz . Primary oxides and silicates rarely 


make more than 5 percent of the rock . Al teration and leaching 


effects are similar to those noted for the silicate- carbonate 


facies . 


The oxide facies of the iron formation is the most variable 


rock type . It can display very regular , well developed p l anar 


bedding or high energy sedimentary structures such as coarse, 


high- angle trough cross beds, graded beds and intraformat i onal 


conglomerates . Granular and oolitic textures are also common 


but are often obscured by diagenetic processes which tend to 


remove the iron from the oolitic layers and recrystallize the 
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chert . In thin section oxide facies rocks consist a l most 


entirely of chert, magnetite and hematite . Magnetite usually 


forms as anhedral aggregates crudely a l igned along bedding 


planes or as relict granules similar to the textures in the 


oxides and silicates of the silicate- carbonate facies . 


Hematite , when in its primary state , forms very fine grained 


crystals in bedded nodular horizons or in detrital jasper 


phases such as oolites, granules and intraclasts . In these 


cases it is usually disseminated throughout the granule or 


clast and has undergone l ittle or no remobilization . 


The impure elastic facies of the iron formation, magnetite 


graywacke , is primarily restricted to the northeast section 


of the Dyke Lake area with smaller occurrences also found in 


Sections VI and VII . This fac i es is quite variable in grain 


size , sedimentary structures and its relation to the surrounding 


rock type . 


Along the western shore of Petitsikapau Lake and in 


Sections I and II, it occurs as a homogeneous sedimentary 


succession possibly up to 500 m thick bounded by the 


Petitsikapau Lake Formation volcanics at the bottom and the 


Menihek Formation at the top . In contrast the unit also occurs 


as lent i cu l ar beds interbedded within these volcanics (Sections 


VI, VII and VIII) . These intravolcanic units range f rom 20 -


50 m long and up to 25 m wide and pinch out laterally . The 







magnetite graywackes are in conformable contact with the 


associated volcanics and were probably deposited in small 


sedimentary basins or ponds within the volcanic pile . 
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In outcrop, the graywackes commonly show graded bedding , 


low angle planar cross bedding , rip up clasts and a rhythmic 


alteration of medium to coarse graywacke and pebble 


conglomerate with thin laminae of magnetic gray chert . Load 


casts , ball and pillow structures and soft sediment deformation 


features are common in some of the finer grained samples . 


The characteristic sedimentary structures, the preservation 


of chert laminae within conglomeratic units and the interbedding 


with submarine pillow lavas imply that these rocks result from 


down slope movement of unconsolidated sediment deposited in 


isolated structural and stratigraphic pools along slopes and 


on the basin floor . These deposits could possibly be likened 


to turbidites with the typical sedimentary structures, 


alternation of coarse and fine sediments and the thin chert 


oxide laminae classed as equivalent to the pelagic unit that 


is sometimes preserved at the top of classical turbidite 


sequences . 


In thin section , this unit is rich in detrital volcanic 


material , quartz , feldspar , jasper , magnetite and occasional 


fragments of iron formation . Grain sizes and proportions or 


these phases are highly variable . Most or the fragments are 
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subrounded and fresh in appearance and have probably undergone 


previous sedimentary reworking . Mafic volcanic fragments are 


invariably altered to chlorite , albite and opaques with minor 


amphibole and epidote . Sauv~ ( 1953) recognized ilmenite and 


titanium- rich magnetite within these graywackes implying that 


the volcanics as well as the iron formation were sources for 


the detrital opaques . Diagenetic structures and matrix 


mineralogy of the magnetite graywackes are variable but 


generally similar to the different facies of the cherty i ron 


formation . 


II . 2 . 7 - Menihek Formation : 


The best exposure of the Menihek Formation is at Pierres 


Point (Section V, Figure 2) with smaller outcrops being found 


in the syncli ne north of Evans Lake and along the west shore 


of Petitsikapau Lake . A complete section of Menihek Formation 


is nowhere exposed in the Labrador Trough , but a mini mum of 330 


m was measured at Pierres Point (Usher , 1953) . In the core of 


the Petitsikapau syncline (Wardle and Doherty, 1977) the 


Menihek Formation has a minimum thickness of approximately 


1 , 000 m. 


The Menihek Formation consists of a monotonous series of 


well bedded gray to black siltstones and shales with minor 


argillaceous and graywacke beds . The rock is composed of 
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angular to acicular fragments of quartz and plagioclase 


feldspar surrounded by a dense intergrowth of chlori te , 


sericite and opaques . Minor amounts of carbonaceous mater ial 


are present in the darker shales (Harrison , 1952) . The rock 


is also pyritiferous i n exposures north of Evans Lake . A 


well developed fracture cleavage occurs sporadically through


out the area . 


Contact relations with the underlying Sokoman Formation 


at Pierres Point are conformab le but the presence of subaerial 


volcanics, pyroclastics, and conglomerates above the Sokoman 


Formation on the Dyke Lake - Astray Lake Peninsula indicates 


a possible local disconformity . 


The Menihek Formation, as the uppermost member of the 


Knob Lake Group, represents a return to a quiet , deeper water 


environment of depos ition similar to that of the Attikamagen 


Formation . 







CHAPTER III 


STRATIGRA PHY OF THE SOKOMAN FORMATION 


I II . 1 - Internal Sub di vis i on of the Sokoman Formation : 


In the Sc h efferville ore zone the boundary between the 


Lower and Middle iron formation , LIF - MIF , is marked by a 


transition from a lower silicate - carbonate facies , SCIF , to a 


jasper bearing ox i de facies , JMIF (Schwellnus, 1957) . In the 


Dyke Lake area however , th i s JMI F marker horizon is usuall y 


separated from the SCIF litho l ogy by a jasper- free,oxide 


f'ac i es unit, ChMIF (Sections VI , VII, VI I I , X) , fig . 2 . In 


these cases t he boundary was put at the top o f the last SCIF 


horizon , marking the major mi neralogical and Eh- pH change in 


the sedimentary environment . 


Recent petrographic studies of unmetamorphosed iron 


formations (Kl i en , 1 973) have proposed that the presence or 


absence of jasper does not real ly re f lect var i at i ons in the 


depos i tional environment but rather a different diagenetic 


his t ory f or the sed iment . Thus the ChMIF unit found on top 


of the SCIF in the Dyke Lake area cou l d be stratigraphically 


equiva l ent to the J MI F o f the Knob Lake area . Alternatively , 


this di f ference may be a result of the bathymetry of the 


basin , with the presence of jasper re f lecting a more oxidizing , 
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turbulent , near shore environment (James , 1954) . Figure 3, 


taken from Zajac (1974), gives the generalized Eh- pH diagram 


for the Fe - C- 0 - H system . Jasper in the form of disseminated 


hematite, is favoured by acidic to neutral , relatively 


oxidizing solutions , while magnet i te , siderite and the iron 


silicates are thermodynmically more stable in more basic , 


reducing waters . These chemical relations may reflect 


bathymetric conditions with oxidizing , neutral waters found 


in turbulent , near shore areas and basic , reducing waters in 


deeper water areas where circulation is more restricted . This 


latter argument is supported by the fact that where the SCIF 


JMIF transition is developed (Sections II, V and XIII) the 


area is geographically close to, and directly correlateable 


with the Schefferville area stratigraphy (II and V), or is 


associated with an inferred paleohigh which implies a near 


shore depositional environment (Zajac , 1974) . 


Similarly, the boundary between the Middle and Upper Iron 


Formation , UIF , is not directly comparable between the Knob 


Lake and Dyke Lake areas . In the Knob Lake area the boundary 


is taken as the last occurrence of jasper rich beds, 


representing a transition from a JMIF facies to a CIF facies 


(Schwellnus , 1957) . In the Dyke Lake area the Upper I ron 


Formation is poorly represented as it is usually either 


unexposed (Section III , XI, XII) or its place is taken by 
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volcanic f lows and interbedded sediments (Sections II, V, VI, 


VII , VIII , X) . I n local i ties where chemical sediments in 


the Upper Iron Formation are developed , Sections I , IV , V, 


XIII , XIV , the MIF - UIF transition i s marked by a change to 


a CIF and SCIF lithology, similar to that found in the 


Schefferville area. The MIF - UIF boundary is therefore put 


at the top o f the last oxide facies unit . 


The similarities and differences between the general 


stratigraphy of the Schefferville and Dyke Lake areas serve 


to indi cate that they were both part of the same sedimentary 


basin , undergoing the same regional fluctuations in Eh- pH 


conditions of basin water but that they both possess specific 


features , peculiar to certain areas , which reflect the temporal 


variations in volcanism and paleogeography of the Scheff erville -


Dyke Lake sed i mentary basin . 


III. 2 - Stratigraphy and Paleofacies Environments of the 


Sokoman Formation : 


III. 2 . 1 - The Lower Iron Formation: 


The stratigraphy of the Iron Formation in the Dyke Lake 


area is best analyzed by dividing the area into eastern , western 


and central zones with zone boundaries running along the 


lengths of Dyke and Astray Lakes (Figs . 1 and 2) . Relative 


to Figure 2, Sections I , II, III, IV , IX , XIII and XIV belong 
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to the eastern zone, Sections VI, VII, VIII, X, XI and XII 


to the central zone and V to the western zone. These zones 


are distinguishable both on the basis of their regional 


stratigraphic relationships to the volcanics and the internal 


stratigraphy of the iron formation . They are separated by 


major high angle reverse fau lts . 


Immediately preceeding the deposition of the iron formation, 


the Schef ferville - Dyke Lake sedimentary basin was probably 


part of the large epicontinental sea that surrounded the Ungava 


Craton (Dimroth et al . , 1970). The preceeding transgr>ession 


of the Wishart Formation had eroded the Archean Craton down 


sufficiently to preclude any signif'icant elastic input during 


the deposition of the iron formation . Similarly, slopes within 


the basin must have been very shallow . The eastern part of 


the Dyke Lake basin was also affected by submarine and subaerial 


volcanism of the Petitsikapau Lake Formation . The structures 


of the volcanics indicate that they formed a large submarine 


volcanic pile that covered the whole of the Dyke Lake -


Petitsikapau Lake peninsula . At least one subaerial volcanic 


centre was present west of Point Lake . This inferred paleo


topography had a strong control on the facies distribution 


during LIF deposit ion . 


The Lower Iron Formation of the eastern zone is 


characterized by a thin JMTF facies iron formation west of 
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Point Lake, Section (XIV) , which grades northward into a 


sequence of interbedded SCIF - CHMIF at Evans Lake (XIII) . 


This trend, which apparently represents increasing water 


depth, continues to the north with the Tee Lake (IX) and Dale 


Lake sections (IV), showing an interbedding of submarine 


maf'ic pil low lavas and magnetite graywackes . The northern 


e xtremi ty of th is zone (sect i ons I and II) reflects a return 


to chemical sedimentation with the deposition of SCIF 


l itho logi es s imi lar to those o f the Schefferville area . 


These facies variations are r ead i ly explained when re lated 


to the associated volcanics . Direct l y below the iron 


formation i n the southern regions (Sections XIII and XIV) is 


a series of intermediate to acidic volcanics and assoc i ated 


tuffaceous and congl omeratic rocks . The sedimento l ogical and 


petrological evidence is compatible with a model of a 


subaerially exposed volcanic centre around which the final 


products of a Petitsikapau Lake Formation volcanic cycle were 


erupted . This model of a volcanic island within the sedi


mentary basin provides , a paleo - high for the development of 


slope controlled Eh-pH gr adients f rom north to south, a source 


f or the abundant volcanic detritus within the magne tite 


graywackes and also the required slope ins tab ility to account 


for the possible mass flow features i n the magnetite graywackes . 


The northernmost sections (I and II) were probably unaffected 







by these mass flow depos i ts and hence reflect the general 


chemi cal sedimentary nature of the LIF outside of the Dyke 


Lake area . 
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The section at Charlie Lake , (VII), typifies the probable 


sedimentary succession of the Lower Iron Formation in the 


central zone . In this section the Wishart Formation is over


lain successively by lean chert , black f erruginous siltstones, 


lean chert and SCIF lithologies . The lean chert that lies 


at the top of the Wishart Formation has been recognized 


elsewhere in the Trough (Zajac , 1974 ; Klein, 1976) and marks 


the beginning of large scal e , homogenous, chemical sedimentation 


with i n the sedimentary basin of the Labrador Trough . 


The Lower Iron Formation of the central zone probably 


represents a broad platformal basin of little relief that was 


a southern extension of the Schefferville basin. 


Chemical sedimentation prevailed in the western zone during 


the Lower I ron Format i on with the section at Pierres Po i nt 


(V) showing CIF at the base grading up into a thin SCIF unit . 


This basal CIF unit is also present to the northwest of Pierres 


Point where it is the dominant facies of Zajac ' s member 1 in 


areas east of the Stakit Lake paleohigh (Zajac , 1974) . 


In summary the stratigraphy of t h e Lower Iron For mation 


in the Dyke Lake area depicts a series of subaerial vo l canic 


islands in the southeast with a sedimentary basin in the north 







and west which maintains relatively low relief throughout 


the area of the central and western zones , as shown 


schematically in Figure 4a . 


III. 3. 2 - The Middle Iron Formation : 
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The Middle Iron Format i on in the Dyke Lake area shows a 


change to oxide facies chemical sedimentation throughout the 


area except i n the northeast where elastic magnet i te graywackes 


and minor vo lcanics prevailed (Sections I and II) . This change 


is also seen in the Schefferville (Schwellnus, 1957 ; Zajac, 


1974) and Andre Lake areas (Dufre sne, 1950; Wardle . 1976) 


implying a basin- wide change in Eh-pH conditions . Zajac (1974) 


has demons trated that this change to oxide fac i es mineralogy 


in the Schefferville area is strongly related to the development 


of sedimentological features characteristic of high energy, 


near shore cond i tions . This is also the case in the Andre Lake 


(Wardle, 19 76) and Dyke Lake areas where cross--bedding, intra 


formational jaspilite conglomerates and ool i tes are common. 


The associated mineralogical and sedimentological variations 


are bes t explained by an overall lowering of the sea level or 


regression, exposing more land area to turbulent, more oxidizing 


waters . 


The LIF - MIF transition proceeded differently in the 


various zones of the Dyke Lake basin . In the eastern zone, 
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the northern and central areas underwent mixed cherty ox i de 


facies and magnet i te greywacke sedi mentation. The volume of 


the latter i ncreases to the north where Sections I and II are 


dominated by magnetite greywackes and mi nor mafic volcanics 


o f the As tray Lake Format i on . With the overall lowering of 


the water level these vo l canics were probably subaerially 


exposed and contributed to the greywackes associated with them , 


fig . 4b . 


In the central zone the change to Middle Iron Formation 


deposition shows a transition zone of interbedded CHMIF and SCIF 


units throughout the zone . This mineralogical association 


possibly reflects the deeper water conditions that were 


similarly prevalent during Lower I ron Formation deposition in 


the cent r al zone . The upper units of the Middle Iron Formation 


in the central zone are more typical of the general regression, 


showing turbulent, near shore JMIF facies deposition . 


III . 2 . 3 - The Upper Iron Formation : 


The Upper Iron Formation , UIF, in the Dyke Lake - Knob 


Lake basin shows a general reversion back to more reducing 


conditions ind i cated by the CIF and SCIF facies present in the 


eastern and western zones . The basin- wide change in the Eh- pH 


conditions accompanied by the development of quiet water 


sedimentary structures is interpreted as a large scale trans 


gression and deepening of the basin waters . 
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In the central zone this transition is replaced by an 


abrupt change to a volcanic - graywacke stratigraphy, typical 


of the LIF of the eastern zone . This shift in the centre of 


volcanism to the Jasper Mountain - Charli e Lake area (Sections 


VI and XI) becomes the dominant paleogeographic feature 


controlling the internal stratigraphy of the iron formation . 


The UIF o f the eastern zone is marked by CIF facies in 


the south (Sections IV, XIII and XIV) and a mixture of CIF and 


elastic magnetite graywackes in the north (Sections and II) . 


The presence of deep water, SCIF facies at t he top of Section 


XIV i mp lies that by the time of UIF deposition the volcanic 


island i n the Point Lake area had been eroded below wave base 


and was not contributing elastic detritus to the sedimentary 


basin . Therefore, the gr aywackes ofthe northern sector of 


the zone must have come f'rom another source, either the volcanic 


islands that were developing to the southwest in the central 


zone, or f'rom some other unexposed volcanic centre . 


Figure 4c represents the paleogeographic interpretation or 


the UIF stratigraphy in the Dyke Lake area . The figure 


represents a conical-shaped depositional basin wi th a ring of 


laterally graded , coarse to fine elastic sediments located 


around t he volcanic centre of Jasper Mountain . Farther away 


from this subaerially exposed island the areas were generally 


deeper and devoid of elastic input which resulted in CIF and 
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SCIF d eposition . This model corre l ates we ll with Zajac (1974) 


who showed tha t the southe r n section of UIF in the Knob Lake 


Basin is dominated by elastic f ac i es of iron formation , while 


t hose further away from t he volcanic centres retained CIF and 


SCIF r ac i es chemical s ed imentat ion. 


The contact of the Iron Formation with the overlying 


Menihek Formation is not exposed in the Dyke La ke area . The 


carbonaceous and locally pyri ti ferous mineralogy of t he 


Men i hek Formation indicates cont inued r estricted circulation 


within a closed sedimentary basin , but the l ack of chert a nd 


iron rich horizons implies a substantial change in the chemistry 


of the basin waters . 







CHAPTER IV 


STRUCTURAL GEOLOGY 


The structural geology of the Dyke Lake - Astray Lake 


area i s dominated by a series o f northeast trending, high 


angled reverse faults and tight to open, upright to s l ightly 


overturned folds formed dur i ng the Hudsonian orogenic event 


(circa - 1735 m. y . Stockwell , 1964) . 


Faults are marked by steep topographic depressions and by 


disrupt i on o f strat i gr aphic l i neaments that are easily 


recognized on air photographs . The major faults o f the area , 


whi ch run along the lengths of Dyke and Astray Lakes , separate 


the western central and eastern b l ocks described in previous 


sections . Each of the structural zones contains numerous mi nor 


faults , but these do not appear to have ser i ously d i srupted 


the stratigraphy . Since the Dyke Lake and Astray Lake faults 


juxtapose zones o f cont r asting stratigraphy it is l i kely that 


considerable amounts of sect i on have been removed along the i r 


length . 


In the cross sections A - B and C - D (Fi g . l a) the 


faults are shown as h i gh angle reverse faults that sole out at 


depth in the Attikamagen and to a lesser extent , Menihek 


Formations . The mi ddle formations of the Kn ob Lake Group appear 
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to have behaved as passive structural masses that were moved 


alon g shear planes l ocated i n the l ess competent shales of 


the Attikamagen and Meni hek Format i ons . This style of 


de f ormat i on was a l so descr i bed by Harrison et al . (1972) whose 


detailed work in the Schefferville area proved the existence 


of many major d~collements within the shale members of the 


Knob Lake Group . 


Defi nite structural evidence of Cretaceous block faulting, 


which was instrumental in the formation of ore grade material 


in the Sche f ferv i lle area, is lacking i n the Dyke Lake area , 


but numerous sect i ons of the iron f ormation do show Cretaceous 


age leaching e f fects s i milar to those i n the Schefferville ore 


zone . 


Fold axes in the Dyke Lake - Astray Lake area parallel the 


NE-NNE trend o f the thrust faults and are probab l y pre - and 


synkinematic with respect to faulting. The sty l e of folding 


is one of long, s i nuous, upright to sl i ghtly overturned , tight 


to open anticlines and syncl i nes that are usually complicated 


by reverse faults along fold axes and fold limbs . Dips of 


strata vary from 40° to vertical in the central and eastern 


zones, while the western zone shows more gent l e dips consistently 


around 45° . Perhaps the presence of a thick volcanic mass 


acting as a large competent structural body i n the central and 


eastern zones prevented the development of the regul ar fold 
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pattern that is typical of other areas in the Trough and 


caused the tight upright fo l ding and closely spaced thrusti ng 


noted . The apparent deflec t ion of the f o l d axes north of 


Evans Lake on the Dyke Lake - Pe titsikapau Lake Peninsula is 


probably secondary and related to a sinistral strike- slip 


component in the fault s north of Evans Lake . 


As described in Chapter III metamorphic recrystallizat i on 


and replacement reactions associated with this Hudsonian 


metamorphic event produced sub - to lower greensc hist facies 


mineral assemblages in all format ions . This facies of meta


morphism is consistent wi th the general distri but i on o f meta


morphic isograds within the Labrador Trough which range s from 


essentially unmetamorphosed sediments on the western margin 


to garnet bearing amphibolite grade assemblages at the eastern 


margin of the Trough (Dimroth et al . , 1970 ; Zajac~ 1974; 


Wardle , 1 976; Wardle and Doherty , 1977) . Further discussion on 


the degree o f geochemical mobility assoc i ated with the meta


morphism and the relat ion of the regional metamorphic event to 


more locali zed metamorphic/metasomatic processes possibly 


associated with the Nimi sh volcanic activity is presented in 


Chapter V . 


Metamorphic realignment of minera ls during the Hudsonian 


orogenic event is very poorly developed in the Dyke Lake area 


and seems to be large l y controlled by local structures . In 







the Wishart Formation quartz grains have retained their 


randomly distributed undulose extinction angles and the 


dolomi te crystals of the Denault Formation similarly show 


no evidence of realignment of deformat i on . Evidence of 


metamorphism within the Sokoman Formation is nonexistent or 
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i s masked by diagenet i c react i ons , while very weak Sl chlori t i c 


fabrics are found near some small shear zones wi thin the 


volcan i cs . 


The best evidence of mi neral alignment is found in the 


Att i kamagen or Denault Formation siltstones found at the south 


end of Dyke Lake . I n these rocks chlorit e and muscov i te f orm 


a Sl fab r ic oriented parallel to bedding in highly sheared 


outc r ops . The fabr i cs are vert i cal to sl i ghtly overturned to 


the east i mplying sl i ght overturn i ng of the folds to the west . 


The s e fabrics are not f ound in unsheared outcrops of the 


Att i kamagen Formation and , s i milar to the chloritic fabrics of 


the Nimish Subgroup , seem to be more closely related to local 


shear zones than a regional metamorphic pressure gradient . 


No metamorphic r ecrystallization i s present within the 


Menihek Formation . Outcrops i n the northeastern sector of the 


area show evidence of britt l e fracturing while those exposed 


elsewhere show little or no eff ect from the orogenic event . 







CHAPTER V 


PETROCHEMISTRY OF THE NIM I SH SUBGROUP 


V . 1 - Introduction : 


Th e volcanic rocks of the Nimish Subgroup have been shown 


to be stratigraphically divisible into two maj or volcanic cycles 


warranting subdivi sion into the Petits i kapau Lake and Astray 


Lake Format i ons (Evans , 1 978) . The mai n purpose of this thesis 


is t o use the whole rock chemi cal data of the two formations 


to check for ~similarities and differences between t he two 


formations and to determine poss i ble geochemical affinities of 


the volcanic suite (Appendix B) . A l i mited number o f the samples 


were analyzed for the rare earth elements (Table 7 and 20), 


and a ser i es of models were derived from these data to test 


f r actional crystallization relationships between t he rock types 


and to provide geochemical evi dence i n support of the proposed 


subdivision of the Nimi sh vo l can ics . 


The ensuing discussion offers a brief revi ew o f current 


wo r k on the geoc hemical ef f ects o f submarine hydrothermal 


alterat i on , followed by a d i sc u ss i on of the effect of' such 


alteration on the Nimish Subgroup . The standard means of 


presenting major e l e ment data are revi ewed and some of t h e more 


recently developed petrologi c discri mi nat i on diagrams based on 
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the relatively immob ile trace elements are used to provide a 


general geochemical class i f i cat i on for the Ni mi sh Subgroups . 


Th is classifi cation i s discussed in relation to the petro 


graphy of the samples and the geochemical classi f icat i on based 


on major element chemist r y . 


V . 2 - Theor etical Geochemical Effects of Low Grade 


Metamorphism : 


Since all the volcanic rocks of the Dyke Lake area have 


unde r gone sub - to lower greenschist facies metamorphism some 


knowledge of the effects of thi s metamorphism on the bulk 


chemistry of the volcanics is needed before discussing the 


igneous geochemistry . 


Numerous studies have been carried out on the effects of 


low grade metamorphism on the geochemistry of maf i c i gneous 


rocks (Hart , 1970 ; Thompsen et al . , 1970 ; Cann , 1969 , 1970 ; 


Smith and Smith, 1976 ; Hajash and Scott , 1976; Wood et al . , 


1976 ; Condie et al . , 1977 ; F l oyd , 1977) . The alteration 


processes have also been simulated in the laborator y through 


the hydrothermal e xper i ments o f Haj ash ( 1975) and Bischoff 


and Dickson (1975) . These studies have resulted in a series 


of somewhat contradictory conclus i ons which are related to 


variations in the experimental method and the conditions of 


metamorphism studied . Integration of these results leads to 
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recognition of a threshold of significant alteration for each 


element which is a complex function of temperat ure , pressure, 


brine chemistry, original rock composition, gaseous pressures, 


etc . 


Miyashiro et al . ( 196 9) demonstrated the applicability of 


this concept by showing the change i n behaviour of the Fe +3 I 


Fe +2 ratio from sub- to lowe r greenschist facies metamorp hism 


of submarine mafic volcanics . The dependence of Cu and Ni 


mobility on the temperature and duration of the hydrotherma l 


experiments of Hajash (1975) also recognizes the complex nature 


of' geochemical mobi lity . Laboratory work on ore solution 


geochemistry has produced quite elaborate models noting the 


effects of the various geochemical parameters that control ore 


mineral transport (Krauskopf, 19 67) . The natural environment 


is much more complex t han can be experimentally mode lled , so 


generalizations about the de gre e of mobility of any element 


must be considered relative to other elements or other 


conditions; in this sense ideas on metasomatic alteration 


are highly subjective . 


As ide from the chemical factors, certain physical parameters 


also control the mobili ty of elements during low grades of 


metamorph ism . Coish (1976) and Spooner (1977) have shown that 


many metamorphic facies assemblages may be present in abducted 


ophiolite suites which were presumably affected by only one 
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period of alteration . Frey et al . (1974) have pointed out 


that the glassy and crystalline portions of basaltic lavas 


respond differently to low temperature alteration . Similarly , 


Hajash and Scott (1976) have stressed the l arge temperature 


and brine composition variations present in the alteration 


environment associated with the rormation of pillow lavas . 


These range from the very high temperature deuteric alteration 


connected with the trapped volcanic fluids to sub - greenschist 


temperature alteration re lated to secondary halmyrolysis . 


The combination of all the physical and chemical factors 


possibly involved in obscuring primary lava chemistry in the 


metarnorphic/metasomatic environment along with the chemical 


changes that occur upon subaerial exposure reduce the effect 


of alteration studies on igneous petrology and petrogenesis to 


one o f generalizations and assumptions . The general consensus 


on the mobility o f the major elements during average submarine 


alternation , as compi l ed from the aforementioned documents , is 


summarized in Table 2 . The subaerial weathering data are taken 


from Wedepohl (1974) . 


The behaviour of trace elements for the most part f ollows 


that of the major elements for which they show affinities during 


normal igneous processes . Specific studies on the behaviour 


of trace elements (Cann, 1969 , 1970; Frey et al . , 1 974; Wood 


et al ., 1976; Condie et al ., 1977) have led to the recognition 







TA Bl.L 2 


MOBILITY OF THE l' /\JOR ELEMENT OXIDES 


SUBMARINE WEATJ!ERlNG 


VERY MOBILE: +J-1 20, +Fe+ 3/Fc+ 2• +K20, -CaO, -MgO 


MOBILE: -Na 20, -Si0 2 


SLIGHTLY IMMOBILE: + Fe 


VERY MOBILE: 


MOBILE: 


I MMOBILE : 


VERY MOBILE : 


MOBILE: 


IMMOBILE: 


SUBAERlAL WEATllERING 


- CaO, -Na 20 , -MgO , - K2D, +11 20 


-Sio 2 , -P 2o5 


Fe , Al 2o3 , Ti0 2 


GREENSCH!ST GRADE METAMOllPHISM 


-Cao, +H20 


+Na20, +Si02' +MgO, +FcO, -Kz O, -Al203 


Ti0 2 , Fe+3/Fc+ 2 , r 2o5 
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* NOTE: '+' refers to a net addition of that compound while '-' refers 


to a net loss during the period of geochemical mobility . 
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of a group of trace elements whic h are relatively insens i tive 


to most hydrothermal alterat i on processes . These 11 relatively 


immobile e l ements 11 (Cann, 1969) a r e generally the h eavy , 


highly charged , trans i tion ions . The relatively incompatible 


na t ure o f these elements is also especial l y useful as they 


s erve a s good d is cr iminating r actors between altered tholeiitic 


and alkalic basal ts . The list o f gener ally accept ed immobile 


e l ement s has grown since the original use o f Ti, Zr, Nb and Y 


by Cann (1970) notably wi th the addi tion of Hf and Sc (Frey 


et al . , 1974) , Ta ( Woo d et a l . , 1976) , P2 o 5 (Floyd and 


Wi nchester , 1975) and Ga and Ce (Winchester and Floyd , 1977) . 


The compatible trans i tion elements such as Ni, Cr, Co and 


V have been shown to be immobile in so me stud i es (Frey et a l . , 


1 974 ; Condie et al ., 1976) and also have been used in magma 


type discrimination diagrams (Bloxam and Lewis, 1973) but the 


experimental work of Hajash (197 5) indicates that they are 


susceptible to high temperature alteration . I n additi on , the i r 


susceptibility to s l ight variations in the degree of fraction -


ation distort distributions on a discr iminant diagram i f the 


stratigraphic control is not perfect . 


The susceptibility of the rare earth elements, REE , to 


s econdary h ydrothe rmal alteration was originally discussed by 


Fr ey et a l. (1974) , who showed that the REE as a whole were 


only s lightly af f ected by submarine alteration processes . 







Generally there was a tendency for a slight increase in the 


light rare earths , LREE , La - Nd , and a decrease in the heavy 


rare earths , HREE , Er- Yb . This would have the effect of 


increasing the La/Yb and steepening the REE pattern , making 


the rock seem more alkalic . 
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This conclusion was similarly reached by Wood et al . 


( 1 976) , Condie et al . (1977) and Floyd (1977) but in gene r al 


the degree of var i ation caused by this process is considered 


smal l and the use of the REE as a magma type discriminant in 


altered rocks is generally accepted (Herrmann , 1972) . 


V. 3 - Metamorphism of the Ni mi sh Subgroup : 


As discussed in Chapter II . 2 . 5 . 3 the mineralogy of the 


Nimish volcanics implies that a sub - to lower greenschist facies 


metamorphism has affected these rocks . The development of large 


chloritic rims on the pillow lavas and the general restriction 


of quar tz and epidote as vein and amygdal oidal minerals to 


pillow lavas implies that the recognized grade of metamor phism 


occurred at or near the time of extrus i on of the volcanic rocks . 


Later regional metamorphic effects on the volcanic rocks appear 


to be minor as the compressive forces only produce small non


penetrat i ve shear zones with localized mineral alignment . The 


presence of low grade metamorphism in mafic volcanic rocks 


that f ormed in submarine basins implies the Nimish volcanics 
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have been affected by a submarine hydrothermal event similar 


to that documented in submarine vo l can i c centres of today . 


In this aspect the general conclusions reached in Sect i on 


V. 2 and Table 2 would probably apply to the geochemistry of 


the Nimish volcanics . 


Figures 5 and 6, from Hughes (1973) give an indication of 


the degree of alteration the Ni mish Subgroup has undergone . 


The area between the two curves represents the bounds of all 


recognized primary igneous compositions , with analyses outside 


these boundaries considered altered . The Petitsikapau Lake and 


Astray Lake Formations, and associated intrusive rocks, or 


Nimish Subgroup, as they will be referred to when no distinction 


is made on the d i agram discussed , show a strong shift t owards 


potash enrichment with about 25 percent plotting outside the 


igneous spectrum . In contrast the Doublet group shows a 


shift towards soda enrichment; behavior more typical of split


ization . The potash enrichment of the Nimish Complex is 


mineralogically represented by the partial rep l acement of 


plagioclase by muscovi te and potash feldspar and the minor vein 


and amygdaloidal occurrences of quartz and adularia . Potash 


enrichment is significant as it implies metasomatism under 


cond i tions quite unl i ke those associated with norma l 


spilitization where soda enrichment is the norm. 
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Figure 5 'Spi!1tc diagram ·. Hucincs (1973). for the Doublet Group and lac Mussel Volcanics. 


Doublet Group, Baragar 11960) 


Double! Group, Dimroth ct al. ( 1970) 


A " Lac Mussell Volcanics, Oimroth et al. ( 1970\ 
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Figure 6· 'Spili1e {ti,1gram . Hughes ( 1973), for the N imish Subgroup. 


• - Petitsikapau Lake Formation 


+ - Astray Lake Formation 


6 - Intrusive rocks 
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Fi gure 7: Na10 versus 1< 20 diagram for the N1mish Subgroup 


Symbols the same as Figure 6 . 
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The lack of a strong negative correlation between Na 2o 


and K20 , (fig . 7), discounts Na - K substitution as a means of 


ge nerat i ng the h i gh K2 0 content of the Nimish Subgroup lavas. 


Possibly these high values have resulted from the net addition 


of K as a replacement for Ca in feldspar sites. 


Experimental and theoretical work by Hemley ( 1959) and 


Helgeson (1964 , 1969) have shown that metasomatic alteration 


in the feldspar system is controlled by the ionic ratios, 


K+ /Na+ , K+ /Ca++ and Na+ /Ca++ in the metasomatic fluid , and to 


a lesser extent by temperature , with a high temperature causing 


a greater degree of potash fixation . Considering the l ow grade 


mineral assemblages of the Nimish volcanics , high K+ /Na+ and 


K+ /Ca++ in a metasomatic fluid altering the volcanics at normal 


sp i litic temperatures (200 - 300°C) would seem to be the best 


explanation for the observed alteration . 


This unusual fluid composi tion may be the result of an 


increased K+ /Na+ ratio in the brines of the volcanic - sedi -


mentary basin caused by the deposition of Na - Fe - Si gels 


in the formation of the contemporaneous iron formation (Eugster 


and Jones , 1968; Eugster, 1969 ; Eugster and Chou, 1973; French, 


1973) . Alternatively this potash enrichment could be explained 


by fluid migration through the K2o rich sha l es of the 


Attikamagen Formation or through a high K20/Na 2o in the 


original magma and/or late - stage volcanic f luids . 







Potash metasomatism is not a widespread phenomenon and 


has only been documented in a few places . Vallance ( 1960) 
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in an historical review of the mineralogy of spilitic rocks 


noted that DeRoever (1942) described a suite of alkali basalts 


from the Permian of Timar in which all of the primary feldspar 


had been replaced by an adularian feldspar forming a rock he 


termed npoeniite 11 • Vallance also described occurances from 


the Rhine Valley and Yellowstone National Park in the U. S . A. 


where potassic alteration of feldspars was noted but not on 


the scale of De Roever ' s description . More recently Gunn and Roobol 


(1976) has described a few samples from the lesser Antilles 


island arc of the Caribbean which show potash enrichment . 


The exact nature and origin of the alteration for the above 


suites is unknown , but like the Nimish area it must be a 


function of the fluid chemistry and temperature of the 


metasomatic environment . 


The effect of this potash metasomatism on the major and 


trace element contents is analyzed through the use of 


correlation coefficients , as presented for the mafic members 


of the Petitsikapau Lake Formation in Table 3 . This limited 


population was chosen in an effort to isolate an homogenous 


group of samples which are geographically and stratigraphically 


distinct, and have presumably undergone a similar primary 


petrogenetic history but varying degrees of secondary alteration . 
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Thr ough t h is restrict i on all recognized correlation s should 


e i t he r be a result of the spilit ization process or s l i gh t 


variat ions in phenocrys t concentrat i ons as documented i n the 


petrogr aphy section . 


Geochemical evidence f or nor mal spilitization reactions 


is s een in the positive correlation o f FeO and MgO with LOI and 


the complementary negative correlation of s102 with LOI. The 


compatible trace elements Ni , Cr and V all show low correlations 


wi th LOI implyi ng that , in contrast to MgO , these trace 


elements wer e not affected by the alteration and that the 


maxi mum temperature o f the a l teration is consistent with the 


lower greenschist mineral assemblages present (Hajash, 1975) . 


The divergence of MgO and FeO with the compatible trace elements 


dur ing this alteration is supported by the relatively low 


posi t i ve correlation between these groups of elements and 


indica tes that MgO and FeO were mobile during t he al t eration . 


The relations among the alkali and alkali eart h metals are also 


presented in figures 6 and 7 . The strong negative correlation 


of K, Rb and Ba with Ca is consistent with the noted plagioclase 


alteration and their similar susceptibility to hydrothermal 


processes as well as nor mal plagioclase f r actionation within 


these lavas . Sr shows a low c orrelation with Ca and therefore 


could have been mobi le during alteration as Sr and Ca s hould 


be strongly positively correlated i f due to plagi oclase 


fractionation . 
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The interrelationships of the relatively immobile 


elements P , Zr, Nb and Y are all positive and show high 


correlations ranging from +682 to +844 . As a group these 


elements show a high positive correlation with Si02 , a high 


negative correlation with MgO and show little or no 


correlation with LOI which implies that they remained 


relatively immobile . The correlation of these elements with 


Ti0 2 are very low and presumably reflect erratic amounts of 


magnetite phenocrysts given the assumption that Ti02 is 


immobile during low grade metamorphism (Table 3). 


These results are consistent with the findings of Cann 


(1969, 1970), Thompsen et al . (1970) and Wood et al. (1976). 


Therefore it is likely that the distribution of these 


relatively immobile elements reflect the pre - metamorphic 


geochemistry and that the alteration had little effect . 


Views on the use of alkali trace e l ement ratios as 


petrogenetic indicators and their susceptibility to secondary 


alteration is varied (Hart, 1969; Jakes and White, 1970 ; 


Hart, 1970). Hart ( 1969) has shown that there is a decrease 


in K/Rb as K2o increases in most altered basic volcanics 


except in glass rich spili tes where K/Rb decreases as K2o 


decreases . The former trend he equates with greater Rb 


fixation during low temperature alteration while the latter 


is explained by the high Rb concentration in the easily leached 
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vo l canic glass . These views differ from those of Jakes and 


White (1970) who argue that there is no change in the K/Rb 


ratio until amphibol i te grade metamorphism despite a 


compilation of K/Rb ratios from various calc - alk aline suites 


in the South Pacific which showed a range from 300 - 600 . 


Table 4 gives a compari son o f the average K/Rb and Rb/Sr 


ratios of the mafic members of the volcanic formations and 


the least altered samples of the Petitsikapau Lake Formation 


(Sample #JS- 133 , Js - 57, Js - 517, JB- 57) , and Astray Lake 


Formation (Sample #JS- 205, JB- 79 , JS- 15) . The large standard 


deviations of Rb/Sr a nd K/Rb ratios within the gr oups of 


samples noted confirms the mobil i ty o f these elements . Although 


the deviations cas t some doubt on this approach the increase 


in the average K/Rb a nd Rb/Sr f rom the unaltered samples to 


the total suite for each formation is consistent with dist i nct 


additions of K and to a lesser extent Rb . Thi s trend of 


increasing K/Rb ratio with metamorphism is contradictory to 


the general trends of greenschist grade metamorphism which 


usually involve a lowering of the K/Rb ratio due to greater 


Rb fixation at lower temper atures . Thi s may be due to a 


peculiar fluid composition abnormally rich in K. The higher 


Rb/Sr ratio in the altered and unaltered samples of the Astray 


Lake Formation re l ative to the Petitsikapau Lake Formation 


reflects the lack of Sr rich , plagioclase porphyritic lavas 


in the Astray Lake Formation . 







TABLE 


K/Rb AND Rb/Sr RATIOS FOR THE BASALTIC MEMBERS OF 


THE NIMISH SUBGROUP, LITTLE ADEN SUITE 


AND STANDARD AVERAGE BASALTS 


K/Rb 


TOTAL PETITSIKAPAU LAKE FORMATION 410 
(70) 


UNALTERED PETITSIKAPAU LAKE FORMATION 365 
( 99) 


TOTAL ASTRAY LAKE FORMATION 424 
(111) 


UNALTERED ASTRAY LAKE FORMATION 414 
(121) 


PERALKALI NE LITTLE ADEN SUITE 311 


OCEANIC ALKALIC BASALT 418 


OCEANIC ISLAND THOLEIITIC BASALT 1000 


CALC - ALKALINE BASALT 340 


Rb/Sr 


0 . 119 
( . 110) 


0 . 073 
( 0 . 036) 


0 . 190 
( . 134) 


0 . 091 
( . 027) 


0 . 097 


0.040 


0 . 025 


0 . 030 


* Data f'ro m Enge l et al ., ( 196 7), Cox et al . , ( 1970), Jakes 


and White, (1970) , and Appendix B . Numbers in brackets 


are standard deviations . 
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In conclusion there seems to be ample evidence for 


significant mass transfer of K2o, Cao , MgO, FeO and Fe 2o3 


causing important changes in the chemical composition of 
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the Nimish Subgroup lavas . The class i cal methods of petro 


genesis, as discussed by Green and Ringwood ( 1967) and O' Hara 


(1968) would be of little use in discussing the petrogenes i s 


of the Nimish Subgroup given this conclusion . Therefore, 


have attempted a petrologic c l assification based upon the 


recognized immobile trace elements and have treated the 


petrogenesis solely through the use of rare earth elements . 


Due to the limited number of samples analyzed for REE 


and the desire to only analyze the least altered samples 


available , it was impossible to test the degree of geochemical 


mobility that has affected these elements . Given the general 


geochemical similar i ty of the REE with incompatible elements 


such as Zr and Y, which have been shown to be immobile in the 


Nimish Subgroup , and the studies in the literature which 


support the relative insensitivity of the REE to secondary 


hydrothermal alteration (Frey et al ., 1974 ; Wood et al . , 1976) , 


it was presumed that the REE concentrat i ons reflect the origi nal 


pre - alteration concentrations . As such , geochemical data for 


Ti, Zr, Y, Nb and the REE are used with much more certainty 


than the major elements throughout the thesis . 
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V. 4 - Igneous Geochemistry of the Nimish Subgroup : 


V. 4 . 1 - Introduction : 


Discussion of the geochemistry of the Nimish Subgroup will 


be divided into four main sections . Initially the major 


elements will be reviewed using a few standard diagrams to 


provide a background for comparison of the trace element data . 


A subdivision of the analyses will then be based upon the 


relatively immobile trace element abundances and the rare earth 


element data will be discussed in relation to these groupings . 


Finally the rare earth data will be used to place some limits 


upon the possible petrogenetic relations between the proposed 


lava types . 


With regards to the preceding discussion on the secondary 


alteration of the Nimish volcanics the author realizes that 


the distributions of the major elements may be altered and that 


general i zations made upon this data are questionable . As a 


result the discussion will be brief and the diagrams will be 


presented mainly for reference . 


Raw geochemical data is given in Appendix B with 


representative averages presented in Table 5 . 







V. 4 . 2 - Maj or Element Geochemistry : 


V. 4. 2 .1 - Harker Diagrams : 


The major element oxides are plotted against Si02 


i n Figure 8 . A feature common to all the diagrams is the 
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lack o f many intermediate volcanics ( 52 percent L s10 2 L- 66 


percent) in the Petitsikapau Lake Formation . Similarly a lack 


of acidic volcanics (Si02 > 66 percent) could be postulated 


fo r the Astray Lake Volcanics , as the fou r analyses plotted 


(JS- 500 , 501 , 502 , 503) represent agglomeratic (rhyolite) 


clasts . This deficiency in intermediate and acidic volcanic 


rocks is possib l y due to nor mal i gneous vo l ume relationships, 


however this lack of differentiation seems to be common through-


out the Labrador Trough where only two or three l ocalities of 


acid or intermediate volcanics have been found (Dimroth, 1970) . 


The distribution of the major elements in Figure 8 reflects 


predictable igneous i nter - element associations . The roughly 


para l lel trends o f MgO , FeO a nd Fe 2o 3 is very similar to a 


variation diagram scheme originally documented in Iceland 


(Carmichael, 1964) . Carmichael concluded that the similar i ty 


of these patterns was a result of a high f0 2 in the melt which 


favoured the coprecipitation of magnetite with the f erro-


magnesian phases . In the Dyke Lake area this high f0 2 could 


be due to an original high magmatic f0 2 increased through 


differentiation or interaction of the magma chamber with 


seawater or connate waters . 
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The large degree of scatter on the Cao v . s102 variation 


diagram could be attributed to secondary mobility of CaO and 


clinopyroxene accumulation in the gab bros . The distribution 


in the Al 2o3 v . 3102 diagram represents variable percentages 


of plagioclase phenocrysts in the Nimish Subgroup mafic and 


intermediate lavas. The s harp depletion of A1 203 in the acidic 


rocks of the Astray Lake Formation serves to distinguish them 


from the equivalent acidic rocks of the Petitsikapau Lake 


Formation . 


Although not readily apparent in Figure 8 there seems to 


be a variation in the fractionation behaviour of Al2o3 between 


the two volcanic cycles . In general Al2o3 builds up to a peak 


of 16 - 17 percent at about 48 - 52 percent Si02 and then under


goes gradual depletion in the Pe ti tsikapau Lake Format ion, 


whi le in the Astray Lake Format i on A12 o3 reaches its maximum 


at 60 percent Si02 , and then drops off suddenly . This variation 


in the A12o 3 distribution is readily documented in the petro


graphy of the two formations, as the mafic lavas of the 


Petitsikapau Lake Formation are corrunonly plagioclase por phyritic 


while those of the Astray Lake Formation are aphyric . 


The depletion of Ti02 , represented by titaniferous 


magnet ite microphenocr ysts , continues from the basaltic rocks 


through the intermediate and acidic members of the suite . Ti02 


is distinctly lower in the intrusive r ocks possibly resulting 
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f r o m vari ations in ro2 during crystallization o f the intrusives 


and the resultant effect on magnet i te stability . 


MnO s h ows only slight variations mar ked by a p r eference 


for incor por ation into the abundant pyroxene of the intr usive 


rocks and an overall depletion with fractionation . 


K20 exhibits an expected highly scattered linear increase 


with 3102 until the ac i dic rocks , while the distribution of 


Na2o vs . 310 2 reflects the low correlation coefficient of 


these t wo elements , (Table 3) . Comparison of the Na2o and K2D 


Har ker diagrams with Fi gur es 6 + 7 confi rms that potassium was 


the dominant mobile element during metasomatism. 


P 2o5 shows a very erratic distribution , presumably caused 


by a n overall high P2o 5 content associated wi th sporadic inter


sect i on o f the apatite stability field during differentiation . 


The h i gh P2 o 5 content o f plutoni c sample JS - 048 , 1 . 30 per cent , 


reflects the cumulus apatite i n this sample . 


V. 4 . 2 . 2 - Na2~2o Versus Sio2 Diagram : 


Figures 9 + 10 give the Na2 0+K2 0 vs . Si0 2 diagrams 


for the igneous rocks of the Doublet Group and Nimish Subgroup 


respec tively . The boundary lines , as defined by Kuna (1966) , 


class i fy the Doublet Gr o up as a transiti onal tholei it ic to 


high alumi n a basalti c sui te , while the Nimish Subgr o up p lots 


as a strongly alkalic suite . In unaltered rocks this diagram 
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is a very sensitive indicator of the degree of alkalinity 


of a volcan i c suite , but in consideration of the metasomatism 


documented in Section V . 3 this conclusion is doubtful based 


on this diagram alone . 


The trachyandesite samples collected from the volcanics 


wi thi n the Seward Formation north of Schefferville (Dimroth 


et al . , 1970) are seemingly only mildly spilitized, Figure 5, 


and hence the i r alkalic tendencies in Figure 9 might truly be 


indicative of their primary geochemistry . 


V . 4 . 2 . 3 - AFM Di agrams : 


Figure 11 compares the chemical trends of the 


Petitsikapau Lake and Astray Lake Formations and associated 


intrusive rocks with some well documented suites on AFM diagrams . 


The Little Aden suite comes from the southern Arabian Peninsula 


between the Red Sea and the Indian Ocean , where it is associated 


with initial stages of rifting of the Red Sea (Cox et al . , 1970) . 


The oceanic island tholeiite trend is taken from Thingmuli , 


Iceland (Carmichael , 1964) while the calc - alkaline trend comes 


from the Cascades sui te , as summarized by Carmichael et al . 


(1974) . 


The distribution of the two volcanic cycles and intrusive 


rocks on the AFM diagram are super f ic i ally similar , and when 


plotted together form a coherent , well- defined variation trend . 
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As expected , the intrusive rocks plot closer to the MgO - FeO 


join while the mafic members of the extrusive cycles plot 


more in the centre of the diagram. The relative lack of 


intermediate rocks in the Petitsikapau Lake Formation relative 


to the Astray Lake Formation is also displayed here . 


As a whole the rocks of the Nimish Subgroup plot on a 


trend roughly similar to the oceanic island tholeiite suite 


of Carmichael (1964) or the Little Aden suite as described by 


Cox et al . (1970). Petrogenetic affinities of the Nimish 


Subgroup to either of these igneous rock series are not 


possible to establish from this diagram . 


The strong iron- enrichment trend of the Doublet Group is 


typical of a tholeiitic trend, and according to Dimroth (1971) 


the Doublet Group shows a close similarity to modern ocean 


floor thole ii tes . 


V. 4 . 3 - Trace Element Geochemistry : 


In this section the trace element geochemistry of the 


Nimish volcanics will be only superficially treated in an 


attempt to generate a classification scheme from which the 


discussion of the petrogenetic relations of the Nimish Subgroup 


may be related . In this study it was found that a recent set 


of diagrams devised by Winchester and Floyd (1977) provided 


an internally consistent petrologic nomenclature . 







85 . 


Figures 12 - 15 are the set of diagrams devised to 


discriminate between different magma series on the basis of 


the fractionat i on of immobile trace elements (Wi nchester and 


Fl oyd , 1977) . They are not meant to imply tectonic sett i ngs 


or mode of origin of the suites but are designed to give an 


indication of various differentiation trends relative to some 


we l l documented , unal tered volcanic suites . The application 


of these diagrams to the Nimish volcanics seems justified as 


the classification suggested is internally consistent and 


generally compatible with those of previous diagrams . No 


significant differences were noted among the Petits i kapau Lake 


and Astray Lake Formations or associated intrusive rocks in 


these diagrams . 


Despite some degree of scatter the general differentiation 


trend shown in Figures 12 - 15 is alkali basalt - trachyandesite -


comendite/pantellerite . This classi f ication is simi lar for all 


four diagrams with inconsistencies only occuring in the 


separation of alkali and sub - alkali basalts in Figure 15 , 


andesites and trachyandesites in Figure 12 , and rhyolite from 


the comendite/pantellerite field in figures 12 + 13 . 


In considerat i on of the large degree of generalization 


and subjective interpretation that went into the preparation of 


these diagrams, the boundaries presented in Figures 12 - 15 


should be considered as fields o f transition rather than sharp 
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lines and as such the accuracy inherent in this system is 


suspect . The author realizes the limitations involved with 


this sort of classification system and uses it only as a base 


from which to discuss the application of standard major 


element classification schemes to the Nimish Subgroup . The 


author believes that the general tendency for the Nimish 


Subgroup samples to cluster within only three petrologic f ields 


in any one diagram, and the internal consistency of this 


classification within the group of diagrams supports the use 


of this form of classification despite its limitations . 


Furthermore the consistency of classification implied by these 


diagrams is much greater than that noted for other classifi


cation schemes, Section V. 4.4, and as such if any further 


discussion is to follow, t h is classification must be taken as 


the basis for comparison . REE data presented in Sections VI . 2 . 2 


and VI . 3 . 2 support the general classification presented here . 


Classification of the more silicic differentiates of the 


Nimish Subgroup is less precise than the mafic membe rs because 


the trace element concentrations and ratios depend strongly 


on what accessory phases are crystallizing; e . g . crystallization 


of apatite strongly dep letes Y and raises the Nb/Y ratio in 


the melt . Similarly , changes in f0 2 through normal differen


tiation or interaction with seawater and groundwater affects 


the precipitation of oxides and hence Ti02 contents . 
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The argument against the use of the Zr/Ti02 ratio as a 


discriminant parameter in the Nimish Subgroup on the grounds 


of fluid/magma interactions does not seem justified because 


i f significant seawater or groundwater interaction occurred 


it should affect the basic as well as acidic members . Given 


the mafic volcanic ' s relatively greater degree of alteration 


(see Section VI . 3 . 2) and the submarine volcanic structures 


noted in these rocks, this type of interact i on should produce 


wide variations in the Zr/Ti0 2 of the mafic members which is 


not seen in Figure 12 . Similarly , following the period of 


water introduction , further fract i onation in a high pH 20 


environment would produce higher Zr but lower Ti0 2 contents 


because the Ti0 2 would be effectively depleted by the preceding 


fractionation step . These f actors should produce a positive 


corre l ation of Zr/Ti 0 2 wi th Si02 as an index of differentiation . 


Th i s does not seem to be the case as there is an essential l y 


vertical trend i n the 40 - 50 percent Si02 range before the 


trend towards positively correlated higher Zr/Ti0 2 ratios 


develops . The general shape of a vertically oriented ntail 11 


on this diagram was also noted in all unaltered suites published 


by Floyd and Winchester (1977) . Therefore opaques in the 


basaltic members of the Nimish Subgroup are probably the result 


of high initial Ti02 and total Fe in a relatively oxidized 


magma rather than interaction with seawater or groundwater . 
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I n F i gures 12 - 15 the Nimish Subgroup is compared to 


the available data for the Little Aden suite (Cox et al . , 1 970) 


and the Doublet Group of the Labrador Trough (Baragar , 1960) . 


These comparisons serve to distinguish the dominantly thole ii tic 


trends of the Doublet Group from the mildly alkal ine trends 


of the Nimish Subgroup and strengthen the comparison of the 


Nimi sh Subgroup wi th the Little Aden suite . 


V . 4 . 4 - Discussion of the Petrologic Classification : 


The use of the pe t rologic names given in Figures 12 - 15 


for the volcanic rocks of the Nimish Subgroup do not strictly 


comply wi th the ru l es o f petrologic class i fication of igneous 


rocks as described by Carmichael et al . (1974) , and Irvine 


and Baragar (1972) . Perhaps th i s is to be expected considering 


the way numerous rock types were gr ouped together under the 


conunon headi ngs as presented in Fi gur es 12 - 1 5 (Winchester 


and Floyd , 1977) . Fo r example the group i ng of alkali basalts 


includes the follow i ng igneous rock types as described in the 


literature : olivine basalt , alkal i ol i v i ne basalt , trachybasalt , 


hawaiite and mugearite . 


According to Carmichael et al . (1972) the basalt fami ly , 


which is distinguished by having a silica range o f 45 - 52 


percent , a calcic plagioclase wi th An 7 50 and by the presence 


of augite with or without olivine , is petrographically divided 
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into two main groups using such features as the phenocryst 


and groundmass phases , and slight textural variations . Geo-


chemically they are distinguished primarily on the presence 


of hypersthene in the CIPW norm (Carmichael et al. , 1974) 


along with the alkali metal and incompatible trace element 


concentrations . The hypersthene normative , or subalkaline 


group of basalts , may be further divided into thole ii tic and 


high- alumina basalts , the latter being non- porphyritic basalts 


having greater than 17 percent Al20 3 . Irvine and Baragar 


(1972) base their division of alkaline and sub - alkaline 


basalts on the total alkalis versus silica diagram , projections 


within the basalt tetrahedron and the use of the ternary plot 


01 - Cpx - Opx (Chay es , 1966) . 


The alteration o f the Nimish volcanics makes use of all 


of these classification parameters except the A1 2o3 distinction 


inapplicable . The feldspars have been partially replaced by 


adularia and al bite leaving an average of only 30 percent 


molecular proportion of anorthite in the mafic r ocks (Appendix 


B) . Olivine or olivine pseudomorphs have not been recognized 


and fresh clinopyroxene as a phenocryst or groundmass phase 


is very rare . 


Plots of the recalculated normative proport ions show a very 


large scatter of values straddli ng the critical plane of basaltic 


undersaturation . Most samples of both formations are both 
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ol ivine and orthopyroxene normative and are metaluminous 


with about equal proportions of (Ca+Na+K) and Al . A similar 


straddling of the alkaline-subalkaline boundary, but wi t h a 


greater degree of scatter, was noted fo r the 01-0px- Cpx 


diagram of Chayes (1966), (not shown) . 


Most of the mafic rocks are metaluminous but JB- 29 of 


the Petitsikapau Lake Formation and JS-193 of the Astray Lake 


Formation have the extreme peralumi nous character with 2 . 83 


and 2 . 07 wt . percent of corundum i n the norm . Al though the 


suite is generally high in A1 2 o 3 , no non-porphyritic rocks 


of basaltic composition in the Nirnish Subgroup have A1 2o3 


contents greater than 17 percent and hence show no aff'ini ty 


with the high Al 2o3 basalt f amily . 


In conclusion on the bas is of major elements alone the 


basic rocks of the Nimish Subgroup are metaluminous ~ olivine-


hypersthene normative basalts~ a conclusion that is in contra-


diction to that reached on the trace element diagrams ~ Figures 


12 - 15 . The more sub -alkaline character predicted by the 


major element chemistry could be the result of si l ica and 


alkali metal addition during the a l teration of the feldspar 


for which there is petrographic and geochemical evidence . 


Similarly MgO and FeO mobility may have strongly affected 


these results . 
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The petrologic classification of the intermediate rocks 


is much more vague and the general trachyandesi te grouping 


of Floyd and Winchester (1977) includes all trachyandesites, 


la t i tes and benmorei tes described from the literature . 


Irvine and Baragar (1972) use a system based upon the nature 


of the associated basaltic parent, normative plagioclase 


composition and normative color index to classify intermediate 


lavas . All or these parameters are inapplicable to the altered 


Nimish lavas . Carmichael et al . (1974) distinguish andesites 


from trachyandesites on textural evidence and the presence of 


quartz or nephel i ne i n the norm recalculations . The alkali 


and alumina chemistry of the pyroxene and amphibole phases is 


a lso taken as an indicator of the degree of alkalinity . 


The majority of the intermediate analyses of the Nimish 


Subgroup are quartz normative although sample JS-208 does 


have 1 . 41 percent normative nepheline . The rocks are equally 


split between peraluminous and metaluminous character with 


JS-208 of the Astray Lake Formation having a high of 2 . 83 


percent normative corundum . The peraluminous character of 


some mafic and intermediate lavas is not unexpected cons i dering 


the nature of the metasomatic alterat ion in which the plagioclase 


fledspar to alkali feldspar transition would release excess 


alumina which would not be readily transported out of the 


system . 
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The division between the comendite/pantellerite 


association and the dacite - rhyolite association is based on 


the relative abundance of alkal i s and alumina, with the 


comendites and pantellerites having a peralkaline chemistry 


by definition . Petrographi cally this results in aegirine 


augites and alkali amphiboles as phenocrysts in pantellerites 


while comendites are the associated leucocratic varieties . 


The rhyolitic rocks of the Nimish Subgroup approach the 


dividing line with cation proportions of (Na+K)/Al consistently 


over . 90 and normat i ve corundum below 1 . O percent in all 


samples except JS- 11 1 where it is 1 . 07 percent . According to 


the classification schemes of Macdonald and Bailey (1973) and 


Macdonald ( 1975a) all the acidic analyses of the Nimish Sub 


group consistently plot as comendites despite their (Na+K)/Al 


ratios . This inferred peralkaline chemistry is strongly 


supported by the REE chemistry of these samples as discussed 


in Section VI . 3 . 2 . 


These analyses again stress the transitional alkaline -


subalkaline chemistry of the Nimish volcanic suite as is 


demonstrated by the whole rock chemistry of the more mafic 


members in the various trace element diagrams, Figures 12 - 15 . 







CHAPTER VI 


IGNEOUS PETROGENESIS OF THE NIMISH SUBGROUP 


VI .1 - Introduction : 


Detailed petrogenetic discussion of the Nimish Subgroup is 


limit ed by the degree and nature of the secondary alteration , 


sample distribution , analytical errors and uncertainty as to 


whether all the volcanic rocks of a g iven format i on are 


directly related through the same fract i onation process . As 


a result the present treatment of this subject is highly 


generalized and contains many subjective assumptions , but the 


author does believe that this discussion demonstrates a number 


of possible igneous interrelationships that could have been 


involved in the petrogenesis of these volcanics . As with all 


model ling exercises the demonstration of a possible genetic 


process does not ident ify the Htrue 11 or even necessarily the 


most probable process in cons ideration of the large number of 


variables involved . The author recognizes these limitations 


and only attempts the modelling as a means for tentatively 


linking the more geochemically extreme members of the two 


volcanic formations . 


Following from the previous discussion the rocks will be 


divided into chemical subdivisions based on S10 2 content . 
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Variations in major and trace element chemistry within these 


groups will be discussed and a number of representative 


samples will be identified . The REE chemistry of these 


samples will be discussed and , following a brief description 


of the REE modelling process , the feasibility of a number of 


key petrogenetic transitions will be demonstrated . 


VI. 2 - Rare Earth Element Geochemistry of the Petitsikapau 


1.~~£:.Q_rmation : 


VI . 2 . 1 - Geochemical Subdivision of the Pet itsikapau 


Lake Formation : 


As discussed previously there is a disparate number of 


basi c and slightly ultrabasic lavas in the Petitsikapau Lake 


Formation . Aside from obvious inconsistencies, such as in 


Na2o and K2o contents , the average composition for this group 


of rocks , Table 5 , resembles an olivine- hypersthene normative 


basalt with moderately high Ti02 , P2o5 and Zr . The average 


values for these latter elements are wel l above any of the 


representative ocean floor, continental or volcanic arc type 


tholeiitic basalts compiled by Carmichael et al . (1974) . 


They do however compare rather favourably with some of the 


alkalic oceanic island and continental alkali basalt suites 


compiled i n that study . Most notable are the Canary Islands 


(Ibarrola , 1969) and the previously mentioned Little Aden suite 







TABLE 5 
:;; 


AVERAGE ABUNDANCES FOR THE PETROLOG I C SUBDIVISIONS OF THE NIMISH SUBGROUP+ 


PETITSIKAPAU LAKE FORMATION ASTRAY LAKE FORMATION 


1WERAGE INTERMEDIATE ACIDI C LAVAS PLUTONIC ROCK AVERAGE AVERAGE HITE!\ - AVERAGE 
BASIC Lil.VAS LAVA - JS- 10 4 JS - 111 JS - 098 JS- 464 * BASIC LAVA MEDIATE LAV A ACIDIC Ll1VA 


31.02 46 . 94 - (2 . 78) 511.46 69 . 17 67 . 90 61 . 26 45 . 98 - (1. 68) 57 - 54 - (2 . 58) 77 . 21 


Tl02 2 . 24 - (0 . 53) 1.13 0 . 88 0 . 51 1. 02 2 . 23 - (0 . 47) 0 . 96 - (0 . 11) 0 . 29 


A1 2 o 3 14 . 33 - (1. 24) 15 . 34 16 . 11 13 . 88 15 . 57 14 . 29 - (1 . 40) 15 . 41 - (1. 08) 10 . 75 


l''.32°3 6 . 06 - {1.67) 3 . 25 0 . 20 1. 65 2 . 01 6 . 76 - (1.65) 2 . 96 - (0 . 77) 1.30 


FeO 9 . 11 - (1. 45) 6 . 70 0 . 92 2 . 12 3 . 99 10 . 35 - (1.66) 5 . 29 - (1 . 29 ) 0 . 82 
M:-iO 0 . 22 - (0 . 04) 0 . 16 0 . 10 0 . 03 0 . 04 0 . 20 - (0 . 04) 0 . 15 - (0 . 07) 0 . 01 
1-: g O 6 . 87 - (2 . 54) 0 . 50 0 . 00 0 . 70.. 0 .4 8 5 . 38 - (1.61) 0 . 79 - (0 . 66 ) o . t.1 
cao 5 . 24 - ( 1. 63) 1. 37 0 . 19 0 . 24 0 . 89 4 . 97 - (1. 75) 1.98 - (1.51) 0 . 05 
:~a 2 o 2 . 96 - (0 . 77) 3 . 32 1. 51 4. 51 3 - 59 2 . 70 - (0 . 28) 3 . 37 - (1.22 ) 3 . 15 


K20 2 . 84 - (1. 81) 7 . lll 11 . 52 5 . 12 6 . 95 2 . 77 - (1. 02) 7 . 05 - (2 . 32) 4 . 68 


P205 0 . 35 - (0 .16 ) 0 . 21 0 . 15 0 . 05 0 . 25 0 . 39 - (0 . 13) 0 . 16 - (0 . 04 ) 0 . 04 


LOI 3 . 96 - (0 . 49) 2 . 99 0 . 72 1. 05 1. 77 4 . 33 - (0 . 73) 2 . 15 - (0 . 38) 0 . 41 


Zr 1 89 - (49) 276 502 927 510 173 - (33) 233 - (32) 866 
Sr 523 - (233) 76 39 788 72 381 - ( 189) 183 - (132 ) 20 
RO 54 - (26 ) 152 205 135 163 57 - (2 7) 94 - (35) 178 
Zn 117 - (23} 193 23 40 77 121 - (22) 1 01 - (9) 40 
Cu 50 - (30) 21 8 11 9 32 - (9) 19 - (lj) 9 
Ba 131J6 - (733) 948 11 33 658 789 1161 - (373 ) 1382 - (IJ89) 190 
Nb 28 - (7) 30 46 114 66 24 - (7) 29 - (12) 95 
Ga 21 - (3) 30 15 27 27 23 - (2) 24 - (3) 29 
Pb 3 - (4) 11 4 13 0 4 - (4 ) 4 - Ill 7 
Ni 50 - (50) 7 4 10 7 30 - (20) 10 - (3) 13 
Cr 38 - (117) 4 8 9 0 22 - (15 ) 11 .. (3) 4 
v 258 - (85) 28 21 20 40 271 - (111) 68 - (13) 15 


31 - (7) 53 42 127 51 31 - (6) 34 - (4) 151 


* Sample t ake!"l fror.i t he Po int Lake plu t on , Appe nd ix B . 
+ Brac keted number s indicate s t a ndard deviat i ons . 
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(Cox et al ., 1970) . The close similarity of the Nimish mafic 


lavas with the basalts of Canary Islands among the wide 


ranging geochemistry seen in volcanic oceanic islands is very 


interesting because both suites contain highly alkaline 


rhyolites as the predominant acidic frac tionation product . 


Standard deviations of these averages show a significant 


degree of spread within this group . Closer examination of 


the individual analyses (Appendix B) shows that the deviat ion 


is largely a result of the presence of a number of distinct 


subgroups . Specifically the samples JB - 57, JS - 181 , JS - 57 


and JS - 133 form a coherent group that is uniformly depleted 


in Ti0 2 , P2o5 and Zr and enriched in MgO , Ni and Cr . Similar l y 


the samples JS - 517 and JS - 46 are significantly higher than 


the gene ra l basal tic average in P 2o5 and Zr and have comple


mentary lower MgO , Ni and Cr . Averages taken on the remaining 


14 basic lavas alone only marginally differ from the figures 


in Table 5 but the standard devi a tions drop by an average of 


35% signifying that these centrally distributed 14 lavas fo rm 


a coherent subgroup . 


A total of fou r samples were chosen to give a representative 


cross section of the mafic lavas for REE analysis (JB - 57, JS -


41, JB - 24, JS - 62) . The f irst of these is a member of the 


relatively depleted subgroup and was chosen as a representative 


sample because it is petrographically relatively unaltered and 
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has low Na2o and K2D contents, which are taken to indicate a 


minimum of secondary alteration (Section V. 3) . The other 


three samples are all relatively unaltered members of the middle 


subgroup or the normal basic lavas . Unfortunately REE data 


for the enriched mafic lavas are unavailable due to analytical 


problems . 


In going from the mafic to intermediate members of the 


Petitsikapau Lake Formation there is a predictable increase 


in incompatible elements and decrease in compatible elements 


which continues into the acidic members . The small number 


o f samples available from these more fractionated rock types 


is indicative of their percentage exposure and as such they 


have been taken to be representative of the acidic and 


intermediate members of this formation . 


The major e l ement chemistry of the acidic sample JS - 111 


is strikingly different from the other acidic sample JS - 098 . 


The very high K20 content is representative of the high 


percentage of potash feldspar phenocrysts . The REE data for 


this sample should be treated in recognition of this factor as 


it does not represent a true liquid composition and is possibly 


uniformly depleted in the REE by up to 35% based on estimated 


phenocryst/matrix percentages . 


The three non- mafic members of the Pe ti tsikapau Lake 


Formation (JS - 104 , JS - 111 , JS - 098) were all analyzed for 
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REE so this total of seven samples gives the best possible 


representation of the volcanic rocks within the Petitsikapau 


Lake Formation . 


Petrographic descriptions of these representative samples 


are given in Appendix F . 


VI. 2 . 2 - Rare Earth Element Abundances of the 


Petit sikapau Lake Format ion: 


The rare earth element concentrations of the seve n 


representative samples of the Petitsikapau Lake Formation are 


listed in Table 6 and are plotted normalized to the chondritic 


abundances of Haskin et al . (1968) in fig. 16 . The precision 


and accuracy of these analyses are discussed in Appendix A. 


The first feature apparent from the REE patterns is the 


consis tent steeply incline d nature of the patterns . This trend 


of a linear decrease in abundance with increased atomic number 


of the rare earths is typical of alkalic rocks of all tectonic 


settings (Frey, 1969; Herrmann , 1974 ; Floyd , 1977) and is 


consistent with the tentat ive conclusion of an alkalic chemistry 


for the Nimish volcanics based upon the major and trace elements . 


These general patterns could be also typical of a non-alkaline 


volcanic rock that has undergone significant fractionation of 


minerals compatible with the MREE and HREE such as hornblende 


or garnet, but t he high overall REE concentrations in the ma f ic 


members of this formation discounts this possibility . 
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The bas i c geochemical subdivis i on of the Pe t itsikapau 


Lake Formation is supported by variations in the rare earth 


element patterns . Th e depleted basic volcanics , as 


103 . 


represented by samp le JB - 57, show a steeply i nc l ined d i s 


tr i bution rangi ng f r om 120x chondr i tes fo r La to Bx chondri tes 


for Er with a sl i ght negative Eu anomaly . JB - 57 , as with 


most o t her analyses of the Pet i tsikapau Lake Formation , shows 


a slight La ukick u or dist i nct break in the patte r n at Ce , 


implying relatively hi gh val ues for La . This p r oblem was f ound 


i n most a ll of the analyses and was i n heren t i n t he experimental 


procedure at the t i me o f analysis (Eby, 1972 ; B. J . Fryer , 


pers . comm . ) . 


The normal basic lavas form a very coherent group except 


f or a sligh t divergen ce f or the heavy rare earth elements Dy 


and Er . La concentrat ions range f rom 146 to 1 66x chondr i tes , 


a spread of 1 3 percent , while Er varies from llx for J S - 041 


to 1 6x fo r JB - 024 giving a spread of 37 percent . All the 


normal basic lavas e xhibit a slight positive Eu anomal y . 


The rar e earth pattern o f the intermediate sample , JS - 104 , 


is distingui s hed f r o m the normal basic lavas by having higher 


LREE (La=25lx chondr i tes) but simi l a r MREE abundances . The 


heavier REE also appear enriched . Th is is consistent with 


larger bulk Kd val ues for t h e mi dd l e REE than either the LREE 


or HREE in the phases t hat fract i onated to form this lava . 


JR - 104 exhibits a sl i ght pos i t i ve Eu anomaly . 
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The relat i ve l y depleted acidic sample , JS - 111 , shows a 


pattern very similar to that of JS - 104 except that i t i s 10 -


30 percent higher i n all the REE except for La , Ce and Eu . 


This samp l e has a distinct negative Eu anomaly wi t h a calculated 


Eu/Eu* = . 778 (Phi lpotts, 1972) . The enri ched acidic sample , 


JS - 098 , i s d i stinct i ve by v i rtue of its very high overall 


abundances and relatively large Eu anomaly, Eu/Eu* = . 610. 


The large d i fference in the REE chemistry of the two acidic 


samples c omplements the large var i ations in Zr , Nb and Y 


(Append i x B) . These differences are cons i s t ent with the 


previ ously descri bed Hphenocryst vol ume/incompatible trace 


e l ement concentration 11 relationships , and a greater degree of 


fractionation in JS - 098 . 


VI . 2 . 3 - Rare Earth Element Petrogenetic Relations in the 


Petitsikapau Lake Formation : 


Since the REE patterns for the recognized sub - divisions 


f or the Petitsikapau Lake Format i on d iffer, speci f ic features 


of these patterns can provide pe t rogenet i c restraints on 


poss i b l e parent - daughter relationships . One way to p i npoint 


the r ole of specific mineral s in petrogenetic relations is to 


observe how certa i n REE rat i os change with d iffe r ent i at i on as 


each mineral wi ll f ractionate between any two REE to a different 


degree . An example of this approach i s given in fig . 17 and 18 . 
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In f ig . 17 the Ce/Sm ratios are plotted against the Sm 


abundances . Similar parameters wi th a Sm/Er rat i o are used 


in fig. 18 . The different minera l vectors point i n the 


direction that the REE composition of the melt would go if 


the representative mineral was removed from the system . The 


rec i procal vector would represent accumulation of these phases . 


The di.fferent lengths o f the vectors are meant to imply the 


re l at i ve e ffect of the different minerals . For clinopyro xene , 


orthopyroxene , o l ivi ne , plagioclase and magnetite the length 


represents the result that would occur if 50 percent 


fractiona t ion of that mi nera l occurred . The value for apatite 


is calcul ated for percent fract i onat i on while that for zircon 


in f i g . 17 i s for percent . The l arge decrease i n the Sm/Er 


ratio caused by even 5 percent fractiona t ion of z i rcon is t oo 


large to show on this scale and the vector is only meant to 


imply direction in fig . 18 . The dashed lines BKD are calculated 


on the basis of taking a fractionating assemblage of 40 percent 


o livine , 30 percent clinopyroxene and 30 percent p l agioc l ase 


which is mixed with apat ite in the ratio of 150 : 1 and fractionated 


to 50 percent volume reduct i on . Th e strong e f fect of apat ite 


on plots o f this type is i llustrated by this cal cu l a t ion . 


These diagrams should not be interpreted by looking for 


general trends formed by the Pet i ts i kapau Lake or Astray Lake 


For mations , but more specifically as a s eri es of imaginary 
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vectors between any two data points which indicate the 


fractionating or accumulating mine r al assemblage that could 
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have been involved in the derivation o f one sample from another . 


The ana l ytical precision implied by this diagram is 


deceptive as all data po i nts shoul d have ~ 10% err or bars 


both horizonta l ly and vertically . Addi t ion of this precision 


data would seriously reduce the clarity of the diagram so all 


discussion of petrogenetic implications generated by t hese 


d i agrams should be i nterpreted in relation to this analyt i cal 


error. 


By usin g this approach the validity of the proposed 


st r atigraphi c subdivision of the Nimish Subgroup can be tested . 


Si mila r ly by i solating particularly distinct i nfe r red parent -


daughter relationships , more detailed t ra c e element modelling 


calculat i ons can offer insight into the specific nature of 


the f ractional crystallization process responsible f or the 


petroge nes i s o f the Nimish Subgroup . 


Der i vat i on o f the normal basic lavas f rom the relative l y 


depleted basic lava subgroup is pos s ible with the f ractionation 


o f f erromagnesian minerals from the latter, fig . 17 , but would 


seem to require some apatite removal in f ig . 1 8 . This inferred 


a p at i te fract i on at i on is inconsistent with t he sharp increase 


in P2o5 that is noted between these rock types (Append i x B) . 


The discrepancy in the two figures is not signi f icant in 
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cons ideration of t he implied error bars and hence the 


derivation o f the normal basic lavas f rom the depleted basic 


lavas is consistent with a ferromagnesian mineral fractionat i on 


assemblage that does not include apatite . 


The plot of the intermediate sample JS - 104 relative 


to t he distribut i on o f the normal basic lavas demonstrates 


the necessity of apat i te crystallization in the formation of 


the former from the latter as the increase in Ce/Sm is higher 


than i s possible by clinopyroxene alone , fig. 17 . The decrease 


in Sm/Er also exceeds the capabilities of plagioclase . The 


inferred fractionating mineral assemblage for this t r ansition 


is ol +cpx+plag! opx +mag+apat, with clinopyroxene probably as 


the dominant ferromagnesian phase . 


The derivation of the relatively depleted acidic sample, 


JS - 111 , must have followed much the same pattern as the 


intermediate sample of the Petitsikapau Lake Formation wi th a 


sl i ghtly higher degree of fractionation . The fract i onating 


mineral assemblage would be the same as that f or JS - 1 04 


except that clinopyroxene would seem to be of less importance . 


The hypothetical derivation o f both the intermediate and 


depleted acidic sample from an average normal basic lava by 


ferromagnesian mineral s fractionation is consistent with the 


drop in FeO , MgO and Cao , Table 5 . The especially large drop 


in Ti0 2 (60%), P 2o 5 (45%), and V (90%) signify the onset of 







magnetite and apatite fractionation that was not present in 


the derivation of the normal basic lavas from the depleted 


basic rock type . 
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The derivation o f the depleted acidic sample JS - 111 from 


the intermediate sample is only marginally possible in 


recognition of experimental error, fig . 17 and 18 . This 


transition is considered unlikely because the transition calls 


for an actual decrease in the La content while Zr increases by 


100% . No known mineral or combination of minerals is capable 


of doing this . Therefore the normal basic lavas are considered 


the most probable source rock for JS - 111 . 


The possible parent to the subvolcanic plutonic rock which 


is very closely associated with the acidic rocks of the 


Pet i tsikapau Lake Formation , JS - 464 , (fig . l ; Table 7), can 


not be discerned from these diagrams as the average normal 


basic lava , intermediate or relatively depleted acidic samples 


are all capable of producing this composition with slight 


variations in the proportions of olivine , clinopyroxene , 


plagioclase and apatite in the fractionating assemblage . 


Similarly major and trace element data offer few constraints . 


Decision on the probable parent to JS - 464 will rest on the 


best fit models as derived from each of the proposed source 


rocks (Section VI . 5 . 2) . 
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The enriched acidic sample JS - 098 coul d be derived 


from JS - 464 by 80 - 90% fractionation of a cl i nopyroxene + 


plagioclase + apatite :!: olivine + magnetite assemblage . 


Apatite and/or zircon would have to be very prominent in this 


fractionation step in consideration of the steep extrapolated 


derivation line , f i g . 18 . 


Note that it would be impossible to derive the enriched 


acidic sample from the depleted basic , normal basic, inter-


mediate or depleted acidic samples as in a l l cases apatite 


would have to be a very minor phase in the fractionating 


component . This is incons i stent with the large drop in P2o5 


noted for all these cases , Table 5 ; so the closely associated 


pluton was considered the most probable source rock for JS -


098 . 


VI . 3 - Rare Earth Element Geochemistry of the Astray Lake 


Formation : 


VI . 3.1 - Geochemical Subdivision of the Astray Lake 


Formation : 


Comparison of the composition of the average basic lava 


for the Astray Lake Formation with that of the Petitsikapau 


Lake Formation , Table 5 , reveals no s i gnificant differences, 


so the discussion on the genera l geochemical affinities of the 


average composition of the basaltic members of the Petitsikapau 


Lake Formation presented in Section VI . 2 . 1 applies . 
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The close similarity in the geochemical distributions 


within the basic members of the two vo l canic formations is 


consistent with their similar geologic setting, general 


petrography and period of formation . The two volcanic 


formations are possible examples of separate cycles of 


volcan i sm that are generally related to the same larger scale , 


geotectonic event , but which fractionated under slightly 


d i fferent pressure - temperature conditions . 


A closer look at the standard dev i ations presented for 


the Astray Lake Formation in Table 5 reveals further 


s i milar! ties with the Petit sikapau Lake Formation . As with 


the younger volcanic cycle, a more depleted basic subgroup 


(JS - 31, JB - 79) is i dentifiable by havi ng roughtly 40% 


less Ti02 , P2o5 , Nb, Y and Zr and 25% more MgO and Cao . No 


signi f icant analyses complementary to the enriched basic rocks 


of the Petitsikapau Lake Formation were noted . 


As a means o f obtaining a good distribution of repr e -


sentative samples f or REE analyses, JB - 79 was chosen f r om 


the depleted basic subgroup and JS - 15 and JS - 193 from the 


more centrally distributed normal basic subgroup . These samples 


were chosen from within the respective subgroup on the basis 


o f petrographi c evidence on alteration and low Na 2 D/K2 0 ratios . 


Petrographic descript i ons of these representative samples are 


given in Appendix F . 
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In going from the mafic to intermediate and acidic 


members of the Astray Lake Formation the close similarity with 


the Petitsikapau Lake Formation is lost . An initial divergence 


lies in the percentage exposure of the acidic rocks in the 


two formations . Only three individual samples were collected 


from the Petitsikapau Lake Formation while the intermediate 


and acidic averages for the Astray Lake Formation are derived 


from six samples taken from relatively well exposed outcrop 


areas . 


Geochemically the average intermediate analysis of the 


Astray Lake Formation is similar to the intermediate sample 


of the Petitsikapau Lake Formation , JS - 104 , for all elements 


except P2o5 , Zr and Y in which the average intermediate 


analys i s of the Astray Lake Formation is significantly depleted . 


The true meaning of this comparison is hard to determine 


cons i dering the strati graphic control available , but it is 


interesting that no rock similar to JS - 104 was found in the 


well exposed section on Jasper Mountain which could indicate a 


divergence in the fractionation pattern of the two formations 


during their respective stages of 11 trachyandesite 11 formation , 


figs . 12 - 15 . 


More evidence for this divergence is present within the 


acidic members of the two formations . Petrographic ally the 


acidic members of the Astray Lake Formation are red, generally 
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aphyric very fine grained to glassy alkali rhyolites while 


the complementary rocks in the Petitsikapau Lake Formation 


are rich in feldspar and quartz phenocrysts set in a more 


granular roughly flow banded matrix . The chemistry of the 


two groups of acidic rocks also reflects a profound difference . 


As mentioned previously the four samples from the Astray 


Lake Formation are very similar . These volcanic rocks are 


characterized by high s102 , total alkalis , Zr , Nb , Y and REE 


and low alumina making modal Na 2o + K2o almost equal to modal 


A1 2o3 . The two acidic samples of the Petitsikapau Lake 


Formation differ in having higher Ti02 and A1 2o3 and signifi 


cantly lower s102 . The magnitude of these geochemical 


differences , Table 5 , supports the contention that the two 


formations represent two separate cycles of volcanism . 


The consistency i n the acidic rock analyses of the Astray 


Lake Formation should be noted with only Y, Rb and Ba showing 


any significant variation (Appendix B) . The low Rb and high 


Ba of sample JS - 502 is primarily due to the presence of 


about 15% modal potash feldspar phenocrysts that is not 


present in the other three acidic samples . The reason for 


the differences in Y values is unknown . 


The strong preference of potash feldspar for a high 


Ba/Rb is shown by the average rhyolite Kd values of 6 . 12 for 


Ba as compared to 0 . 34 for Rb (Appendix E) . This relationship 







also holds for the acidic rocks of the Petitsikapau Lake 


Formation in that the K - feldspar phyric sample JS - 111 
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is richer in Rb and Ba than the Na - feldspar phyric JS - 098 


which is richer in Sr (Appendix B) . The preservation of 


these apparent primary alkali trace element abundances provides 


evidence to support the observation that in general the 


acidic rocks of the Nimish Subgroup escaped the large scale 


metasomatism that so strongly altered the basic and inter


med i ate rocks . 


In order to get a representative sampling of the inter -


mediate and acidic members of the Astray Lake Formation for 


REE analyses , three intermediate samples (JS - 033 , JS - 505 , 


JS - 204) and two acidic samples (JS - 502, JS - 503) were 


chosen . All these samples are of typical rock types found in 


the formation and were specifically chosen because of their 


relatively unaltered petrography and major element chemistry . 


Sample JS - 204 was chosen because of its unique chemistry 


within the intermediate lavas , having high Zr and Nb with 


relatively low P 2o5 . 


Petrographic descriptions of these rock types are given 


in Appendix F . 







VI.3.2 - Rare Earth Element Abundances of the Astray 


Lake Formation : 
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The rare earth element concentrations of the eight 


representative samples of the Astray Lake Formation are listed 


in Table 6 and plotted normalized to the average chondri tic 


values of Haskin et al. (1968) in fig. 19 . 


Similar to the Petitsikapau Lake Formation, the depleted 


basic lava , JB - 79 , is conspicuous by its low overall 


abundances, slight negative Eu anomaly and steeply inclined 


pattern . The pattern of this sample is almost identical to 


that of the depleted basic lava of the Petitsikapau Lake 


Formation with approximately 20 - 30% lower abundances (La 


74x chondrites) . 


The REE patterns for the two normal basic lavas are sub 


parallel throughout the REE . The largest difference occurs 


at Eu where JS - 193 has a slight positive Eu anomaly and an 


abundance of 54x chondrites , and JS - 15 has no Eu anomaly 


and a 40x chondrite concentration . The normal basic lavas 


show a dist i nct flattening of the steeply i nclined patterns 


in the region of the HREE Dy, Er , Yb and Lu . 


Relative to the depleted basic lavas the intermediate 


sample JS - 033 is slightly richer in La (153x chondrites) 


but markedly depleted in the HREE (Dy= llx chondrites) . As 


such it is generally classified as a depleted intermediate lava . 
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This sample shows a much steeper REE pattern than the normal 


basic lavas with a small posit i ve Eu anomaly , Eu/Eu* = 1 . 14, 


and a slightly concave up pattern for the LREE . No levelling 


off is present in the HREE abundances . The REE pattern of 


this sample relative to the normal basic group , having 


higher LREE and lower concentrations of the MREE and HREE , 


poses strict limitations on the genesis of this intermediate 


sample from the normal basic rocks (Section VI . 5 . 3). 


The normal intermediate sample JS - 505 has a similar La 


content (15lx chondrites) but is significantly enriched in all 


other REE relative to JS - 033 . The LREE abundances are the 


same as the average norma l basic lava but the HREE are 


markedly enriched showing a similar levelling off pattern . 


This sample has a negative Eu anomaly , Eu/Eu * = 0 . 84 . 


The relatively enriched intermediate sample, JS - 204, 


shows a pattern more similar to the straight , steeply inclined 


pattern of JS - 033 than to JS - 505 but with greater overall 


abundances (La = 279x chondrites) . This Ca rich, feldspar -


phyric sample has a large positive Eu anomaly , Eu/Eu * = 1 . 28 . 


It should be noted that the general increase in REE 


abundances from JS - 033 through JS - 505 and JS - 204 , is 


complemented by a similar increase in the Zr , Nb and Y contents 


(Appendix B) . This supports the earlier assumption that the 


REE remained relatively immobile during secondar y processes 
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as was documentedforZr, Nb and Y (Section v .3 ) , These 


internally cons i stent geochemical variations and the different 


petrography for the three samples (Appendix F) a r e the basis 


for the general subdivision of the intermediate lavas of the 


Astray Lake Format ion int o depleted, normal and enriched 


intermediate subgroups . 


The REE patterns for the two analy zed acidic samples of 


the Astray Lake Formation are remarkably similar as are their 


major and trace elements . The LREE have a slight concave- up 


pattern and a high La value of 478x chondrites . The HREE 


show a pronounced leve l l ing off and develop a small concave - up 


pattern centred a t Dy before turning strongly convex down 


wards at Yb . Both samples have large negative Eu anomalies , 


with the aphyric sample JS - 503 having a slightly greater 


anomaly, Eu/EU* = . 32 , as compared to . 36 for the slightly 


potash fe ldspar phyric JS - 502 . 


The rare earth patterns of these acid ic samples are 


very significant because they are identical to the low Fe , 


transitional comendites/pantellerites of the type area o f 


pantelleri tes, the volcanic island of Pantellaria in the 


Channel of Sicily , Mediterranean Sea (Villari, 1975) . The 


analyses given by Vil l ari have the same concave-up pattern 


for the LREE , steep negative Eu anomaly and concave down 


pattern for the HREE , also showing a marked point of inflection 
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at Yb . The HREE patterns for the assoc i ated mafic volcanic 


rocks of Pantellaria are very similar to the mafic and 


inter mediate samples of the Nimish Subgroup . The uniqueness 


of these REE patterns offers strong support to the tentative 


classification of the Nimish Subgroup as an alkaline volcanic 


suite . 


Comparison of the REE patterns of the representative 


samples for the Pe ti tsikapau Lake and Astray Lake Formations 


show distinct similarities and differences generally supporting 


previous discussions based on major and trace element chemistry . 


Mo r e specifically the two relatively depleted basic samples 


show almost identical patterns with minor differenc~s in their 


absolute abundances . Similarly the normal basic lavas of the 


two formations are very consistent wi thin their own formational 


subgroup and generally similar to each other . 


Within the intermediate and acidic members there is more 


divergence as is expected from major and trace element data . 


The intermediate sample of the Petitsikapau Lake Format i on , 


JS - 104 , looks very similar to the relatively enriched 


intermediate sample of the Astray Lake Formation , JS - 204 . 


The other two intermediate analyses show no direct counterparts 


within the Petits i kapau Lake Formation but the distinct HREE 


flattened pattern of JS - 505 implies close petrogenetic 


affinities with the similar tendency seen in the acidic samples 
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of the Astray Lake Formation . The REE pattern of these 


alkali rhyolites is similarly not directly comparable with 


the straight, steeply inclined patterns found for the acidic 


Petitsikapau Lake Formation volcanics . The uniqueness of 


their REE pattern poses distinct limitations on their 


poss ib le mode of genesis (Section VI . 5 . 3) . 


VI. 3. 3 - Rare Earth Element Petrogenetic Relations of 


the Astray Lake Formation : 


The petrogenetic relations of the Astray Lake Formation 


were treated in the same manner as the Petitsikapau Lake 


Formation . Fig . 17 and 18 give the positions of the 


representative analyses on the Ce/Sm vs . Sm and Sm/Er vs . Sm 


diagrams . 


The parent - daughter relations between the depleted basic 


and normal basic lavas are consistent with about 30 percent 


fractionation of an olivine gab bro assemblage . The somewhat 


high Sm value for the depleted basic rock JB - 79, fig . 19 , 


gives an anomalously low Ce/Sm and high Sm/Er which may imply 


a significant proportion of augite , fig . 17, and apatite , 


fig . 18 , in the fractionating assemblage . Application of the 


:: 10 percent error bars for both the depleted basic and normal 


basic lavas would discount the significance of this hypothesis 


(Appendix A) . 
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The plot of the relatively depleted intermediate lava 


JS - 033 to the average normal basic lava in fig . 17 reflects 


the dominant role that apatite played in that fractionation 


step . This is consistent with the sharp drop in P2o5 noted 


between these two rock types. Similarly the large drop in 


Ti0 2 signifies the onset of magnetite crystallization . Both 


of these petrogenetic implications are similar to those 


documented for the Petitsikapau Lake Formation . The apparent 


discrepancy between the normal basic lavas indicated in f ig . 18 


is insignificant i n consideration of the ~ 10% error bars 


for each data point (Appendix A) . 


Alternatively the depleted intermediate lavas of the Astray 


Lake Formation are plagioclase prophyritic (up to 20% modal 


phenocrysts) and as such there would be a component equiva -


lent to the mirror image of the plagioclase vector involved in 


diluting the REE abundances . This would have little effect 


on the Ce/Sm ration , fig . 17 , but could partially account for 


the actual decrease in the Sm and Sm/Er relative to the normal 


basic lavas , fig . 18 . 


Similarly another factor that could be involved in this 


discrepancy is the REE pattern of the normal basic l avas 


themselves , in whi ch the levelling off of the HREE gives a 


higher Sm/Er ratio than if the pattern remained l i near . This 


levelling off tendency is also developed in the normal 
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intermediate lava JS - 505 . Modelling cal culations relating 


a HREE enriched sample to a sample wit h a linear pattern 


proved to be very d i f f icult in obtaining a good fit and 


indicate close genetic relations between volcanics with 


similar HREE patterns . 


The extrapolated fractionation l i ne between the average 


normal basic lava and J S - 505 is margi nally shorter than a 


s i mi lar line to JS - 033 , fig . 17 , implying smaller degrees 


of fractionation in the former case . 


Figure 18 negates the formation of JS - 033 from JS - 505 


while fig . 17 shows that the derivation of JS - 505 from JS -


033 is improbable but possible within the limits of 


experimental error . The improbable natur e of this l atter 


transition is also supported by the major element data . Firstly 


JS - 033 contains lower Ti0 2 and Cr relative to JS - 505 , 


wh ile Ni , MgO , Cao and V are only marginally h i gher . Although 


the data are only for a single sample and perhaps not 


stat istically significant , it would take a very precise 


combination of o l ivine, augi te and magnetite in the fractionat 


ing mineralogy to generate a set of bulk Kds which could 


produce the required trends . 


Secondly the percentage of increase in the incompatible 


elements is also inconsistent with JS - 033 as a source f or 


JS - 505 . Nb and Y increase by 29% and 12% respectively 
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whe r eas Zr increases by only 9% , and this is over an interval 


where a certain amount of apatite fractionation must occur 


i n order to decrease the P 2o5 . This relationship seems 


unlikely as apatite fractionating would strongly dep l ete Nb 


and Y, but have little e f fect on Zr (Appendix E) . If this is 


the case a small amount of zircon must also have fractionated 


whi ch seems unl i kely because no zircon was found in this 


section and zircon crystals are not normally recognized in 


basic to intermediate lavas wi th only 200 ppm . Zr (Williams 


et al ., 1954) . The combination of these factors makes it most 


like l y that the normal basic lavas are the source rock for 


both JS - 033 and JS - 505 . 


A more detailed discussion of the REE modell ing impli -


cations of this transition is left to Section VI . 5 . 3 , 


The re l atively enriched incompatible trace element 


concentrat i ons and unique REE pattern of the enriched inter 


rr:ediate sample of the Ast r ay Lake Formation , JS - 204 , implies 


that it was formed under di fferent circumstances than those 


for the other intermediate samples . The effects of a higher 


degree of fractionation and a smaller amount of apat i te in 


the cumulus mineralogy is read i ly displayed in f igs . 17 and 18 . 


No generalizations regarding possible plagioclase/olivine + 


clinopyroxene ratios in the cumulus phases can be made from 


these f i gures, but the derivation of these rocks from some 
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form of normal basic lava through fractional crystallization 


is not a difficult transition with respect to the REE patterns 


and modelling calculations; as such it will not be discussed 


further . 


Relatively little information is available from fig. 17 or 


18 as to the possible parent to the acidic members of the 


Astray Lake Formation . Fig . 18 supports the tentative 


conclusion that the enriched intermediate samples could not 


have been the source rock for the acidic samples because such 


a step would call for close to 1 percent modal cumulus apatite 


which is inconsistent with the slight drop in average P2o5 


values of the two groups (Table 5) . Among the other three 


possible choices (normal basic lavas , JS - 033 and JS - 505), 


the second would seem to be the least probable relative to 


fig . 18 as it calls for a moderate amount of apatite fraction -


at ion which would conflict with the P 2o5 values . A higher 


silicate/apatite cumulate ratio is needed for the normal 


intermediate samples as a source rock relative to the normal 


basic lavas; an implication which is consistent with the major 


and trace element data . 


A conclusion on the most probable source rocks for the 


acidic members of the Astray Lake Formation will be left to 


the REE modelling section, VI . 5 . 4 . 
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VI. 4 - Rare Earth Element Geochemistry of the Intrusive Rocks 


of the Nimish Subgroup : 


The REE abundances of six intrusive rocks of the Nimish 


Subgroup are listed in Table 7 and plotted normalized to 


chondritic values in f i g . 20 . The analyses are grouped 


according to the different plutons of the area (Appendix B) , 


the locations of which may be inferred from fig . 1 . 


The most striking factor in the REE patterns of the 


intrusive rocks is the i r close similarity with the associated 


volcani c rocks . The slopes displayed by these samples are 


comparable with the volcanics and the absolute abundances are 


within the range of the extrusive rocks . No intrusive samples 


show any levelling off in the HREE as noticed in some of the 


volcanic samples . Little or no Eu anomalies are developed in 


these patterns . The only well displayed difference between the 


intrusive and extrus i ve is the tendency for the intrusive rocks 


to have a slight concave down pattern . This is probably 


indicative of the abundant clinopyroxene in these samples , 


the Kds of which mimic this curved pattern . 


The close similarity of the REE abundances of the intrusive 


and extrusive igneous rocks of the Dyke Lake area supports 


the conclusion, based on major and trace element data , that 


they are genetically related . The similarity of the patterns 


also implies that the intrusive rocks are not the cumulate 
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chambers for the various fractionat i on steps as modelled in 


Sections VI . 5 . 2 to VI . 5 . 4, but are more probably intrusive 


equivalents to the volcanic rocks that d i d not reach the 


surface . This implies that the main fractionation/accumu -


lation chambers of the aforementioned petrogenetic steps are 


concealed at depth and not represented by the exposed 


i ntrus i ve bodies ; as i s supported by the l ack of cumulus 


textures in the gabbroic bodies . 


Only moderate amounts of internal fractionation within 


ind i vidual plutonic bodies are implied by the trace element and 


REE data . The Point Lake Pluton is an exception to this 


conclusion as it shows wide ranges in REE , Zr , Nb , Y and 


P2o5 . This large range is partly due to the inclusion or 


sample JS - 464 which is not connected to that main body of 


the pluton and shows the most extreme i ncompatible element 


concentrations . The P2o5 and Zr abundances or JS - 095 and 


JS - 048 , both or the Po i nt Lake Pl uton , however confirms 


some degree of internal rractionation (Appendix B) . 


Due to the somewhat inconclusive stratigraphic - structural 


relations and small but signiricant degrees of fractionation 


within the plutonic bodies or the Nimish Subgroup~ no attempt 


was made to coordinate them into any modelling scheme except 


to show that the i r REE patterns are simi l ar to the extrusive 


rocks and hence could be derived by similar processes . 
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VI . 5 - Rare Earth Element Modelling of the Nimish Subgroup : 


VI.5 . 1 - Introduction : 


The use of the REE in studies of igneous petrogenesis 


has been made quantitative by the determination of a series 


of mi11eral - liquid distribution coefficients for each element 


(Schnetzler and Philpotts , 1968 ; Nagasawa and Schnetzler , 


1971 ; Shimizu and Kushiro , 1974) . The distribution coefficients 


are defined by the following equation : 


Kct 1 C i 
x x 


where : c1 
x 


-1--


c liq 


Ci liq 


Concentrat i on of element 1 in mineral 
phase x. 


Concentration of element i in the 
coexisting liquid . 


Distribution coefficient of element i 
between phase x and coexisting liquid . 


which describes the behaviour of an element in any crystal -


liquid system during fractional crystallization or partial 


melting processes . The Kd values were originally determined 


by separating phenocryst and groundmass phaSes and analyzing 


each fo r their t r ace amounts of REE (Schnetzler and Philpotts , 


1968) . As more studies are published it beComes evident that 


the Kd values in any situation depends upon the temperature , 


p r essure , f0 2 , and the natur e of the coexisting phases , but 


that measured Kd values of similar rock types are comparable . 
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Ir1 general the REE behave as a coherent group during 


most petrologic processes and show a regular internal 


fractionation . The systematic and predictable nature of the 


REE behaviour along with their resistance to secondary 


alteration makes them quite useful in modelling the petro 


genesis of altered volcanic rocks . 


The petrogenesis of the Nimish volcanics has been 


approached using these assumptions . The REE abundances of 


relatively unaltered samples from the recognized subdivisions 


of the Nimish volcanics are taken to be representative of 


those groups and are mathematically modelled to test the 


proposed parent-daughter relationships . In this section only 


the key petrogenetic t!'ansitions , as identified through figs . 


17 and 18 and associated discussions , will be modelled. 


Specifically these exercises will include : (1) determining 


the most probable source rock for JS - 464 among the various 


rock types of the Petitsikapau Lake Formation , (2) demonstrating 


the possibility of deriving the intermediate rocks J3 - 033 


and JS - 505 from the normal basic lavas of the Astray Lake 


Formation , and (3) testing the possibility that the peculiar 


REE patterns of the alkali rhyolites for the Astray Lake 


Formation could be formed through fractional crystallization 


of the associated volcanics . 







The results of these modelling calculations were 


obtained through the operation of the computer program STEM 


(System for Trace Element Modelling) , developed by the 


author and presented in documented form in Appendix C . 


Discussion of the logic of the program , origin of the 
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modelling equations and user oriented features are given in 


Appendix D while the Kd values used are tabulated in Appendix E . 


The set of Kd values used for each case of modelling are those 


most consistent with the rock types modelled and are presented 


in the following discussion . All calculations were done 


with the assumption that only the surface of the phenocryst 


phases was in equilibrium with the coexistent liquid . This 


v1as done in considerativn of the abundance of zoned phenocrysts 


present which support surface equilibrium conditions and the 


assumption that the Nimish Subgroup underwent high - level J 


low pressure fractionation (Arth , 1976). 


Previous discussions indicated that the intrusive rocks 


of the Nimish Subgroup are not cumulate in nature and that any 


cumulate rocks associated with the formation of the extrusive 


rocks are not exposed in the Dyke Lake area. In general thi s 


would imply that fractionation occurred deep in the crust 


and that crystal - liquid Kd values representing a total 


equilibrium situation should be used (Arth , 1976) . This 


conclusion is untenable both on the nature of the phenocrysts 
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present and the fact that a maximum of 3 - 5 km o f supracrustal 


rocks are exposed in the area . As there is no evidence for a 


significant erosional break between the Wishart Formation 


and the Nimish Subgroup - Sokoman Formation complex, this 


thickness implies a 1 - Kb minimum pressure range for 


fractionation of the Nimish Subgroup . As no concrete geologic 


evidence supports the contention that the fract i onation 


occurred much below the 3 - 5 Km depth and the petrologic data 


supporting h i gh l evel fractionation , I have assumed that any 


relevant fractionation probably occurred within a 5 - 15 Km 


(2 - 5 Kb) range. As such this i s generally classified as 


high level fractionation (O ' Hara, 1965 , 1968) which justifies 


the use of surface equilibrium Kd values (Arth , 1976) . 


The abundances of the minerals used for the model source 


materials deviate somewhat from the average normative 


proportions listed in Appendix B. This was found necessary 


because the CIPW norms calcul ated with the substantially 


altered major element chemistry are quite unrealistic in some 


cases and are generally unworkable in the modelling equations . 


The major problems are in the normative K - feldspar , plagio


clase and diopside abundances . Predictably K - feldspar was 


anomounously high which tended to deplete the Al 2o3 in the 


first step of the CIPW calculations which in turn results in a 


low abundance of normative anorthite . This effect is compounded 
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by the overall loss of Cao during the alteration . Similarly 


following the steps of CIPW calculations most of the CaO 


is used to balance the excess of A1 2o3 in anorthite and very 


li ttle is left for the formation of diopside . In the maf i c 


members this also tends to give a complementary over -


abundance of olivine and/or orthopyroxene . 


As a result the normative compositions were adjusted to 


compensate for these problems by increasing the diopside and 


anorthite components and decreasing the potash feldspar, 


ol i vine and orthopyroxene propor tions to give more realistic 


normative compositions for these slightly alkalic volcanic 


rocks . For ease of calculation any orthopryoxene in the 


norm was disregarded and roughly , equally divided between 


diopside and olivine . Th i s l atter generalization produces 


only minor , symmetrical changes in the modelled REE patterns 


with the estimated error in accuracy overshadowed by the 


range in percentage fractionation used in the modelling 


diagrams . 


The author believes that these somewhat arb i trary 


adjustments do not discount the underlying validity of this 


approach . Given that the REE are relatively immobile and as 


a group they portray a mildly alkaline volcanic suite it is 


reasonab l e to start with a generalized alkali basalt 


normative composition . Furthermore slight variations in 
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the composition of the starting material produces only minor 


effects on modelled REE abundances and the adjustments only 


become significant in the extreme case where one mineral 


phase is almost totally used up . With the very low 


proportions of diopside in the normative recalculations the 


loss of this phase was a constant restraint on modelling 


calculations . Some form of adjustment was necessary in order 


to even generally discuss the inferred petrogenetic relation


ships through REE modelling . Given the exotic and very 


divergent nature of some of the REE patterns of t he Nimish 


Subgroup it was thought that investigation into the possibility 


of cogenesis of these lavas was necessary to support the 


previously discussed recognition of two separate volcanic 


formations . Only through these generalizations is this line 


of inquiry possible . 


The modal abundances in the cumulate fractions are 


consistent with the major and trace element chemistry of 


these adjusted norms and are adjusted within these inferred 


limitations to produce a best fitting pattern . 


The trace elements Cr , Ni , Ti , Y, Nb , Zr and V were also 


modelled through the computer program. The Kd values for 


these mi nerals have not been as well studied as the REE but 


the sample calculations given produce reasonable results and 


serve as a good check on the assumptions used for the 


fractionating assemblage . 
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The ranges of fract i onation used in the modelling 


exercises were estimated from the relative Zr contents of 


the source and daughter rocks assuming that Zr is 11perfectly 


incompatible 11 • 


VI . 5 . 2 - Rare Earth Element Modelling of JS - 464 of 


the Point Lake Pluton : 


Generally no specific limiting factors could be placed 


upon the possible source rock or fractionating assemblage 


that was involved in the production of the plutonic rock JS -


464 , but the normal basic lavas, the intermediate lava , JS -


104 , and the acidic lava, JS - 111 , are all possible source 


rocks. 


With any one of these parent minerals the fractionating 


assemblage should consist predominantly of plagioclase + 


potash feldspar :!:: diopside and magnetite . From fig. 17 


clinopyroxene would seem to be a more prominent phenocryst 


phase with a normal basic source rock than with JS - 104 or 


JS - 111. Similarly apatite should be expected to play a 


very small role in any of the models tested . The use of 


zircon in the source and cumulate mineralogies was introduced 


to give more accurate modelled Zr values while the very small 


amounts used produce only very small effects on the modelled 


REE abundances . 







These petrogenet i c inferences are i n cluded in the 


various starting assemblages, cumulus mineralogy and 


percentage fractionation data used in the generation of 


the three best - fitting modelled curves, fig . 21. The input 


data used to generate these curves are presented below . 


Normal Bas i c Lavas : - 82 . 5% fractionation , Average basaltic 
Kd values 


Oliv . Aug. Plag . Apat . Zirc . Kfeld . Mag . 


137 . 


Source 10 . 00 30 . 00 40 . 00 1. 00 0 . 20 6 . 80 12 . 00 


Cumulates 


Intermediate 


Source 


Cumulates 


Acidic Lava 


Source 


Cumul ates 


11. 70 35 . 00 47 . 00 0 . 20 0 . 10 2 . 00 4 . 00 


Lavas : - 75% fractionation , Average dacitic Kd 
values 


Oliv . Aug . Plag. Apat . Zirc . Kfeld . Mag . 


0 . 0 14 . 50 55 . 00 0 . 30 0 . 20 22 . 00 8 . 00 


0 . 0 9 . 00 68 . 00 0 . 10 0 . 10 20 . 00 2 . 80 


JS - 111 : - 65% fractionation , Average Rhyolitic 
Kd values 


Aug. Plag. Apat . Zirc . Kfeld . Mag . Qtz . 


2 . 00 25 . 00 0 . 30 


2 . 7 5 27 . 00 0 . 0 


0 . 50 


0 . 25 


50 . 00 2 . 20 20 . 00 


68 . 00 2 . 00 0 . 0 


Obviously the most probable source rock type for JS - 464 


is the normal basic lavas in which the modelled REE abundances 


are within 20 percent of the measured abundances in all cases, 


fig . 21 . The very large Eu anomaly produced by the 


fractionation of JS - 104 or JS - 111 reflects the improbability 


of these source rocks . The strong modelled depletion for Eu 
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could be partially a result of inappropriate feldspar - Eu Kd 


values , as they are a function of ro 2 (B . J . Fryer, pers . comm . ) , 


but the r ange of deviat i on seems too great . Alternatively 


this anomaly could result from Eu mobility during secondary 


alteration (Sun and Hanson , 1978) , but previous discussions 


on the relatively unaltered K, Rb and Ba contents and the 


fresh petrography of the acidic samples of both formations 


probably discounts this possibility . 


The lack of an Eu anomaly in the modelled normal basic 


pattern is the onl y s i gnifi cant divergence from the actual 


pattern of JS - 464 in this source rock case . Aside from 


inappropriate f eldspar - Eu Kd values , this anomaly could be 


explained by the positive Eu anomaly of the average normal 


basic lava whose Eu value is somewhat artificially high due 


to the presence of 1 0- 15% plagioclase phenocrysts character


istically rich in Eu . Slightly less clinopryoxene in the 


cumulate phases and/or the source rock f or the normal basic 


model might have produced a t i ghter modelled fit f or the 


MREE and HREE but the large degree of f ract i onation restricted 


the proportions of fractionat i ng phases . 


The modelled trace element abundances for the normal 


basic case , Table 8 , are fai r ly consistent with this 


crystallizing assemblage . Modelled Nb and Y are quite high 


because of the low abundance of cumulus apatite . This low value 







Cr 


Ni 


Ti 


Nb 


Zr 


v 


TABLE 


TRACE ELEMENT ABUNDANCES IN JS - 464 OF THE 


POINT LAKE PLUTON 


ACTUAL MODELLED DIFFERENCE 


1 - 86% 


1. 02 0 . 73 - 28% 


51 75 + 47% 


66 84 + 27% 


510 476 7% 
40 - 93% 


* Calculated at 82 . 5% frac t ionation . 


Cr 


Ni 


Ti 


y 


Nb 


Zr 


v 


TABLE 


TRACE ELEMENT ABUNDANCES OF THE DEPLETED INTERMEDIATE 


LAVAS OF THE ASTRAY LAKE FORMATION 


ACTUAL MODELLED DIFFERENCE 


10 - 90% 


12 - 75% 


0 . 92 1.13 + 23% 
31 29 6% 


25 22 - 12% 


209 233 + 11% 


75 41 - 45% 


* Calculated at 15% fractionation . 
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was used because if more apatite was subtracted a signifi 


cantly higher degree of fractionation is needed to approach 


the REE pattern of JS - 464 , which would imply a higher amount 


of z i rcon f ractionation . Detailed mineralogical studies have 


not revealed signifi cant amounts of zircon crystals in the 


acidic or intermediate volcanics of the Nimish Subgroup (T . 


Krogh , pers . comm . ) and hence it seems that the stabil ity 


volume o f zircon was never achieved . Therefore calling for 


e xtensive z i rcon fractionation is unreasonable . As i t stands , 


the nor mal basic model calls for . 10 percent zircon fraction 


ation . Without this added loss of zircon the modelled 


abundance of Zr would be 871 ppm . 


VI . 5 . 3 - Rare Earth Element Modelling of JS - 033 and 


JS - 505 of the Astray Lake Formation : 


The d i scussion in Secti on VI . 3.3 showed that the der ivation 


of J S - 033 and JS - 505 from an average normal b as i c l ava of 


the Astray Lake Formation were very critical petrogenetic 


steps . Figure 17 showed the important role that apatite 


played in this transition while the sharp decrease in Ti02 , V 


a nd Cr i ndicates the presence o f magnetite fractionation 


(Appendix B) . The larger change in the Ce/Sm rati o coupled 


with a s maller increas e in Zr f or JS - 033 (fig . 17 ; Appendix B) , 


implies that a slightly smaller percentage of fractionation 







was involved in the formation of JS - 033 than JS - 505 


from the normal basic lavas of the Astray Lake Formation . 


Similarly apatite , which is the controlling mineral with 


respect to the Ce/Sm ratio, must have been a more important 


phase in the formation of JS - 033 . 
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Some generalizations can also be made on the clino


pyro xene/plagi oclase ratio in the fractionat i ng assemblage 


for these two cases . The REE chemistry , figs . 17 and 18 , 


implies that c linopyroxene is a more important phase in the 


formation of JS - 033 than JS - 505 as it would complement 


the increase in Ce/Sm and decrease in Sm/Er caused by apatite 


fractionation , helping to explain the large changes in these 


ratios noted with an inferred derivation from a normal basic 


source rock . 


These geochemi cal/petrogenetic inferences are supported 


by the petrography of JS - 033 and JS - 505 (Append ix F) . JS -


033 is a plagioclase porphyritic intermed i ate lava with 


occasional flow alignment textures . The relative densities 


of plagioclase and typical basaltic liquids precludes the 


settling out of these plagioclase phenocrysts so it is possible 


that these phenocrysts could have been carried up with the 


f r actionated liquid that formed sample JS - 033 . As such,loss 


of plagioclase through fractionation in the formation of JS -


033 would be minimal and a high clinopyroxene/plagioc l ase rat i o 


in the cumulus phases relative to JS - 505 would be expected . 
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Conversely JS - 505 is a potash feldspar - phyric inter 


mediate rock that lies immediately above JS - 033, fig. 1 . 


The absence of plagioclase feldspar phenocrysts in this sample 


is significant in its possible implication that plagioclase 


feldspar had totally fractionated out of the system during 


the petrogenesis of this sample . A high plagioclase/clino


pyroxene ratio in the fractionating assemblage for JS - 505 


was used to account for these observations . 


These general limitations are incorporated into the 


modelling inpu t data as summari zed in figs. 22 and 23 . 


Accurate modelling of JS - 033 was extremely difficult 


as apatite totally dominated the bulk Kd calculations for the 


LREE and MREE . As a result when the MREE bulk Kd values are 


made high enough to produce the required depletion over the 


small percentage of fractionation, the Kd values for La and 


Ce approach 1 and hence little LREE enrichment was possible . 


This results in low modelled La and Ce abundances, fig . 22 . 


A similar problem was experienced in the HREE where the 


chemically measured depletion was more than that allowed by 


apatite modelling alone . In this case large amounts of 


cumulus clinopyroxene were added in an e ffort to decrease the 


mode lled abundances of HREE and as called for in the previous 


discussion . The results indicate that it was not enough in 


that Dy and Er are still modelled too high . A small amount 
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of zircon fractionat i on would p r oduce a closer fit f or the 


HREE but t h is was considered i mprobable with t h e low Zr 


contents of the two rock types . The reason for this 


modelling discrepancy could be due to inaccurat e apatite Kds 


or to possible anomalously high Dy , Er , Yd and Lu abundances 


in the normal bas i c lavas resulting from their pecul i ar 


HREE l evelling off pattern . Further discussion o f the 


variation in HREE patterns is left to Sect i on VI . 6 . 


The other modelled trace e l ement abundances , Table 9 , 


agree very closely in all cases except Cr . Thi s re l atively 


c l ose correspondence is surprising considering the amount of 


apatite and magnetite fractionated and their strong control 


on the listed trace elements (Append i x E) . 


The best f it model for the generation of t he normal 


intermediate l ava , JS 505, f rom the normal bas i c lavas is 


presented in fig . 23 . The f it i s fa i rly good for the LREE 


and MREE but is low for the HREE . These low abundances pers i st 


despite the HREE leve ll ing pattern for the norma l basic lavas, 


and the low clinopyroxene/plagioc l ase ratio in the 


fractionating phase . This serves to emphas i ze the larger 


degr ee o f HREE enrichment displayed by the normal intermediate 


sample relative t o the normal basic lavas . These HREE 


enrichments are in turn s uperceded by the acid i c rocks of the 


same Astray Lake Formation . 
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The i nab i lity to successfully model this transition 


could be due to a number of factors : appropriateness of 


the apatite Kd values , experimenta l error , problems in 


general i zations of sour ce and associated cumulate normative 


compositions and possible secondary mobility of the REE . 
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The consistency of the HREE enrichment amongst these samples 


and the i r close association around the volcanic centre of the 


Jasper Mountain area also adds the possibility that the HREE 


are controlled by complexing processes within volcanic gas 


phases assoc i ated with the f i nal stages of fractionatio n . 


Further discussion of this aspect is left to Section VI . 6 . 


Sma l l variations i n the extreme clinopyroxene/plagioclase 


ratio of the cumulate phases chosen for this step could be 


easily accommodated with only minor changes in the modelled 


pattern . A large amount of plagioclase cumulates was modelled 


because it is cons i stent with the previous discussion on 


feldspar mi neralogy and produces the closest approximation to 


the HREE abundances of the normal intermediate samples that 


is possible by derivation from t he normal basic lavas . Choice 


of any other sour ce material would deviate even more in the 


HREE because it is only the normal basic lavas that approximate 


the HREE enriched pattern of the normal intermediate lavas . 


The modelled t r ace element abundances for this transition , 


Table 10, are all very cons i stent except for Ni and Cr which 







Cr 


Ni 


Ti 


y 


Nb 


Zr 


v 


TABLE 10 


TRACE ELEMENT ABUNDANCES OF THE NORMAL INTERMEDIATE 


LAVAS OF THE ASTRAY LAKE FORMATION 


ACTUAL MODELLED DIFFERENCE 


10 - 90% 


9 2 - 78% 


0 . 98 1.19 + 21% 


35 36 3% 


32 27 - 16% 


228 243 + 7% 


61 43 - 30% 


* Calculated at 20% fractionation . 


Cr 


Ni 


Ti 


y 


Nb 


Zr 


v 


TABLE 11 


TRACE ELEMENT ABUNDANCES OF THE ACIDIC LAVAS 


OF THE ASTRAY LAKE FORMATION 


ACTUAL MODELLED DIFFERENCE 


13 1 - 92% 
4 2 - 50% 


0 . 29 . 63 + 117% 


151 105 - 30% 


95 93 2% 


866 764 - 12% 


15 - 87% 


* Calculated at 75% fractionation . 
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are reasonable considering the aforementioned arguments on 


the precision of these elements . The close modelled 


abundances displayed by Nb and Y in this step and Table 9 , 


both of which involved substantial apatite, supports the 


assumption that these elements roughly follow Dy in their 


geochemical behaviour (Appendix D) . 


VI . 5 . 4 - Rare Earth Element Modelling of the Average 


Acidic Analyses of the Astray Lake Formation : 
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Little can be said about possible source rocks for the 


acidic samples of the Astray Lake Formation except that it 


was not the enriched intermediate sample JS - 104 or the 


depleted basic lava JB - 79 , figs . 17 and 18 . In this case 


a similar approach to that used to determine the probable 


source for JS - 464 was followed . The best fitting curves 


for each possible source are plotted together for comparison 


in fig . 24 . The source and cumulate mineralogy , and percentage 


of fractionation used in each case is listed below . 


Due to the high percentages of fractionation involved 


in all cases the proportions in the cumulate mineralogy were 


determined by estimating the mineral proportions that would 


leave a residual composition that approximates the normative 


composition of the acidic rocks (i . e . half quartz and half 


alkali feldspar with minor iron oxides) . Small amounts of 







apatite fractionation are included to comply with the 


drop i n P 2o5 contents noted in al l cases . As noted in the 


summary table of input data , diffe r ent Kd value sets are 


used for the intermed i ate and basal tic source rocks . 
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No r mal Basic Lavas : - 80% fractionation , Aver age Basaltic Kds 


Source 


Cumulates 


De21eted 


Sour ce 


Cumulates 


Oliv . Aug . Plag . Apat . Zirc . Kfeld . Mag . 


10 . 00 32 . 00 40 . 00 1. 00 0 . 20 6 . 80 10 . 00 


11 . 00 33 . 00 44 . 00 0 . 55 0 . 0 6 . 00 5 . 45 


Intermediate Lavas : - 80% fract i onation , Average 
Dacitic Kds 


Aug . Plag . Apat . Zirc . Kfeld . Mag . Qtz . 


10 . 00 50 . 00 0 . 20 


11 . 00 55 . 00 0 . 22 


0 . 30 


0 . 0 


25 . 00 


27 . 50 


4 . 50 10 . 00 


4 . 00 2 . 28 


Nor mal Intermediate Lavas : - 75% fract i onation , Average 
Dacitic Kds 


Sour ce 


Cumul ates 


Aug . Plag . Apat . Zirc . Kfeld . Mag . Qtz . 


5 . 00 49 . 00 0 . 20 


6 . 00 54 . 00 0 . 25 


0 . 20 


o. 0 


29 . 60 


30 . 00 


6 . 00 10 . 00 


3 . 50 6 . 25 


From fig . 24 it seems that the best source rock for the 


acidic lavas is the intermediate sample JS - 505 as it is 


the only one that approximates the HREE enrichment o f the 


acidic lavas . The d i fference at Lu cou l d be analytical error 


(Appendi x A) . The contrasting modelled HREE patterns produced 


from a source with a linear distribution o f HREE (JS - 033) 


relative to one with a moderately enriched HREE pattern 
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(normal basic lavas) is well displayed in this figure . Th e 


l ack of any negative Eu anomaly in the modelled normal 
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basic pattern would be par t ially compensated for by the use 


of dacitic Kds in the higher levels of fractionation , if this 


were possible within the computer program . 


The petrogenetic relationship of the acidic lavas with 


the normal intermediate lavas rather than the normal basic 


lavas, which seem to be the parent for the o t her t ypes, is 


not unexpected considering their close associat ion in the 


field . In this sense JS - 505 might represent the products 


of some form of high leve l fractio n a t ion chamber formed in a 


similar fashion to that envisaged for the plutonic rock JS -


464 which is associated with the Petitsikapau Lake Formation . 


The other modelled trace element abundances for the 


normal intermediate source rock are l isted in Table 11 . The 


fit is not c l ose for Ti0 2 , Y or Zr but at these high levels 


of fractionation slight variations in the percentage of 


crystallization have large effects on t he trace element 


abundances. For example with only 5 percent furt her fraction 


ation the Y value rises to 124 ppm, Zr to 928 ppm and Ti0 2 


drops to 0 . 59 percent, which more c l osely approximate the 


measured average abundanc·es . 


The demonstra t ion that this petrogene t ic t ransition is 


possib l e lends support to the argument that fractiona l 
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crystalli zation was responsible for the formation of the 


alkali rhyolites and similar l y consolidates the argument 


that all the volcanic rocks of the Nimish Subgroup could be 


cogenetic and as such are probably related to the same large 


scale , tetoni c event . 


VI.6 - Discussion 


The preceeding discussions have attempted to explain the 


petrogenesis of the Petitsikapau Lake and Astray Lake volcanic 


cycles by means of a fractional crystall i zation model . 


Although there are shortcomings in a few of the proposed 


cases the pattern implied is fairly cons i stent and compatible 


with the geological and geochemical evidence available . 


The detailed geochemical and experimental studies on the 


petrogenesis of the transitional alkali basalt-peralkaline 


rhyolite suite are not whol l y consistent with this interpretation . 


Macdonald (1975b) in a review o f the role of fractional 


crystallization in the formation of peralkaline, s i lica 


saturated volcanic rocks stressed the i nconsistencies of the 


fractional crystallization mode l with the observed silica gap 


(lack of a proportionate amount of intermediate rocks), and 


the inability of experimenta l work to explain their formation . 


Chayes (1963) was the f irst to recogni ze the scarcity 


of published analyses i n the 53% L Si02 L 57% range among 
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oceanic island volcanic suites . He interpreted this as 


strong evidence against the basalt - trachyte series forming 


by conventional means of f raction a l c r ystall i zation in which 


more evolved rocks should occur in progressively smaller 


percentages . This view has been challenged by Macdonald 


(1963) and Baker (1968) who argued that this apparent gap 


was mainly due to personal sampling bias and/or level of 


erosion , and conducted statistical sampling surveys to prove 


it . Similarly Bryan (1964) has pointed out that some layered 


intrusions have pronounced silica gaps and hence the silica 


distribution may be a function of the mechanics of 


crystallization . 


Baker (1975) and Macdonald (1975) in reviews of the 


peralkaline suites of oceanic and continental areas have 


concluded that this silica gap is indeed real and perhaps 


has some petrogenetic/tectonic significance as discussed in 


Chapter VII . Aside from the volcanic islands of Socorro 


(Bryan , 1964) and Gran Canaria (Baker , 1975) the only place 


where a bimodal distribution of Si02 is well developed is in 


continental rift areas such as the East African Rift . A 


fractional crystallization model is often very difficult to 


apply to these suites and alternative hypotheses should be 


considered (Macdonald et al . , 1970). 







The disproport i onately large volume of salic magmas 


relative to mafic members in certain areas of the East 


African Rift Valley prompted Bailey and Schairer ( 1966) to 


suggest that the alkali - rich acidic rocks formed from 


partial melting in the deep crust or upper mantle . Wright 


(1966, 1969) found ultrabasic nodules in some phonolites 
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and trachytes from New Zealand and Nigeria which he inter


preted as indicating a d irect mantle origin for these rocks . 


The volumetric proportions of acidic rocks in the Nirnish 


Subgroup is impossible to estimate because of the unknown 


factors of the amount of erosion and level of exposure . 


Therefore it is unrealistic to discount a fractional 


crystallization model for the Nimish Subgroup by the presence 


or absence o f a silica gap . Similarly the close geographical 


association of the various rock types and the plausibility 


of the implied petrogenetic relationships discussed previously 


support a fractional crystallization model . 


The experimental petrology of peralkaline rocks has been 


historically treated relative to the Q - Ne - Ks residua 


system (Hamilton and MacKenz i e , 1965) in which fractionation 


of an alkali feldspar f rom trachytic liquid drives the 


composition away from albite - orthoclase thermal divide . A 


slight deficiency or excess in Si02 and/or Na + K + Ca 


relative to Al wi ll produce a silica saturated or under -
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saturated , peral kaline or peraluminous melt upon fur t her 


fractionation . Bailey (1975) has shown that the quartz -


feldspar cotectic of the Q - Ne - Ks system is equivalent to 


all comendite and some panteller i te compositions but the 


plots of the h i gh Fe pantellerites are highly distorted in 


this projection . Generally these extreme pantelleric 


compositions conform to the natural eutectic of the 


Na 2 0- A1 2o3- Fe 2 o 3- s10 2 system (Bailey and Scha irer , 1966 ; 


Macdonald , 197 4) and in th i s sense cannot be explained by 


feldspar fractionation a l one . 


Ferrara and Treuil ( 1975) have proposed that the 


fractionation towards a pantellerite or comendite composit i on 


is controlled by the ro2 of crystallization, with a low f0 2 


favouring feldspar fract i onation leading to a comenditic 


composition while a high f0 2 favours the iron rich panteller i tes. 


Villari ( 1975) found volcano logical evidence to support this 


view in the mixed high and low Fe pantellerite suite of the 


Island of Pantellaria . Martin (1975) has shown that the mixing 


of anhydrous trachyandesites with a gaseous steam phase will 


cause extract i on of a silicic , high Fe +3 , Na , K and low Al 


liquid very similar to common pantellerites . Bailey (1975) 


also stressed the possible importance of alkali rich gaseous 


activity in the format i on of peralkaline rocks noting (1) the 


high F, Cl and co2 contents of peralkaline rhyolites, (2) the 







abundance of alkaline volcanic exhalations and springs , 


(3) the alkali losses during devitrification indicating 


that the alkalis are only lightly absorbed on crystalline 


and glass phases , and (4) the fenitic metasomatism often 


associated with alkaline volcanic centres . 


As the acidic rocks of the Nimish Subgroup approach 


comenditic composition (Macdonald , 1975) the theoretical 
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formation of these lavas is consistent with the abundance of 


feldspar fractionation used in fig . 23 , although contamination 


by means of gaseous activity should not be ruled out . 


The petrogenetic model l ing of the Nimish Subgroup is 


generally consistent with the fractionation models proposed 


from the major element data of similar transitional basalt -


alkali rhyolite suites that do not have prominent silica gaps 


such as the Little Aden suite (Cox et al. , 1970) and the 


Boina centre (Barberi et a l., 1975) also of the Afar region . 


In each of the above suites an assemblage of olivine plus 


subordinate clinopyroxene and plagioclase fractionated to form 


the ferro - basalts from the primary alkali olivine basalts . 


Similar to the Nimish Subgroup , Ti0 2 and P 2o5 abundances build 


up until the formation of the intermediate lavas while alkali 


feldspar phenocrysts mark the transition to the peralkaline 


acidic rocks . Barberi et al . (1975) stress the sympathetic 


variation between total Fe, Fe +2 /Fe +3 , and Eu , noting signi-
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ficant breaks in the fractionation pattern at the onset of 


magnetite and apatite fractionation . This was similarly noted 


in the Ni mi sh Subgroup . These general comparisons support 


the classification of the Nimish Subgroup as an alkaline 


volcanic suite . The possible tectonic implications of these 


petrogenetic similarities are discussed in Chapter VII . 


Attempts have been made to model the major element 


abundances in the proposed fractionation steps through the use 


of petrochemical subtraction equations and estimated 


compos i t ions of phenocryst phases. The results of these 


calculations proved to be consistent with the general trends 


but highly erratic in individual cases. Generally the 


proposed major e lement fractionation mode ls produced inter 


mediate rocks from basic rocks and acidic rocks from inter


med i ate rocks, etc . , but the fine points such as the 


Ca0 - Na 2D- K2D and MgO - FeO abundances and ratios were very 


inaccurate . The reasons f or these discrepancies may be due 


to a number of factors such as the alteration that has 


effected the samples , the simplification of the mineral 


proportions used in the modelling , the unknown composit i on 


of the phenocryst phases and the insensitivity of petrochemi cal 


subtraction equat ions to slight changes in the f ractionation 


assemblage such as zoni ng in phenocrysts, which is common 


in alkalic suites . The author believes that this discrepancy 
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is not too serious as the Nimish Subgroup has experienced 


substant ial alteration of most major elements and the models 


proposed give reasonable results for the trace elements and , 


except for a few cases , produce overlapping REE patterns . 


The main prob l em with the REE modelling is in the 


fractionation within the Astray Lake Formation, figs . 22 and 


23 , in which an over l apping mode lled field was not obtained, 


or extreme cumulate compositions were necessary to obtain the 


overlap . The discrepancies invariably occurred in the HREE , 


Dy - Yb, in which some samples show a distinct levelling off, 


(normal basic , normal intermediate and acidic lavas) , while 


others maintain a steeply inclined pattern, (depleted basic, 


depleted intermediate and enriched intermediate lavas) . The 


uniqueness of the two sets of patterns might imply that there 


are two separate magma series represented in the Astray Lake 


Formation but the close field association of the two series, 


(most notably the depleted and normal intermediate lavas) , 


makes this seem unlikely . A certain amount of zircon 


fractionation would help in the REE modelling of certain 


petrogenetic relations such as in fig . 23 , but this also 


seems unlikely considering the low Zr contents of both the 


parent and daughter roc k types and the lack of any petrographic 


evidence supporting this assumption . 
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The other poss i ble explanation for these discrepancies i s 


that the REE abundances o f the HREE enriched lavas have been 


i nc r eased by some form of HREE complex i ng process . 


The origi nal documentation of this process comes from 


Fryer and Edgar (1977) who showed that the re l ative l y enriched 


HREE abundances of eudialyte bearing peralkaline rocks is 


primarily contained in the mineral eudialyte and that this 


mineral showed varying REE patterns between intrusive complexes . 


The d i fferences in the eudialyte mineral £., Ce/~ Y ratios 


were i nte r preted as a runction of the i mportance and duration 


of REE complexing a t t hat particular stage of fractionation, 


with the beginning of eud i alyte fract i onation probably 


represent i ng the point at which the REE comp l exe s begin to 


break down . Bowden and Whi t ley (1974) noticed a similar form 


of HREE enrichment associated with the late stage albitization 


of some peralkaline granites . Exper imental work recognizing 


the stabi l ity of HREE complexes i n t h e presence of halogens 


and co2 as volatile constituents has been documented by 


Bandurkin (1961) . 


If this HREE pattern complexing process was operative 


during the f ract i onation of the Nimish Subgroup certa i n geo


chemi cal traces of the activi ty should remai n. The HREE 


enriched patterns of t h e norma l intermed i ate and acidic lavas 


of the Astray Lake Formation and the diff i cu l ty of modelling 







their REE patterns may indicate some form of extraneous 


factor of this sort . 
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In conclusion it can be said that notwithstanding a few 


minor discrepancies , volcanic rocks of the Nimish Subgroup 


do form a distinct geochemical suite which displays a 


recognizable fractionation pattern that can be modelled with 


REE data using a few reasonable generalizations and assumptions . 


The models proposed obviously do not possess any degree of 


geochemical rigidity in terms of producing a comprehensive 


study of the interrelationships des i gned to explicitly define 


the fractionation relationships . Rather they serve to 


demonstrate the petrogenetic possibilities within this suite, 


and in doing so , offer support for their recognition as two 


separate volcanic formations generally related to the Aphebian 


tectonic event responsible for the formation of the Nimish 


Subgroup . 







CHAPTER VII 


TECTONIC AFFINITIES OF THE NIMISH SUBGROUP 


The tectonic affinities of any Proterozoic volcan i c 


suite is a highly speculative topic considering the small 


number of studies done on such areas and the uncertainty in 


the nature of tectonic processes during this period . Similarly 


the geology of the Aphebian Era, or earl i est Proterozoic 


period , 2400 my - 1735 my, is unique within the global 


stratigraphic record and hence cannotbe compared to modern 


day tectonic environments . The worldwide distribution of 


extremely large, Aphebian age, sedimentary basins which 


consistently show a dolomite + quartzite + iron formation type 


stratigraphy, such as the Labrador Trough, reflect a tectonic 


and atmospheric environment that has not been repeated in the 


history of the earth . Therefore the significance of the 


Nimish volcanics relative to this globally correlated strati 


graphy becomes even more enigmatic because the nature of the 


dominant geologic processes of this era are poorly understood 


themselves . 


With reference to this background the tectonic affinities 


of the Nimish Subgroup will be discussed relative to other 


Aphebian sedimentary basins, volcanic suites of Labrador of a 
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similar age and to modern day tectonic/volcanic associations 


that are comparable to the geochemistry of the Ni mish 


volcanics . 


Large scale deposits of Aphebian age cherty iron formation 


are found in the Hammersley Basin o f Western Australia , the 


Transvaal System of South Africa , the Aminikie and Marquette 


Supergroups of the Great Lakes region of North America, the 


Minas Gerais Basin of Brazil and the Labrador Trough of Quebec 


and Labrador . With some reservations these sedimentary basins 


resemble each other in age , basin size , chemist r y , mineralogy , 


volcan i c and elastic associations and the general temporal 


restriction of the iron formation to certain horizons in the 


stratagraphic succession (Trendall, 1968) . The main differences 


lie in the stratigraphic sequence , thicknesses and thickness 


variations , sedimentary structures and the abundance of 


diagenetic r i ebeckite . Unfortunately the most important factor 


of these iron formation basins relative to this study, that 


of the volcan i c and elastic associations , is perhaps the 


least studied of the above . 


In review papers by Trendall (1968), Van Dorr (1973) , 


Bayley and James (1973) and Beukes (1973) the occurrence of 


volcanic rocks in iron formation - bearing, Aphebian - aged sedi 


mentary basins is highly variable . In the Hammers l ey Basin 


abundant mafic volcanic rocks are found in the lower Fortescue 
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and upper Wyloo Groups with only minor amounts of questionable 


tuffaceous material in the iron bearing Hammersley Group 


(Trendall, 1968) . Volcanics within the iron formation strata 


of the Transvaal Supergroup are restricted to one thin volcanic 


unit , the Ongeluk Lavas , which can be traced over most of the 


Transvaal Basin although a few rnafic volcanics are found in 


the underlying Wolkberg Group . Intermediate and acidic lavas 


are quite commonly found associated with the small banded iron 


formation members of the older Witwatersraand Supergroup 


(Beukes , 1973) . The volcanological associations of the Brazilian 


iron formations are not well understood but they are believed 


to be largely restricted to the uppermost Sobara Formation of 


the Minas Series (Van Dorr, 1973) . 


Pillowed volcanic rocks , predominantly of mafic composition, 


are restricted to the upper Baraga Group of the Marquette Range 


Supergroup of the Wisconsin and Michigan area of the northern 


United States (Bayley and James , 1973) . The volcanics are 


missing from the correlative rocks in the Aminikie Group of 


Minnesota and western Ontario . Small discontinuous units of 


banded iron formation are also found throughout the numerous 


Middle Precambrian inliers of the Rocky Mountain Belt in the 


western United States . The Yavapai Series of central Arizona 


is especially significant amongst these as it is a dominantly 


volcanic sequence made up of flows and volcanic breccias 







ranging in composition from basalt to rhyo l ite . Interbedded 


sediments consist of thin, lens shaped , beds of jasper 


bear i ng , cherty iron formation that contain variable amounts 


of volcanic detr itus ; similar to the magnetite greywacke facies 


strat i graphy of the Dyke Lake area . The average composition 


of this f acies of the cherty iron formation is similarly rich 


in MnO and A1 2o3 reflecting contemporaneous volcanic activity 


(Bayley and James, 1973) . 


The author was unable to find any geochemic al data on the 


aforementioned volcanic suites so direct comparison with the 


Nimish volcanics is impossible. Therefore the only comparative 


geochemistry dis cussed is with the other volcanic members of 


the Labrador Trough and with Cenozo i c volcan ic suit es which 


geochemically resemble the Nimish Subgroup. 


The petrochemi stry o f the Nimish volcanics i s generally 


consistent with a transi tional , alkali olivine basalt -


trachyandesi te - comendite differentiation scheme . Macdonald 


( 1975) and Baker ( 1975) in reviews of the geological occurrences 


of igneous suites which form peralkaline acidic volcanics 


recognized six major tec t on ic associat i ons. The most prominent 


of these is in continental areas o f epeirogenic upl i ft and 


ri f t i ng (the Oslo Graben , Rhine Graben , Mediterranean region , 


East African Rift Val l ey) . Other recognized continental 


tecton ic settings of acidic pera l kaline volcanism are : (1) 
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during late stages of tectonic activity often marked by 


large scale normal faulting and graben format i on (the Gardar 


Province of southwest Greenland), (Upton , 1974) and the White 


Mountain magma series of the New England Appalachians (Foland 


et al . , 1971; Rodgers , 1970) , {2) in isolated i gneous centres 


of vo l canic regimes dominated by subduction induced , calc 


alkaline volcanism (Mayor Island , New Zealand) , (Ewart et al ., 


1968a)and (3) in linear belts associated with the back arc 


areas of subduction zones (the alkaline province of Japan), 


(Ku uo , 1966) ; Basin and Range Province of the southwest 


United States (Noble and Parker , 1975) . 


Baker ( 1975) noted two further geological associations 


of peralkaline volcanism in the oceanic environment : ( 4) as 


islands near the crestal zone of oceanic rises (Easter , Ascension 


and Bouvet Islands) and (5) as islands arising from extensive 


submarine plateaus (Gran Canar i a , Kerguelen and the Azores 


Islands) . 


Baker recognized that the majority of oceanic peral kaline 


volcanics were comendit i c in composition with only the islands 


of Socorro and Gran Canaria possessing flows of pantelleric 


chemistry . He also found a general correlation between the 


alkalinity of the basaltic parent and the degree of peral kalinity 


of the acidic derivative . A significant silica gap is also 


related to the alkali basalt - pantellerite association , and 
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as such , is only developed in the Socorro and Gran Canaria 


suites . These petrochemical associations have no direct 


tectonic explanations as Gran Canaria is built upon a large 


submarine plateau while Socorro is located near the crest of 


the East Pacific Rise . The correlation of dominantly 


pantellerite volcanism, relatively more alkalic mafic 


volcanics and a significant silica gap is also recognized in 


the continental environments (Macdonald , 1975) . 


Continental peralkal i ne volcanism differs from the 


oceanic varieties in that the continental suites are associated 


with other magma ser i es while the oceanic suites are not . 


Generally the occurrences of comendite and/or peralkaline 


volcanism found near rift zones of continental regions are 


associated with ultra - potassic alkalic magmatism . This 


differs from the calc - alkaline volcanic associates of the 


dominantly comenditic volcan i sm found in the latter three 


continental tectonic associations as identified previously . 


In general there seems to be two general geological 


associations of the transitional/alkali basalt to peralkaline 


rhyolite differentiation scheme : 


(1) A dominant l y comenditic acidic vo.i.canism associated 


with transitional basalts , mugearites and trachytes 


that show no silica gap and are found in oceanic 


islands or continental regions active during 







orogenic or post - orogenic periods dominanted 


by calc- alkaline volcanism . 


(2) A comenditic and/or pantelleritic , b i modal suite 


associated with alkalic to ultrapotassic basalts 


predominantly found in continental areas of 


epeirogenic uplift and rifting or as an isolated , 


geochemically similar , volcanic suite found in 


some oceanic islands . 
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The tectonic setting of the Nimish Subgroup during the 


period of volcanism was probably of a continental nature 


covered by a shallow epicontinental sea which reflects the 


surrounding 11miogeosynclinal 11 sediments and the general 


scarcity of pillow lavas (Dimroth, 1968 , 1970a ; Dimroth et al. , 


1970) . The basaltic pillow lava - shale - gabbro assemblage 


of the Doublet Group offers a distinct contrast with the 


Nimish Subgroup and the Knob Lake Group in general . The 


Doublet Group has been generally interpreted to represent the 


predominantly volcanic infilling of a large linear basin 


that paralelled the Knob Lake sedimentary basin throughout 


the length of the Labrador Trough (Dimroth , 1970a , 1971; 


Dimroth et al., 1970) . 


The geophysical work of Kearey ( 1977) and Thomas and 


Gibb ( 1975) on the northern Labrador Trough and Cape Smith 


Fold Bets also supports a continental tectonic setting for the 
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11 miogeosynclinal 11 facies of the Labrador Trough . The geo 


physical models developed by these authors calls for a 


distinct thickening of the continental crust on the 11 inland 11 


or 11 miogeosynclinal H side of the Labrador Trough and a 


marked depression of the mantle - crust boundary underneath 


the Doublet Group . These crustal geophysical models are 


generally consistent with geological features of the 


11 miogeosynclinal " and 11 eugeosynclinal 11 d i vision of the 


Labrador Trough proposed by Dimroth (1968 , 1970a , 1971) and 


Dimroth et al. , (197 0 ) . 


The lack of any calc - alkaline volcanics in the vicinity 


of this continental setting is a factor in favour o f the 


Ni mish Subgroup being related to the second association of 


acidic peralkaline vo l canics as identified previously . 


Similarly the presence of such alkalic volcanic suites as 


the Hemati t e Lake trachyandesites and the ultra - potassic 


lamprophyre suite of the Labrador Trough (Dimroth , 1970b ; 


Dressler , 1975) , both of which are possibly Aphebian aged , 


gives temporal volcan i c associates more typical of the second 


pet r ologic - tectonic grouping . 


These highly generalized petrologi c - tectonic associations 


are quite interesting in consideration of the tectonic sett i ng 


classification presented in fig . 25 (Pearce and Cann , 1973) . 


In this plot the mafic members o f the Nimish Subgroup show 
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Ti/100 


A - l ow K tholeiite field 


B - Ocean floor basalt field 


C - Cale-alkaline field 


0 - Within-plate basalt field 


Fig . 25 : Ti/100 - Zr- Y. 3 diagram 
for the Nimish Subgroup 
(Pearce and Cann , 1973) . 
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a very strong clustering in the "within plate basalt fieldn, 


field D, with only minor scatter in the " ocean floor tholei i te 11 


and 11 calc-alkaline basalt 11 fields. In relation to Cenozoic 


plate tectonics, within plate basalts are restricted to 


continental tholeiitic flood basalts, the alkalic shoshonitic 


magma series found on the cont i nental side of subduction zones, 


alkalic oceanic island suites and ultra - alkalic to transi 


tional basalt suites found in the major rift zones o f the 


wor l d . Al though the Nimish volcan ics are of Aphebian age 


and little is known of the nature of plate tectonics during 


the Proterozoic, the general geological, geophysical and 


geochemical features of the Nimish volcanics and surrounding 


areas most closely resemble the rift zone tectonic setting . 


The average compositions of the mafic members of some 


possibly related volcanic rock series of the Labrador Trough 


and the averages o f some we l l defined Cenozoic tectonic 


volcanic associations are given in Table 12 . The Hemat i te 


Lake and Doublet Group examples have been discussed previously 


while the data f or the lamprophyres comes from near the 


Hemati te Lake area also . The age of the lamprophyre suite, 


which consists of lamprophyres~ carbonatites~ kimberlites and 


melilite tuffs, is somewhat controvers i al as Dressler (1975) 


considered them to be possible Sokoman Formation equivalents 


while Dimroth (1970b) interpreted them to be post -


Kaniapiskau in age . 
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The Nimish vo l canics , Hematite Lake l amphrophyre 


sui te and trachyandes i te volcani cs are all wi t hin the 


11 mi ogeosynclinal tt fac i es of Di mroth e t al . ( 1970) , while 
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t he volcanics of the Dou blet Group and Attikamagen Formation 


are the pri ncip l e components of the complementary 


eugeosynclinal fac i es . The associat ion of the three alkal i c 


suit eswith the continental tectonic setting impl i ed by the 


umiogeosynclinal 11 facies stratigraphy and the absence of a ny 


evi dence of cal c - a l kaline vo l can i sm is cons i stent with a 


time tran s gressive , t ensional tec t on i c petrogenesis f or these 


vo l can i c suites . The eugeosync l inal, tholeiitic character of 


the Doublet Group and Attikamagen Formation basalts might 


represent periods of more extensive rifting and dominantly 


tholeiitic volcan i c activity . In r elation to Cenozoic 


tecton i cs t h e Doub l et Group and At tikamagen Formation basalts 


may possibly be the Aphebian age, ocean floor tholeiite 


complements to the r i f t facies a l kaline volcanics of the Dyke 


Lake and Hemat i te Lake areas . The miogeosynclinal , alkaline 


suites coul d represent aborted r i f t zones , aulocogens to t he 


main rift zone that produced the Doublet Group or the initia l 


alkaline products of the tectonic/petrogenetic cycle that 


produced the Doublet Group . 


The author real i zes that the temporal and geo l ogical 


association of the Nimish and Doublet volcanic suites is only 
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consistent with some form of rift - induced petrogenesis if 


Cenozoic petrologic - tectonic associations hold in the 


most general sense for Aphebian volcanic suites . The author 


has no comment on the plausibility of the above assumption 


but notes that there is a tendency to treat Archean volcanic 


suites in a generalized 11 plate tectonic 11 mode l similar to 


Cenozoic models (see generally Windley , 1975) and that aulocogens 


containing alkalic volcanic rocks (Olade and Morton, 1972; 


Olade , 1975) have been identified with i n the Aphebian 


supracrustal sequence of the Coronation Geosyncline (Hoffmann , 


1970) . 


Table 12 also compares the Nimish Subgroup with the Mugford 


volcanics of northeastern Labrador . The Mugford volcanics 


have been dated by Barton (1975) at 2369:': 55 my . Smyth and 


Knight (1977) however have proposed that they are younger 


than this and are correlateable with the Ramah Group , (dated 


at 1893 my.; Wanless and Loveridge , 1978), and Snyder Group of 


northern Labrador . As such the Mugford volcanics represent 


the only suite of Aphebian volcanic rocks outside of the 


Labrador Trough for which chemical data are available . 


The major and trace element data presented by Barton 


(1975) shows the Mugford Group to be a tholeiitic basalt 


suite . Stratigraphic evidence indicates that they were erupted 


as continental flood basal ts in basins that were quickly filled 
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by continental elastic sediments . The group is low in the 


immobile refractory oxides Ti02 and P 2o5 and the element Ga 


relative to the Nimish Subgroup . Nevertheless , the conti -


nental tholeiite nature of the Mugf ord Group would seem to 


indicate that the Lower Proterozoic in Labrador was 


dominated by basaltic magmatism and probab l y was a time of 


widespread tensional tectonics and rifting . 







CHAPTER VIII 


ECONOMIC GEOLOGY 


The Dyke Lake - Astray Lake area was surveyed for iron 


ore potential by Labrador Min ing and Exploration and Iron 


Ore Company of Canada geologists during the years of 1949 to 


1952 . The work of 1952 included some detailed 1 11 to 200 ' 


mapping, t rench i ng and assaying at promising localities of 


iron formation . None of the occurrences was considered to 


be of high enough grade to warrant any further exploration . 


Mo st of the iron formation in the Dyke Lake area was leached 


and enriched in iron, but no occurrences o f the 11 soft ore 11 


or 11 rubble oren type, which constitutes ore in the main ore 


zone, have been found. 


The Dyke Lake - Astray Lake area is generally poor in 


sulphide minerali zation with only two occurrences noted . Sma l l 


amounts of pyrite and cha lcopyrite occur as vein and 


amygdaloidal minerals on the islands of As tray Lake while thi n 


fi lms of galena are found a l ong fracture planes in intermediate 


volcanics west of Roger Lake . Neither of these occurrences 


warrants further work . 
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The petrogenetic interpretation of the Nimish Subgroup 


as a mildly alkaline volcanic suite associated with the 


initial stages of continental rifting implies metallogenic 


affinities with similar rock types and tectonic settings . 


During the Phanerozoic these environments usually show 


enrichments of rare earth elements, Nb, Ta, Hf , Li and other 


rare elements, in a lkaline granitic or pegmatitic bodies 


associated with volcanic centres. As no acidic intrusives 


are exposed in association with the Nimish volcanics the 


economic potential or the Nimish Subgroup does not seem very 


great . Sawkins ( 1976) in a review of the metallogeny of 


intracontinental hotspo t and rifting environments , sugges ts 


that the high heat flow and magmatic activity of these areas 


could also be responsible for some hydrothermal Pb - Zn and 


stratiform Cu deposits simi lar to the Zambian copper belt 


and the Mississippi Valley Pb - Zn deposits . In more advanced 


stages of rifting Ni - Cr and rare earth element deposits of 


layered basic intrusions and hydrothermal deposits of the 


Red Sea brine type may also be expected . No evidence for any 


of these types of mineralization was found except for the 


aforementioned sulphide showings . 


In conclusion no further work appears warranted to assess 


the economic potential of the area . If fur ther work on the 


accessible tonnages of iron formation is contemplated, the 







most promising areas f or assessment would be the south end 


of the large, canoe - shaped syncline north of Evans Lake 


and the long linear belt of iron formation that runs along 


the wes t shore of Astray Lake . 
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CHAPTER IX 


CONCLUSIONS 


( 1) The general stratigraphy of the Knob Lake Group 


in the southern Labrador Trough is disrupted in the Dyke 


Lake - Astray Lake area by a submarine to subaerial, volcanic 


and sedimentary assemblage . 


( 2) This volcanic assemblage , which has been redefined 


as the Nimish Subgroup , consists of a lower Petitsikapau 


Lake Formation and an upper Astray Lake Formation along with 


associated intrusive rocks . The two volcanic formations 


are partially separated by the Sokoman Formation . 


(3) Complex interbedding of the volcanics and an impure 


elastic facies of the iron formation occurs at the top and 


bottom of the Sokoman Formation , indicating contemporaneous 


volcanic, elastic and chemical sedimentary activity . 


(4) The Sokoman Formation is divisible into lower, middle 


and upper members which are broadly correlative with simi lar 


di visions in the Knob Lake area . 


(5) Detailed facies relationships of the Nimish volcanics 


and Sokoman iron formation imply a paleogeography dominated by 


a series of subaerially exposed volcanic islands and large, 


relatively flat sedimentary basins . 
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(6) The Sokoman Formation has numerous sections o f 


leached and enriched material in the Dyke Lake area , but 


no deposits of economic grade iron ore were recognized . 


( 7) The Nimish Subgroup volcanics disrupted the style 


180 . 


of folding during the Hudsonian orogenic event by producing 


close to open folds with closely spaced thrust faults, 


relative to the cont i nuous , broad open folding found elsewhere 


in the Trough . 


( 8) The Ni mi sh Subgroup lavas have been affected by 


lower greenschist facies metamorphism in which distinct 


additions of K2o are suspected . 


(9) The immobile trace element geochemistry implies 


that the Nimish lavas are a mildly alkaline volcanic suite 


which generally show an alkali basalt - trachyandes i te -


comendite differentiation scheme . 


(10) The major element data is highly erratic but 


generally supports the petrologic classification based on the 


trace elements . 


( 11) Distinct subdivisions within the Petitsikapau Lake 


and Astray Lake Formations are recognized on the basis of 


petrographic , major element and 11 relatively immobile 11 trace 


element data . 


(12) REE patterns of representative samples of the sub 


divisions are unique to those subdivisions and similar to 







other Cenozoic alkali basalt, trachyandesite and comenditic 


rocks . 


181. 


(13) The frac t ional crystallization petrogenetic 


re l ationships of the var i ous subdivisions implied by the major 


and trace elements are for the most part supported by REE 


modelling calculations . 


(14) The normal basic, normal intermediate and acidic 


lavas of the Astray Lake Formation consistently show anomalous 


results in REE model ling calculations primarily due to their 


dis t inct HREE patterns . 


(15) The REE abundances of the intrusive rocks of the 


Nimish Subgroup are similar to the extrusive rocks , confirming 


that they are cogenetic with the Ni mish lavas . 


(16) The REE patterns of the i ntrusive rocks of the 


Nimish Subgroup are not compat ib le with their formation in 


crystal accumu l ation chambers of the fractional crystallization 


processes responsible for the formation of the Nimish lavas . 


(17) The geo l ogical , geochemical and geophysical 


evidence indicates that the Nimish lavas represent a conti 


nental, alkaline vo le anic suite possibly related to the initial 


t ens ional tectonic, rifting environment that preceeded the 


extrusion o f the voluminous , tholeiitic lavas of the Doublet 


Group . 


( 18) The Nimish Subgroup l avas are barren of any signi 


ficant sulphide mineralization . 
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A. l - Samp l e Collection and Preparation : 


Specimens were collected to obtain the least altered 


material available while retaining a good distribution of 


rock types and sample locations. No attempt was made to 


collect the different rock types i n the proportions that they 


are exposed in outcrop . It is the author ' s opinion that the 


inferred percentages of mafic, intermediate and acidic 


samples are biased towards a silica rich distribution . The 


l ocations of the samples are indicated i n fig. 1 (in pocket) 


while the analyses are presented in Appendix B . 


Approximately 1 . 5 Kg samples were collected at each 


station and stored in plastic bags . Surface weathering was 


c l eaned off with a five pound sledge hammer be f ore shipping . 


Samples were washed with water prior to the following 


crushing procedure . 


(1) Samples were crushed to 1 - 2 cm chips in a Brawn 


steel jaw crusher or by an eight pound sledge 


hammer and steel plate . 


(2) A representative sample of these chip s was crushed 


in a tungsten carbide , Brawn pulverizer for three 


minutes producing a rock powder of -100 mesh . 


A total of eighty - four whole rock chemical analyses 


were made during the course of this thesis and are dist r ibuted 


as follows . 







23 - Petitsikapau Lake Format i on 


18 - Astray Lake Formation 


23 - Associated Intrusive Rocks 


Twenty other analyses were rejected because of various 


petrographic and geochemical factors . Any samples showing 
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5% H2 0 , Fe 2o3 > FeO , Na2 0+K2o > 12 . 0% or erratic 


variations in Zr , Nb , Y or Ga concentrations , when the samples 


we r e grouped by s 1 0 2 abundances , were not considered due to 


expected large scale rnetasomatism . All analyses were 


recalculated to 100 percent anhydrous before plotting . 


It should be noted that the major and trace element data , 


excluding the REE analyses , were independently provided for 


the author by the geological laboratories of Memorial University 


under subcontract with the Newfoundland Department of Mines 


and Energy . The trace element data were obtained through the 


standard procedure of the laboratory and are considered reliable 


while the major element data were part of an on- going, in- lab 


experiment on a new method of XRF analyses for the major 


oxi des (D . Press, pers . comm . ) . As is obvious from the 


analyses (Appendix B) , the procedure has not been perfected 


by the time of this study . In consideration of the metamorphism 


involved , the general stress on trace element geochemistry 


in the thesis and the time and financial constraints of the 


Newfoundland Department of Mines and Energy and the author , 
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it was decided to use them with qualification . Considering 


the aforementioned points on the small significance placed 


on the major element chemistry in the thesis and the fact 


that all the analyses were recalculated to 100% anhydrous 


be f ore plotting and any normative recalculations, the author 


believes that the geochemical inaccuracy i nherent in these 


major element analyses do not serious l y jeopardize the 


conclusions of the thesis . 


A. 2 - Analytical Procedures: 


A.2.1 - Major Element Analysis : 


Analysis of the major elements, s102 , Fe 2o3 (total) , Ti0 2 , 


CaO , K20 , MgO, A1 2o3 , Na 2o, MnO and P2o5 of the igneous rocks 


were done using a Philips 1450 X- ray fluorescence spectrometer 


with an Ag tube . 


Pressed powder pellets of the igneous rocks were prepared 


by mixing a 10 g sample with 1 . 3 g of a standard binding agent 


and pressing into a disc shape at 15 tons per sq . in . for one 


minute . 


Due to time and instrument availability factors it was 


found impossible to obtain precision and accuracy data on the 


pressed powder method of major element analysis . As a means 


of estimating these parameters, six samples were analyzed for 


major elements by the fused pellet - XRF method described by 







Rose et al . (1962) . Precision and accuracy data of the 


fused pellet - XRF method is given in Table 14, while the 


analyzed abundances of the six representative samples , as 


determined by both XRF methods , is given in Table 15 . The 


data for Table 14 comes from the unpub l ished work of R. G. 


Jamieson . 
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2 0 9 . 
TABLE 13 


PRECISION AND ACCURACY OF FUSED PELLET 


XRF METHOD - f.fAJOR ELEMENTS* 


ELEMENT ACCEPTED VALUE x+ £. STANDARD RANGE 


BCR - 1 ERROR OF MEAN LOW HIGH 


Si02 54 . 85 54 . 23 .1 5 . 06 54 . 05 54.42 


Ti02 2 . 22 2 .1 4 . 01 .004 2 . 13 2 .1 5 


Al 2o3 13 . 68 13. 46 .1 5 . 06 13. 21 13 . 68 


Fe 2o3 13 . 52 13 . 46 . 05 . 02 13 . 4 1 13 . 56 


MnO 0 .1 9 0 .1 7 .004 . 002 0 . 16 0 . 17 


MgO 3 . 49 3 . 49 . 05 . 02 3 . 44 3 . 60 


Cao 6 . 98 6 . 99 . 03 . 01 6 . 94 7 . 02 


Na2o 3 . 29 3 . 29 .09 . 03 3 .1 9 3 . 37 


K20 1. 68 1. 65 . 02 . nns 1. 64 1. 68 


P 205 0 . 33 0 . 34 .02 . 008 0. 32 0 . 37 


Total 100 . 23 99 . 23 . 12 . 05 99 . 07 99 . 39 


* Accepted values accor din g to Abbey , (1 974) . 


+ Average of s even individually fused samples . 
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In general the analyses obtained by the rapid, pressed 


pellet method greatly exceeds the estimated composition 


based on the precision and accuracy in the standardized 


fused pellet method . All accuracies in the fused pellet 


method are within 5 percent , except for MnO , while the 


prec i sions are 1 percent or less . Estimated accuracies for 


the pressed pellet method range from about 5 percent for s102 , 


MgO and K20 , 10 percent for A1 2o3 , Fe 2o3 (total) , and Na2 o, 


and 15- 20 percent for Ti0 2 , Cao, P2o5 and MnO . The error in 


the accuracy of the pressed pellet method increases with 


decreasing concentration . 


A. 2 . 2 - Ferrous Iron Analysis : 


Ferrous iron , FeO , was determined by the cold dissolution 


method of Wilson (1955) as described in Wilson (1968) . 


Fe 2 o3 was recalculated by the following equation : 


Fe 2o3 = Fe 2o3 (total) - 1 . 11 X FeO 


A. 2.3 - Loss on Ignition: 


The loss on ignition was done by observing the weight 


loss af'ter heating the sample for two hours in a furnace at 


1050°C . 
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A. 3 - Non- REE Trace Element Analysis : 


A total of thirteen non- lanthanide trace element 


abundances were obtained for each sample . The trace elements 


determined are as follows : V, Cr, Ni , Cu , Zn , Ga , Rb , Sr , Y, 


Zr , Nb, Ba and Pb . The pellets prepared for the major 


element data on the igneous rocks were used in the trace 


element XRF runs also . The standard quoted precision and 


accuracies for this trace element analysis method is listed 


in Table 16 . The data comes from a compilation of standard 


analyses prepared by Mr . D. Press . The accuracies are within 


10 percent for all elements while the precisions are highly 


variable largely depending on the absolute abundances . 


A. 4 - Rare Earth Element Analysis : 


The rare earth element abundances were determined by a 


modified version of the Ion exchange X- ray fluorescence 


procedure of Eby (1972) . A generalized experimental method 


is listed below : 


(1) 1 . 000 :!: . 0001 g of the sample was weighed into a 


100 ml teflon beaker , wetted with demineralized 


water and treated with 10 ml of 2N HCl to dissolve 


any carbonate . 


( 2) 2 ml of a Tm spike containing ....._... 30 gm of Tm per ml 


was added and then the sample was treated with two 







ELEMENT 


Cr 


Ni 


Cu 


Zn 


Ga 


Rb 


Sr 


Zr 


Nb 


Ba 


Pb 


TABLE 15 


PRECISION AND ACCURACY OF PRESSED PELLET 


XRF METHOD - TRACE ELEMENTS 


ACCEPTED VALUE;;:; 


~ 


34 


11 


85 


23 


170 


480 


12 


300 


14 


1850 


29 


43 


13 


17 


85 


24 


166 


477 


11 


292 


10 


1865 30 


27 


* Accepted values according to Abbey, (1974). 


+ Average of 10 ind ividually pressed pellets. 
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STANDARD 


ERROR OF MEAN 


. 949 


. 949 


. 632 


.316 


. 632 


. 316 


. 632 


2.214 


. 632 


.949 


.316 


9.489 


.632 







10 ml aliquots of concentrated HF until fully 


decomposed . 


( 3) Samples were taken to dryness and successively 


treated with 10 ml aliquots of 6N and 2N HCl . 


Finally the samples were redissolved 10 ml of 


. 2N HCl. 
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(4) The solutions were then quantitatively transferred 


to previously cleaned and pH balanced ion exchange 


columns filled with - 100 to - 200 mesh , chromato


graphic grade , o r ganic resin REXYN 101 (Na) 


(Fisher Sc i ent i f i c Company listing R- 181) . 


(5) 'rhe columns were eluted with 110 ml of 2N HCl which 


removes all the elements except for the REE , Ba , Hf , 


Zr , Y and Sc . 


(6) The REE , Y, Sc and Ba were collected in teflon 


beakers by eluting the columns with 100 ml of 6N 


HCl . This solution was evaporated to dryness and 


later disso l ved in . 2N HCl . 


(7) A f ew drops o f concentrated H2so 4 were added to 


precipitate out the Ba as Baso 4 which was filtered 


off . 


(8) Reeve Angel SA- 2 ion exchange papers , previously cut 


to fit the sample holders , were added to the solution 


which was gradually brought down to dryness under a 


low intensity heat lamp . 
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(9) Both sides of the ion exchange paper were then run 


on the XRF with the raw count data reduced to ppm 


output by a modified version of the correction 


method outlined in Eby 0972) . 


Only samples having a yield greater than 80 percent were 


accepted . The yield is calculated by comparing the analyzed 


Tm abundance with the theoretical limit as determined by 


the amount of Tm spike added . Fryer (1977b) estimated the 


analytical error for all elements except Yb to be less than 


10 percent , with Yb having an error less than 20 percent . 


The analytical values listed in Tables 5 , 6 and 7 are 


those obtained by this method for all samples except JS - 098 


which was scaled by a factor representing the difference in 


the Y values as determined by XRF and the Y value determined 


by the above wet chemical method . In this case the low yield 


of JS- 098 caused an overcorrection in the data reduction, 


resulting in the Y value being 1 . 447x too high , and as a 


result all REE abundances were scaled down by a factor of . 691 . 


This data reduct i on produces a symmetric pattern relative to 


that implied by the raw data but La would have a value of 


1809x chondrites rather than 1250x as plotted in fig . 16 and 


all the other REE would be scaled up by a similar factor . 
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Chemical Analyses and Norms 







PETITSIKAPAU LAKE FORMATION DEPELETED BASIC VOLCANICS 217 . 


SAMP LE . JB77 05 7 * JS77 181 . JS77 57 • JS77 13 3 • 


SI02 . 45. 78 43.55 . 43. 14 42.4 9 . 
TI02 • 1. 1, 3 1.44 • 1. 87 1. 70 • 


AL203 13. 91 11.9 6 12. 67 13. 24 • 
FE203 5 . 18 4.44 6. 13 7 . 30 


fEO 10.18 9. 78 11. 59 10 . 3 1 
MNO - 22 - 19 - 23 • 29 
MGO 9.93 8 . 36 B. 46 9.42 
CAO * 7.65 * 8 . 29 7. 57 6 . 80 


NA20 • 2. 56 • 1. 48 1. 99 2 . 92 * K20 • 80 * 2.27 1. 24 .48 
P205 - 23 • • 19 . 20 .1 9 


LOI * 4.00 4. 16 4 . 78 4.72 
TOTA L • 101.87 96 .11 99. 87 99.86 


ZR 121 138 123 109 
SR * 0641 . 0 548 0278 0226 
RB • 0 15 • 053 030 017 
ZN 11 3 097 11 4 106 
cu 062 074 117 . 140 
BA 04 2g 0481 0947 • 0231 
NB 12 24 18 24 
GA 021 0 19 016 022 
PB 005 000 000 00 1 
N.I 119 236 060 089 
CH 034 202 . 011 059 


253 184 • 199 358 • 
0026 0019 0028 0027 


QTZ . 
KS PAR 4. 83 14. 58 • 7.70 22.98 


ALB * 22 . 12 13. 6 1 17. 70 25. 96 
ANOH 24 . 61 20 . 96 . 23. 10 22. 70 
NEPH • 


COH . 
DIOP 10.46 • 18.46 12. 49 9. 35 


HYP 11. 42 8 . 52 12. 46 5 . 03 
OLIV 15. 56 13. 39 13.00 18.99 


MAG 7. 67 6 . 99 9. 34 11.1 2 
ILM 2. 77 2. 97 3. 73 3.39 


APAT • 55 .4 8 - 49 - 46 







218. 
PETITSIKAPAU LAKE FORMATI ON NOHH AL BASIC VOLCANICS 


SAMPLE * JS 77 90 • JB77 34 • JS77 4 1 * JB77 27 * JS77 238 . 
5102 4 3. 10 44 . 14 44. 25 46.72 49 . 05 
TI02 2.30 2 . 52 2. 10 2. 25 2 . 30 


AL203 14 . 15 13. 39 14 . 34 13. 92 14. 43 
PE20J 9.07 8.43 6. 57 7 . 26 7.80 


no 9. 34 10 . JB 1 1. 0 1 8. 33 7. 44 
MNO • 20 . 21 • 21 . 2 1 • 27 
MGO 8 . 78 6 . 75 5 . 88 5.47 6. 28 
CAO 6 . 65 . 3 . 52 4.82 5 . 02 5. 06 


NA20 1. b9 • J . 45 2. 72 3.40 J . 07 
K20 1. 29 2. 62 2. 75 2. 54 2.49 . 


P205 . 4) • 39 . 22 • 22 • 46 • 
LOI 4 . 87 . 4.08 . 4. 45 J.94 3 . 55 


TOTAL 102. 23 • 99 . 9 4 • 99. 32 99,. 28 102. 20 


Zll 198 189 179 183 200 
SR 0651 0 11 4 0829 0676 0498 
RB 026 058 053 059 042 
ZN 185 156 115 11 0 142 
cu 040 * 064 032 032 049 
BA 0524 • 1073 1228 1259 1387 
NB 23 * 26 27 29 25 
GA * 022 • 024 0 19 02 1 0 23 
PB 002 003 * OOJ 000 008 
NI 038 039 * 026 049 034 
CR 03 1 05 1 * 005 057 027 


294 387 220 235 326 
0033 0033 0029 0030 0034 


QTZ 1. 7) 
KS PAR * 7. 82 19. 16 17. 11 15.23 14. 90 


ALB . 16 . 47 20 . 68 24. 26 JO. 14 26. J 1 
ANOR • 27. 0 1 14.1 9 19. 79 15. 95 18. 47 
NEPH 


CCR 1. )6 
DIOP 3 . 45 3. 6) 7 . 38 3. 49 


HYP 2J . 65 18. 69 3. 00 9. 00 18. 14 
OLIV 2 . 64 7.44 15. 06 5. 75 


MAG 13.50 12. 40 10. 03 11 . 03 11 . 45 
ILM 4 . 48 5.02 4. 20 4 . 48 4 . 42 


APAT 1. 03 1. 06 • 54 • 54 1. 08 







PETITSIKAPAU LAKE FORMATION NORMAL BASIC VOLCAN I CS 219 . 


SAMPLE • JB77 024 . JB77 029 • JS77 79 . J877 20 • JS77 44 • 


SI 02 4 7. 29 46.98 4 7. 02 46.40 46. 96 
TI02 2.49 2 . 07 . 2. 08 2. 20 2. 3b 


AL203 14. 13 15. 50 • 16 . 66 14. 02 15. 86 
FE20J 4.62 5 . 68 4. 16 6. 88 6. 29 


FEO 9 . 93 10. 63 9.75 9. 02 . 8. 96 
MNO • 21 • 21 .1 6 • 23 • .1 8 
MGO 4 . 87 2.99 3 . 82 . 5.32 8.45 . 
CAO . 5.4 1 2. 09 4. 41 • 5. 04 3 . 88 • 


NA20 • 2. 96 2. 99 3. 18 2. 60 4.46 
K20 2. 95 4. 19 J. 5 1 2. 90 2. 13 


P205 . 25 • 24 • 32 • 28 • 26 
LOI 3 . 80 3 . 85 3. 85 4.4 3 4. 25 


TOTAL 98 . 91 97.42 98 .9 2 99 . 32 104 . 04 


ZR . 187 170 166 185 19 3 
SR • 0722 0223 0469 0905 0733 
RO 046 072 064 061 047 
ZN 097 128 109 107 105 
cu 020 032 046 041 039 
BA 1842 18 18 121 2 2682 14 28 
NB 28 30 2 1 28 32 
GA . 017 024 023 02 1 . 022 
PB • 000 000 00 1 00 1 • 005 
N[ 0 13 * 024 • 03 1 033 . 030 . 
CR 0 12 • 006 030 0 18 • 032 • 


2 19 220 274 215 271 
0029 0024 002 7 0026 0028 


QTZ 
KS PAR 18 . 30 26 .44 21 . 80 10. 03 12. 60 


ALB 26. 30 27. 0 1 28 . 23 23.14 3 1. 49 
ANOR 17.38 9 . 88 21 . 23 18. 96 16. 98 
NEPH . 3. 40 


COR * 2.83 • 24 
DIOP 8. 02 . 5. 13 • 90 


HYP 1 o. 13 19. 39 • 3. 78 18 . 25 • 
OL IY 7.26 . 86 13. 40 . 92 20. 39 


MAG 7 . 03 8 .7 9 6. 34 10. 49 9. 13 
ILM 4 . 97 . 4.20 4. 15 4.40 4 . 49 


APAT • 61 * .60 .7 8 • 68 • 60 







PETITSIKAPAU LAKE FORMATION NORMAL BASIC VOLCANICS 220 . 


SAMPLE * JS77 045 * JS77 BS * JD77 40 * JS77 62 * JS77 517 . 
SI02 4 7. 16 48. 31 . 50.26 47.84 48 . 35 
TI02 2.35 2. 69 • 2. 05 4.26 2. 14 


AL203 14.57 13. 14 16.68 13 . 71 13. 62 
PE20 J 4. 33 . 7.60 . 6 .4 3 3. 11 7. 35 


PEO 9.00 • 7.33 • 6.60 9 . 58 7. 68 
MNO • 20 .30 • 22 .1 8 • 22 
MGO 3 . 44 6. 88 3. 35 8. 63 3. 66 
CAO 4 . 40 7. 37 4. 60 5. 84 5.00 


NA20 * 2 . 96 2 . 72 4 . 56 4.36 3. 16 
K20 3.56 2. 50 2 . 50 1. 20 3 . 39 


P205 • 22 .39 . • 41 .34 • 54 
LOI 3 . 69 3.11 • J. 32 J . 96 3. 54 


TOTAL 9 5. 88 102. J4 100.98 1OJ.01 98. 65 


ZB 182 161 . 206 2J5 257 
SH 0615 0487 • 0460 027 1 075U 
RB 065 . 062 058 020 064 
ZN 095 • 124 11 J 087 1 36 
cu OJO 072 043 052 034 
BA 1741 2564 1202 0000 2069 
NB JO J2 * 23 34 36 
GA 0 20 024 * 020 026 022 
PB * 006 008 000 000 003 
NI 023 . 043 0 14 092 . 020 
CR 007 • 042 020 138 • 006 


v 228 * 418 245 444 1 90 . 
y 0027 • 0033 0032 0040 0041 • 


QTZ .16 2. 01 
KSPAR 22. 79 14.87 15. 11 7 . 16 20 . 97 


ALB 27. 13 23 . 1 6 39 . 47 . 35. 7 3 27 . 98 
ANOR 17.29 16. J6 18.07 • 14. 43 13. 57 
NEPH • 81 


COR 
DIOP 4. 49 14. 72 2 . 39 10. 20 8 . 76 


HYP 12.80 1 J. 58 8. 25 10 . OJ 
OLIV J . 30 2. 21 18 . 14 


MAG b. 80 11.09 9.54 4.55 11. 15 
ILM 4. 84 5 . 14 J.98 8. 16 5. 05 


APAT • 55 • 91 .97 .80 1. 07 







PET ITS I KAPAO LA KE FOBHTION NORM AL BASIC VOLCANICS 221. 


SAMP LE • JS77 4 6 • 


SI02 50. 6B 
TI02 2 . 05 


AL203 1 4. 67 . 
FE203 6 . 26 • 


FEO 6. 97 
MNO • 22 
MGO 2 . 9 1 
CAO 4 . 24 


NA20 2 . 99 
K20 4.58 


P205 • 75 
LOI 3 . 39 


TOTAL 99. 71 


ZR 29 1 . 
SR 0757 • 
RB 009 
ZN 125 
cu 029 
~A 17 62 . 
NB 42 • 
GA 0 18 . 
PB 0 16 • 
NI 0 10 . . 
CR 000 • • 


y 117 
y • 0045 


QTZ 2 . 96 
KSPAH 28 . 06 . 


ALB 26 . 23 • 
ANOR 13. 56 . . . 
NEPH • • • 
con . 


DIOP 3. 13 • 
HYP 10 . 81 


OLI V 
MAG 9 . 4 1 
ILM 4. 04 


APAT 1. 8 1 







PETI TSIKAPAU LAKE FORMATION INTERMEDIATE VOLCANICS 


S AM PLE * JS77 104 * 


SI02 54.56 
TI02 1. 1] 


AL20J ' . 15.34 
FE203 J.25 


FEO 6 . 70 
MNO • 16 
MGO • . so 
CAO 1. 37 


NA20 3. J2 
K20 7. 14 * 


P205 . 21 • 
LOI 2 . 99 . 


TOTAL 96 . 6 7 • 


ZB 0276 
SR 0076 
HB 0 152 
ZH . 0 19) 
cu • 002 1 
BA 0948 
NB JO 
GA * 0030 . 
PB • 00 11 • 
NI 0007 
CR * 0004 


* 0028 
0053 


QTZ 1. 14 
KS PAR 45 . 02 


ALB * 2~ . 97 
ANOR * 6 . 03 
NEPH 


COR . OB 
DIOP 


HYP 9.92 
OLI V 


MAG s . 03 
ILM 2. 29 


AP AT • 52 


* • 


. 
* . 
• 


* • 


* • 


. 
• 


. 
• 


222 . 







PETITSIKAPAU LAKE PORftATION ACIDIC VOLCANICS 223 . 


SAMP LE * JS 111 • JS77 98 . 
SI 0 2 69 . 17 • 67 . 90 
TI02 • 88 • 5 1 


AL20J 10. 11 13. 88 
PE203 • 20 1. 65 


FEO . 92 . 2 . 12 
MNO • 01 • • OJ 
NGO .7 0 
CAU • 19 • 24 


NA20 1. 5 1 . 4.51 . 
K20 * 11. 52 • 5.1 2 • 


P205 • 15 • 05 
LOI • 72 1. 05 


TOTAL 101. 38 97.76 * 


ZR 502 927 
SR 0039 0788 
RB 205 135 
ZN 023 040 
cu 008 01 1 
BA 11 33 0658 
NB 46 114 
GA 015 027 
PB 004 013 
NI . 004 0 10 
CR • 008 . 009 


v 021 • 020 
y 0042 0 127 


QTZ 16. 05 20.35 
KSPAR 6 7. 60 3 1. 26 


ALB 12.69 39.43 
ANOR • 2 1 1. 29 
NEPH 


COR 1. 07 • 48 
DIOP 


HYP • 09 3.6 0 
OLIV • 


MAG • 29 2.47 
.ILM 1. 66 1. 00 


APAT . 35 • 12 







ASTRAY LA KE FORMATION DEPLETED BASI C VOLCANICS 
22ij . 


SAMPLE • J B77 0 7 9 • J S77 31 . 
SI 02 4 5. 86 45. 0 7 
TI02 1. 52 1. SJ 


AL203 1 J. 87 14 . 06 
FE20J J. 92 . 4. 89 * fEO 9 . 72 • 10. 06 


MNO . • 20 • 20 . 
MGO • 6 . 65 5 . 40 • 
CAO 7. 05 6. 57 


NA20 2. 92 2. 27 
K20 1. 44 2 . 42 


P205 • 20 • . 23 
LO I J. 6 1 J . 7 0 . 


TOTAL 9 7. 04 96 . 48 • 


ZR 117 125 
SR 06 19 0695 
RD OJU 058 
ZN 104 . 11" 
c u 048 • 04 2 
BA 07 9 1 1920 
NB 13 17 
GA 023 025 
PB 000 000 
NI 066 . 059 . 
CR 044 • 04 1 • 


v . 256 239 . 
y • 0 024 0 023 • 


QTZ 
KSPAB 9 . 10 15. 39 


ALD 26 . 42 20 . 67 
ANOU 2 1. 9 1 22. 69 
NEPH 
con 


DIOP 11 . 43 9 . 48 
HYP 9 . 94 12. 89 


OLI V 11. 34 2. 59 
MAG 6 . 08 7. 63 
ILM 3 . 09 3. 13 


APAT • 70 • 58 







ASTR AY LAKE FORMATION NORM AL OASIC VOLCANICS 225 . 


S AMPLE * J S77 15 • JB7 7 9 *· JS77 205 * JS77 213 * JS77 34 . 
SI02 48. 20 47 . 7 1 . 47. TU 46.19 43 . 97 
TI02 2. 44 2 . 57 • 2 . 5 1 2. 07 2. 55 . 


AL203 12. 74 16 . 16 13 . 25 16 . 70 1 J. 60 • 
FE203 b . 05 7 .11 7. 45 8 . 29 8. 26 


PEO 1 o. 29 8 . 06 8. 90 10. 33 12. 22 
MNO • 27 . • 12 • 22 • 17 . • 23 
HGO 5 . 55 • 2 . 09 5.67 4.09 • 6 . 44 
CAO 6. 42 4 . 55 6 . 02 2. 74 3 . 26 


NA2U 2. 82 2 . 77 2. 98 2. 66 2. 36 
K20 2. 14 4. 85 2. 58 3. 3 1 3. 13 


P205 - 52 . 28 • 59 . 36 • 44 
LOI 4 . 17 5 . 49 . 3. 4 1 4 . 70 4 . 62 


TOTAL 10 1. 6 1 10 1. 7 6 • 100. 7 6 101. 61 10 1. 08 


ZR 181 192 190 180 0 198 
SR 04 12 028 1 0396 02 17 0249 
RB 0 47 11 0 039 08b 0046 
ZN 137 080 126 120 0 15 1 
cu 025 036 033 025 0028 
BA 0955 11 48 1 174 0970 1l4 o7 
NB 22 34 23 33 24 
GA 025 020 * 022 021 0022 
PB 009 0 10 001 006 000 1 
NI 0 17 022 02 1 02 1 00 17 
CR 028 . 003 0 16 004 * 00 19 


v 3 13 • 24 1 329 226 • 03b6 
0032 0028 0039 0028 0033 


QTZ 1. 01 2. 95 
KSi'AB 1 2. 97 29 . 75 15.b5 20.17 19. 16 


ALB 24 . 47 24 . 33 25 . 88 23. 21 20 . 68 
ANOR 16 . 19 18 . 00 15 . 56 1 1. 89 14 . 19 
NEPH 


COB 4.66 1. 35 
DIOP 1o . 95 3. 2 1 . 9. 33 


IJYP 19 . 43 6 . 50 * 15. 14 19.80 18 . 68 
OLII/ 1. 77 1. 06 7 . 44 


MAG 8 . 99 1 0 . 70 11 . 09 12.39 12. 40 
ILM 4. 7 5 * 5 . 0 7 4 . 89 4. 05 5. 02 


APA T 1. 24 • . 68 1. 41 • 86 1. 06 







ASTRAY LAKE FORMATION NORMAL BASIC VOLCANICS 226 . 


SAMPLE * JS77 193 • 


SI02 43.6 6 
TI02 2.68 


AL20J 13. 93 
FE203 8. 13 


FEO 13. 19 . 
MNO • 21 • 
MGO 7.05 • 
00 3 . 17 


NA20 2. 85 . 
K20 2. 25 • 


P205 • 45 . 
LOI 4.94 • . 


TOTAL 102.51 • 


ZR 198 
SR 0180 
RB 034 
ZN 137 . . 
cu 020 • • 
EA 0860 
Nil 24 
GA 025 
PB 007 
NI 0 20 . 
CR 022 • 


396 . 
0037 • 


QTZ 
KS PAR 13.62 


ALD 24 .7 0 
ANOR . 13. 36 
NEPH • • 


COR 2.01 
DIOP . • 


HYP 17 . 24 • 
OLIY 10. 64 


MAG 12. 07 . 
ILM 5. 2 1 • 


APAT 1. 07 







ASTRAY LAKE FORMATION DEPLET BD INTERMEDIATE VOLCANICS 227 . 


SAMPLE • J S77 032 • JS77 33 • 


SI02 56.86 57.73 
TI02 . 88 • 97 


AL203 14. 44 14. 67 
PE20J J . 27 2. 97 


FEO 5. 14 5 .4 3 
HNO • 2 1 . • 21 
HGO 1. 45 • .91 
CAO 3 . 39 3. 60 


NA20 4. 48 3.14 
K20 4. 83 . 6. 05 


P205 .1 9 • .18 
LOI * 1. 89 1. 94 


TOTAL • 9 7. 03 97 . 80 


ZR 2 10 208 
SR 0225 0 383 * RB 068 083 • 
ZN 09 1 099 * cu 023 02 1 • 
EA 1215 2196 
NB 25 25 
GA 02 1 023 
PB 005 005 
NI 0 12 012 . 
CR 0 14 007 • 


078 073 
0030 0033 


QTZ 3. 20 6.89 
KS PAR 29.98 37. 25 


ALB 39. 82 27 . 68 
ANOB 5 . 28 8.40 
NEPH 


COR 
DIOP 9 . 60 8 . 20 


llYP 4.92 4.74 
OLIV * MAG 4. 98 . 4. 49 


ILH 1. 76 • 1.92 
APAT .46 • 44 







ASTRAY LAKE FORMATION NORMAL INTERMEDIATE VOLCANICS 228 . 


SAMPLE * JS 505 * JS77 206 * JS77 208 • 


SI02 6 o. 58 57.79 53 . 0 1 . 
TI02 .80 1. 03 1.12 • . 


AL203 15. 12 16. 15 17. 24 • 
PE203 1. 89 2. 29 3. 27 


FEO 4. 63 4. 78 7. 7 3 
MNO . 05 . 12 .11 
MGO . 91 . 
CAO .74 1.17 • 06 • 


NA20 1. 79 2.33 4. 98 
K20 9.60 10.31 5. 77 


P205 -· 19 • 17 .1 6 
LOI 1. 76 . 2. 18 2. 66 


TOTAL 97. 23 • 98 . 32 97. 02 


ZR 220 223 242 
SR 0045 0067 0106 
RB 141 136 070 
Ztl 117 104 094 
cu 016 0 13 020 
BA 117 3 11 66 0831 
NB 31 31 35 
GA 025 026 029 
PB 002 003 . 000 
NI 0 13 000 • 006 
CR 007 013 . 010 


QIJ8 057 • 079 
0040 0036 0031 


yTZ 9. 79 .58 
KS PAR 59. 89 63 . 34 36. 17 


ALB 15. 86 20. 50 4 2.11 
ANOR 2.82 3. 28 * . 39 
NEPH . 1. 41 


COR • 74 • 28 . 30 
DIOP 1. 67 . 


HYP 5. 98 4.73 • 
OLIV 9. 75 


MAG 2. 87 3.45 5.03 
ILM 1. 59 2. 03 2.26 


APAT .46 • 41 • 05 







ASTRAY LAKE POUMATION ENHICHED INTEBMEDIATE VOLCANICS 


SAMPLE * JS77 204 * 


SI02 59. 29 
TI02 * .96 


AL203 * 14. 84 
FE203 


FEO 
4.05 
3. 95 


229. 


• 19 11NO * 
MGO 
CAO 


NA20 
K20 


P205 
LOI 


TOTAL 


ZR 
SR 
RD 
ZN 
cu 
BA 
ND 
GA 
PB 
NI 
CR 


QTZ 
KS PAR 


ALB 
ANOH 
NEPil 


COR 
DIOP 
. HYP 
OL.IV 


MAG 
ILM 


APAT 


1. 47 
2. 93 
3 . 50 
5. 6B 


• 08 
2. 54 


9 9.48 


293 
021' 1 


068 
098 
022 


17 13 
37 


022 
007 
007 
0 14 
075 


0034 


9.J4 
34 . 5& 
30.49 


8. 24 


4.88 
4. 79 


6.05 
1. 88 
• 43 


. 
• 


. 
• 


. 
• 
. 
• 


• 


. 
• 
. 
• 


. 
• 







ASTRAY LA KE PO!!MATION ACIDIC VO LCANI CS 230 . 


SAMPLE . J S77 500 * JS77 501 . JS77 502 * JS77 503 • 


SI02 78. 24 77. 53 74. 87 78. 21 
TI02 • 29 . 28 .29 . 29 


AL203 10.64 10 . 51 • 1o.99 1o.87 
PE203 1. 06 1. 5 1 1. 09 1. 53 


FEO . 9 1 • 37 1. 34 . 65 
MNO • 0 1 • 0 1 • 0 1 • 0 1 
MGO • 39 .43 • 43 • 41 
CAO • 03 • 04 • 09 • 03 


NA20 3. 35 3. 30 2. 84 3. 12 
K20 4. 3 1 * 4. 37 5. 23 4. 8 1 


P205 • 04 .OS .03 .03 
LOI • 40 .31 . 60 .33 


TOT AL 99. 67 98.71 97. 8 1 100 .2 9 


ZR 866 874 869 85& 
SR 0015 0016 0033 00 17 
RB 208 205 099 20 1 
ZN 0 27 070 03 2 03 1 
cu 006 0 10 013 008 
BA 0091 0056 04 93 0 12 0 
NB 97 95 94 96 
GA 0 31 • 029 02 7 03 1 * . 
PH 005 • 006 012 005 • • 
NI . 013 0 14 010 0 15 
CR • 00] 003 007 003 


v * 012 009 021 0 18 
• 0 137 0162 0136 0172 


Q!Z 41. 86 41.68 38.09 4 1. 06 
KS PAR 25.66 26 . 24 31. 13 28 . 44 


ALB 28.55 28.38 24. 72 26 . 41 
ANOR • 37 
NEPH * . 


COR • . 50 • 40 .54 • .54 
DIOP . . . . 


HYP • 1. 32 • 1.09 • 2. 23 1. 02 • • 
OL.IV 


MAG * 1. 55 • 42 1. 63 1. 29 
ILM • 55 .54 • 5 1 • 55 


APAT • 09 • • 12 .07 • 07 







INTRUSIVE ROCKS PO I Nt LAKE PLUTON 231. 


SAMPLE • JS77 59 • JS 048 • JS77 095 • JS77 460 . 
SI02 • 42.63 44.12 o5. 37 61 . 26 
TI02 1. 28 2. 14 1. 76 . 1. 02 


AL20J 14.60 . 12. 53 13. 30 • 15. 57 
FE203 6 . 22 • 6.89 7.09 2.01 


FEO 1a . 35 11.1 0 9. 21 3. 99 
MNO • 22 • 32 .26 . 04 
MGO 10.64 3. 25 6. 32 .48 
CAO "· 67 "· 70 8. 7 3 . 89 • 


NA20 J. 01 J.91 3. 09 3. 59 
K20 • 80 4. 22 1.1 0 6. 95 


P205 • 13 1. 30 • 24 • 25 
LOI 5 . 27 2.25 3. 53 1. 77 


TOTAL 99.82 97.33 100. 00 97 . 82 


ZR 130 375 163 510 
SR 0894 1734 0422 0072 
RB 027 149 027 163 
ZN . 094 129 111 077 
cu • 047 035 128 009 
BA 1526 1430 0326 07S9 
NB 18 S9 30 66 
GA 016 017 020 027 
PB 000 008 010 000 
NI 060 029 050 007 • 
CR 01 1 008 024 000 


19q 107 36S 040 . 
0025 0036 0033 005 1 • 


QT?. 10 . J) 
KS PAR 4 . 99 26 . 17 6. 7) 42. 74 


ALB 2o . 90 23.67 27. 09 ) 1. 61 
ANOR 24 . 2 1 4. JS 19. S6 ). 10 
NEPH 5.99 
cos • 40 1. 09 


DIOP 10. lS . 19. 16 
llYP 5. 58 • 3. 2 1 5. 47 


OLLI/ 25 . 50 11. 6S 9.25 
MAG 9. 53 10.48 10. 65 J . OJ 
ILM 2.57 4. 27 3. 46 2. 02 


APAT • 32 3. 17 • 5S • 60 







INTRUSIVE BOCKS EVANS LAKE PLUTON 232 . 


SA MPLE * JS77 260 * JS7 7 256 * JS77 261 * JS77 257 * JS77 250 • 


SI02 4 3. 52 44 . 37 . 44. 68 43 . 84 4 4.1 6 
TI02 1. 68 1. 26 • 1. 19 . 9 4 • 98 


AL20J 12. 67 12. 45 14. 10 1J . 55 14. 59 
FE203 5 . 28 3 . 57 3. 69 J. 9 1 3 . 82 


FEO 10. 06 9 . 40 7. 99 8. 09 8. 51 
MNO . 22 • 2 1 • 19 • 19 • 19 
MGO 1 o. 75 8. S2 6. 24 8. 66 7. 44 
CAO 9 . 05 8 . 4S 10 . 67 8. 20 8 . 24 


NA20 2. 13 1. 3 2 2 . 04 1. 87 2. 04 
K20 . 48 . 1. 71 • 74 1. 22 1. 45 


P205 • 22 • • 1 J • 12 • 10 • 10 
LOI 4. 73 4 . 26 4. 24 4.78 4 . 40 


TOTAL 100. 7 9 9S. 65 95. 89 9S. JS 9S. 92 


ZR 0 160 093 094 096 094 
SR 0424 OJ 74 0408 OS2 7 0608 
RB 0023 032 02J OJ 1 0 30 
ZN 0 102 083 077 07 1 07S 
cu 0 104 067 095 050 070 
SA 0378 0969 0268 0498 0365 
NB 32 15 15 . 15 14 
GA 002 1 02 1 0 19 • 0 16 0 18 
PS 000 1 003 00 1 000 000 
NI . 020 1 198 097 182 139 
CR * 0 199 S12 220 422 298 


023S 219 220 182 198 
00 18 OD 16 002 1 00 17 0020 • 


QT?. 
KS PAR 2. 95 11 . 0 4 4. 77 7. 9S 9. 3S 


ALB 18. 75 12. 20 18. 82 17. 45 18. 84 
ANOR 2 4. 54 25.1 2 29. 58 27. 54 28 . 77 
N~PH 


COR 
DIOP 1b. 86 16. JS 22. 42 13 . 67 12. 55 . 


llYP 7. 17 20 . 21 12. 7 4 14. 88 10. 77 • 
OLIV 17. 87 6 . JS J . 02 Y. 94 11. JO 


MAG 7 . 96 5. 65 5. 8J 6.25 6.05 
ILM 3. J2 2. 6 1 2. 46 1. 97 2. 03 


AP AT J . S3 . 33 • 30 • 26 . 2S 







INTRUSIVE ROCKS EVANS LAKE PLUTON 233 . 


SAHPLE • J S77 25 3 * JS77 221 * J S77 219 * JS77 255 • 


Sl 02 4 3. 08 46 . 08 45. 74 4 7. 26 
TI02 • 90 1. 04 1. 32 1. 04 . 


AL203 11. 08 14. 40 12. 76 14. 4 7 • 
PE20J 4.58 2.74 3.55 4.03 


PEO 8. 7 2 8. 48 9. 02 6. 59 
MNO • 23 .1 8 • 30 • 17 
HGO 16 . 44 6. 47 6. 27 7. 36 
CAO 6 . 08 10. 0 1 6. 84 11.18 


NA20 1. 39 2. 64 . 2. 06 2. 49 
K20 . 82 • 59 • 2. 47 • 6 1 


P205 • 09 . • 11 • 13 .11 
LOI 5.61 • 4.30 3. 83 4. 14 


TOTAL 99.02 97. 04 94. 29 99.45 


ZR 070 0 102 092 087 
SR 0204 0509 05 11 0400 
RU 028 00 16 06 7 0 14 
ZN 076 00 73 076 063 
cu 049 0065 105 068 
BA 0213 0213 1274 036 2 
NB 14 16 11 14 
GA 0 15 00 18 0 16 0 17 
PB 0 00 0000 000 000 
NI 364 . 000 1 085 107 
CR 9 12 • 0308 222 37 1 


179 0200 309 2 18 
0019 0020 0022 00 10 


QTZ 
KS PAR 5. 18 3. 76 16. 11 3.78 


ALU 12. 57 24 . 06 19. 24 22. 09 
ANOR 23 . 06 27.69 20.18 27 .78 
NEPH 


COB 
DIOP 6. 92 20 . 70 13.80 24 . 00 


HYP 19.34 8 . 96 16. 76 9.86 
OLI V 23 . 58 8. 08 s. 0 7 3.95 


HAG 7. 10 4 . 28 s. 68 6. 12 
ILM 1. 83 2. 13 2.27 2. 07 


AP AT • 22 • 28 • 33 • 27 







234 . 
INTRU SIV E ROCKS TY RA LA KE PLUTON 


SA MPLE * J S77 16 6 * JS 77 171 * JS 77 17 0 * J S77 162 • 


SI02 43 . 06 43 . 58 47. 38 50 . 32 
TI02 2. 57 2. 53 2. 39 1. 57 


AL20J 14. 49 14. 9 4 13. 50 13. 62 
FE20 3 5.01 4 . 95 4. 31 " · 7 4 


FEO 12 . 87 * 11. 90 11. 14 7.89 
MNO • 20 • - 20 • 23 • 19 
MGO 3 . 94 3 . 30 3. 8 4 2.14 
CAO 4 . 65 5 . 03 5.5 8 7.7 5 


NA20 2. 63 2. 76 3. 82 4. 37 
K20 4. 22 4. 19 2 . 58 2. 2 1 * P205 . 25 • 26 • 5 1 • 58 
LOI 3. 35 4.73 3. 56 2. 83 


TOT AL 9 7. 26 98 . 37 98. 8 4 98. 2 1 


Z R 183 19 2 340 369 
Sfi 053 1 0650 0 269 0478 
RB 130 135 042 022 
7.N 096 095 105 083 
co * 085 * 093 060 079 
BA • 0646 0842 136 1 0796 * NB 37 32 66 66 
GA . 0 19 02 1 0 19 0 15 
PB * 004 000 0 17 0 12 
NI 027 02 1 00 1 00 0 
CR 000 000 000 00 1 


259 25 7 092 059 
0022 002 3 0044 0042 


QTZ 
KS PAR 26 . 54 26 . 42 15. 99 13. 68 


AL B 15 . 42 16 . 68 33 . 89 38 . 74 
ANOR 16. 25 . 17. 07 12. 6 6 11. 55 
NEPH 4 . 46 * 4. 46 


COR 
DIOP . 5. 80 6. 8 7 11. 12 21 . 11 


HYP • . 23 1. 7 1 
OL I V 17. 98 15 . 06 13. 55 1. 48 


l'!A G 7. 7 3 7 .66 6. 55 7. 20 
ILM 5. 19 5.13 4.7 6 J . 12 


APA T . 66 .64 1. 24 1. 41 







l NTRUS IV R ROCKS D YKE LAKE PLUTON 235. 


S AMPL .C: . JS 004 . JS 77 5 . 
5102 4 7. 2a 46 . 43 
TI 02 . 97 1. 07 


AL20J 16 . AJ 1] . 84 
FE20J 2 . 8 1 4. 62 


fEO 7. 57 B. 6 7 
MNO • 17 • 19 
MGO 5.02 6.7 2 
CAO 7 . 28 8 . 98 


NA20 ]. 12 1. BO 
K20 1. 21) 1. 29 


P205 . 25 • 24 
LOI ] . 41 3 . 25 


TOT AL 95 . 96 97. 18 


ZR 10 1 0 10 2 
SH 0637 0 56 2 
RO 035 0022 
ZN 071 0 103 
cu 059 0054 
BA 0652 071 8 
NO 10 19 
GA 0 23 . 0022 
PO 000 • 0000 
NI 093 008 1 
CR 042 0059 


18 ) 02 11 
002 4 00 16 


QTZ . e6 
KS PAR 7. 97 B. 11 


AL O 2 fl . SJ 16 . 9 2 
ANOR 30 .47 27. 14 
NEPH 


COH 
DI OP 5 . 86 15. 45 


HYP 1 5 . 8~ 2 1. 63 
OLI V 4. 27 


i1 AG 4 .. ll O 7 . 13 
IL M 1. 99 2. 16 


APAT • 63 . 59 







INTRU SIVE ROCKS EILLEEN LAKE PLUTON 236 . 


SA MPL E • JS ' 292 * JS 77 20 • 


SI02 4 4 . 99 . 44 . 65 
TI02 1. 60 • 1. 43 


AL203 14. 67 15. 68 
FE20J 5 . 57 5 . 91 


'FEO 9 . 03 8 . 57 
MNO • 19 • 20 . 
MGO 8. 11 7.58 • 
CAO 4. 68 5 . 93 • 


NA20 4 . 09 3 . 85 • 
K20 1. 22 1. 0 1 


P205 • 25 • 26 
LOI 4. JO 4.3 8 


TOTA L 98 .70 99. 45 


ZR 14 9 211 . 
SR . 0483 0 670 • 
RU • 014 0 19 
ZN 08 1 07 3 
cu 079 06 1 
BA 0686 0 563 
NB 27 36 
GA 0 16 020 
P B 000 00 1 
NI 045 04 4 
CH . 000 003 


v • 118 12 1 
002 1 0026 


QTZ 
KS PAR 7. 63 6.27 


ALB 3 4. 87 32.40 
ANOR 19 .13 23. 67 
NEPH 1. 00 


COR 
DIOP J . 27 4. 71 


HYP 
OLIV 2 1. 76 19 . 45 


MAG 8 . 55 9 . 0 1 
ILM J. 22 2 . 85 


APAT .6 2 • 64 







IN'rRUSIVE ROCKS ASTRAY LAKE PLU10N 236a . 


SAMPLE * J S77 366 • 


SI02 47.41 . 
TI02 . 94 • 


AL203 13 . 3 1 
FE203 3 . 21 


FEO 6. 60 . 
MNO • 19 • . 
MGO s. C7 • 
CAO 1 o. 29 


NA20 . 2. 59 . 
K20 • . 83 • 


P205 . • 14 . 
LOI • 3.42 • 


TOTAL 9 4. 60 • 


ZR 084 . 
Sil 0420 • 
RD 0 15 
ZN 057 
cu 080 
BA 0390 
NB 10 . • 
GA 0 16 • 
PU 002 . 
NI 106 • 
CR 299 • 


224 • 
0017 


QTZ 1. 41 . 
KS PAR s. 37 • 


ALB 24 . 01 
ANO!! . 24 . 37 
NEPH • 


COil 
DIOP 25 . 05 


HYP 12. 30 
OLIV • 


MAG 5. 10 . 
ILM 1. 96 • 


APAT • 36 







236b . 
INTRUSIVE ROCKS MARBLE LA KE PLUTON 


SAMP LE * JS 382 


SI02 4 u. 98 
TI02 . 1. 77 


AL203 * 13.50 
FE203 3 . 82 


fEO 9.67 
UNO .38 
MGO 6.17 
CAO 5.94 


NA20 3. 15 
K20 2 . 33 


P205 • 29 * J.OI 3. 64 
TOTAL 99 . 64 


ZR 126 
SR 0237 
RB 038 
7.N 072 
cu 047 
BA 0924 
Nil 14 
GA 020 
PB 004 
NI 067 
CR 160 


v 332 * * y 00 28 • • 


QTZ 
KS PAR 14. 33 


ALB 27. 74 
ANOR 16.46 
NEPH 


COR 
DIOP 10. 29 


FIYP 13 . 99 
OLIV 7 . 19 


HAG 5 . 76 
ILM 3. so 


APAT .70 







APPENDIX C 


Commented Computer Program - STEM 
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C THI S PHOGRAM I S UESIGNID TO MODEL TRACE ELEMENT BEHAVIOUR THROUGH MOST 
C NORM AL I GNROUS ~EO LOGIC PROCESSES . Tl!E PROGRAM NAM E I S ' STEM ', OR SYS 
C TEM FOR TRACE ELEMENT MODELLING. PRESENTLY TH < PROGRAM I S CAPABLE OF 
C MODELLIN G A TOTAL OF 27 ELEME NTS AND 14 MINERALS THROUG H THE 
C FOLLOWING PROCESSES: FRACTIONAL CH YS'rALLISATlON , ( BOTH IN SURFACE 
C AND TOT AL EQUILIBRIUM COND ITION S), OH ARA TYPE FRACTIONAL CRYSTALLISATI 
C ON , DATCH PARTIAL MELTING , FRACTIONAL PARTIAL MELTING AND DYNAMIC 
C PARTIAL MELTING. THIS PROGRAM WAS PREPAH ED FOH THE COURSE GEOLOGY 
C 6900 AND IS THE PROPERTY CF THE GEOLOG Y DEFARTMENT OF 
C MEMORIAL UNIVERSITY AND THE DEVELOPER , JIM EVANS. 
c 
c 
C NOTE THAT ALL LlNE NUMOERS REFERRED TO IN THE COMMENTS ABE RELATIV E 
C TO THE SEQUENTIA L LINE NUHOEBS ON THE PRINTOUT OF THE PROGRAM I N 
C THE ACC OMPANYING REPORT. 
c 
c 
C ALL ARR AY NAMES ARE ADEQUATELY EXPLAINED IN THE ACCOMPAN YI NG TEXT. 


c 


COHPLEX•16 KDGF (17) 
REAL SORC E2(27) , MODE (27, &) , RESID(27) , CHONU(27 , 2) 
RE AL BKDX (27), KO (27, 14 , 9), SORCE 1 ( 14), ~KD (27 ) ,P ( 27) 
INTEGER ELEM (27) , ELEMX (27) , HINER (14) ,HI NERX (14) 
INTEGER CONT1 , CONT 2 , CONT3 , CONT4,NF 
INTEGER CONT5,CONT6 , CON T7,CONT B 
INTEG ER CONT9 , CONT 10 , CONT 11, CONT12,CONT1] 
DATA DATA1/06./ , DATA2/09 ./,DATAl/ 11. / , DATA0/ 12./ 


C LINES 30-39 READ IN THE ALPHABETIC HEADINGS , CHONDRITIC VALU ES , ETC. 
c 


c 


RE AD( 5 , 2) (HINER (I), I:1,14) 
F0RMAT(14(1X,A4)) 
RE AD(5,3) (ELEH (I) ,I: 1, 27) 
fO RH AT (2 3 ( 1X, A2) , 1 X, 2A2 , 2 ( 1 X, A2) ) 
REA D (5 , 10 ) (KDGP (I) ,I:1 , 17) 


10 FORMA"r (2A8 , 64X ) 
READ (5 ,1) (CtlONO(I , 1) ,I: 1,27) 
FORMAT (8 (1 X,F8 . 3), 8X ) 
REA0 (5 , 4 ) ( ( ( KD (I,J,K),1=1,27) ,J= l,1 4 ) , K=l , 9 ) 
FORMAT (17 X, 9F7.J) 


C CONT 1-4 AR E CONTROL VARIABLES EXPLAIN ED IN THE TE XT. 
c 


c 


REA0 (5 , 5)CONT 1, CONT2 , CONT3,CONT4 
FORMAT (5(1X, I2)) 


C LINES 48-54 READ IN THE SOURC E DATA FOR MODEL LI NG. 
c 


READ (5 , 6 ) (MINERX (I) ,I= 1, CONT 1) 
FORMAT (26 (I 2 ,1 X) ,I2 ) 
READ ( 5 , b ) ( ELEMX ( I ), I = 1, CONT2) 
BEAD(5,9) (SO RCE 1 (I ) ,I= 1,CO NT1 ) 







c 


FORMAT( 7 (1 X, FS . 2)) 
READ(S ,1 8) (S ORCE2 (J) , J=1,CONT2) 


18 FORMAT ( 8 (1 X, FB.2),8X) 


239 . 


C LINE 59 IS TttE MAIN BRANCH FOR FRACTlONAL CRYSTALLISATION OR PARTIAL 
C MELTING. THE LATTER CONT INUES ON BELOW . 
c 


IF (CONT4 . EQ.1 J) GO TO 1000 
c 
C LINE S 63 - 67 READ IN CONTROL VARIABLES FOR THE PARTIAL MELTING PROCESS . 
c 


c 


READ(5 , S) CONT5 , CONT6 , CONT7 , CONT8 
READ(S , B) ((MODE (I,J) , J=1 , 2) ,I=l, CO NT B) 
FORMAT (7 ( F 3 . 0 , 1 X, FS.2 ,1 X) , 10 X) 
READ(S , 7} IBATCH , IDYNA~,DYN A HX 


FORMAT(2(I2 ,1 X) , FJ.2,7 1 X) . 


C LINES 72-83 INITIALIZE ALL VARIABLES AND CALCULATE THE BKD ANO P TERHS 
C SCREEN l NG ALL KD TERMS FOR THE DUMMY 99 . 999 TERM. 
c 


c 


X=O.O 
RMFX=O . O 
DO 60 1 I=1 , CONT2 
MODE (l,J) =0. 0 
BKD (I) =O . O 
P (I) =O.O 
DO 602 J=1,CONT1 


IF (( KD(ELEMX ( I) , MINERX (J) , CONTJ)).EQ.99.999) GO TO 602 
BKD(I)=BKD ( I) t ( SORCE l(J)/100. 0•KD (ELEMX(I) , MINEHX(J) , CONTJ)) 
P (I) =P (I) t (MODE (J ,2) I 100. O• KD (ELEM X (I) , MINEHX (J) , CONT3)) 


602 CONTINUE 
601 CONTINUE 


C LIN E 87 SETS UP THE MAJOR LOOP GOVERNING THE NUMBEB OF RE I TERATIONS 
c 


c 


DO 200 HF=CONT5 , CONT6 , CONT7 
IF (X.EQ.1. 0) GO TO 223 
CALL lf~AD(HINER,MlNERX , ELEft , ELE"X,KD , SORCE 1, SORCE2 , CONT 1, 


$CONT2 . CONT3 , MODE . KDGP,BKD,CONT4,CHOND . P) 


C SUHROUTINE HEAD ENABLES THE PRINTING OF THE KO, EKD AND SOURCE VALUES. 
C THIS IS FOUND ON THE FIRST PAGE OP EACH PRINTOUT OF A SBPERATE CYCLE . 
c 


c 


223 RMF=MF/100 . 0 
IF ( RMPX. EQ. RHF) GO TO 200 
IP ( X. EQ . 1 .. 0) CALL HEAD ( MINER, HIN EBX , EL EM, ELEM X, K D , SO RCE 1, 


$SORCE2 , CONT1 . CONT2 , CONT3,MOOE , KDGP , 8KD,CONT4 , CHOND,P) 
X=O.O 
RnP=RMF 


C LI NES 109-121 IS A SEQUENCE THAT CHECKS TO SBE IF THE aODEL 
C CALL FOB A GREATER AMOUNT OF A CERTAIN MINERAL THAN IS IN THE SOURCE . 
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C IS SPECIFICALLY CH EC KEU IN LINE 55 . IF THAT EQUATION IS EQUAL TO OR 
C GREAIER THAN 0 .0 1H E T E R~ RMP WILL DE REDEFINED TO ITS MAXInUM 
C POSSIBLE VAL UE. EXECUTION WILL CONTINUE WITH THI S VALUE AND COUTROL 
C WILL BE SENT OPF 10 THE RECA LC SUBROUT IN E AT THE END OF THE CYCLE. 
c 


c 


DO 20lJ K:= 1, CON'T1 
IF(MODE(K,2) . EQ.0.0) GO TO 323 
IF ( l<MF- (SORCE 1 ( K) /MODE ( K, 2))) 323 , L20 , 220 


220 IP(RMP.LT.SORCE1 (K)/MODE(K,2)) GO TO 323 
RMP=SORCE 1 (K) /MODE ( K, 2) 
K2=K 
X= 1. 0 


323 IF ( K. LT . CCNT 1) GOTO 204 
IF(X.EQ.0.0) GO TO 204 
IF (RMFX-RMP) 3 1, 32 , 33 


31 RMF=RMP 
Rl1F X=RMP 


204 CONTINUE 


C LINES 128- 141 ARE DESIGNED TO GIVE THE USER SOME IDEA OF 
C HOW HIS/HER DATA INPUT EXCEEDED THE BOUNDS Of THE EQUATIONS AN D HOW 
C IT MIGHT BE CORRECTED. 
c 


c 


GO TO 36 
32 WRITE ( 6 ,34 ) 
34 FORMAT ('1', ////////////// , 20X ,' EQUAHONS ARE BOMBING OUT AFTER TH 


$ E REC ALCULATION EXERCIZE AS TWO PHASES ARE TOTALLY USED UP AT ', / , 2 
SOX ,' THE SAME DEGREE OF PARTIAL MELTING. 1 , / , 20X , 1 SUGGEST SLIG HT A 
$ LTERAT I ON OP SOURCE GR MODE VALUES.') 


GO TO 3007 
33 WRITE ( 6 , 35) 
JS FORMAT( '1' ,////////// , 20X ,' EQUATIONS ARE BO~BING OUT APTER THE RE 


$CA LCULAT I ON EXERCIZE AS THE RECALCULATED VALDES CALL FOR A SMALLE 
$R ', / , 20X ,' DEGBEE OF PARTI AL MELTING OB FRACTIONAL CRYSTALLIZATION 
$THAN THE ORIGINAL VALUES . 1 , / , 20X , 1 SUGGEST ALTERATION SU 
$CH THAT NOT AS MANY MODE MINERAL VALUES ARE HIGHER THAN THE SOURCE 
S VALUES.') 


GO TO 3007 


C LIN E 14 5 INITIATES THI LOOP THAT TREATS EACH ELEMENT SEPER AT ELL 
c 


c 


36 DO 20 1 I= 1,CONT2 
IF ( MODE ( I , 3).LT.0 . 0 ) GO TO 201 
M0DE(I,6)=MODE(I,3) 


C LINES 152- 153 CHECKS IF !HE BOUNDARY VALUES HAV E BEEN RECALCULATED 
C PREVIOUSLY AS THEY ARE TREATED BY DIFFENENT EQUATIONS IF THE Y WERE. 
c 


c 


IF(RMFX.E Q. 0.0) GO TO 23 1 
IF ( RMFX-RMF ) 206 , 23 1, 23 1 


C THE COM PL EX EQUAT I ONS FOR RECALCULATED DATA FOLLOWS . 







c 241. 


206 IF ( IB ATCH . EQ.1 4 ) GO TO 230 
c 
C LI NE 161 TR AN SFERS TO UATC H OB F RACTION AL HELTI NG EQUATI ONS. 
c 


c 


IF ( RMPX.GT . RMF ) GO TO 33 
MODE (I, 3 ) = ( ( SORC E2 (I ) * ( 1- ( MODE ( I , 4) *B MF X/SORCE 2 ( I) ) ) ) / ( ( 1- RMFX ) * 


$8KOX (I)) ) * ( ( 1- ( ( P (I ) *( RH P- RM F X) ) / ( BKDX ( I ) * ( 1- RM t'X ) ) J ) * * ( ( 1/P (I ) ) -1 
$ )) 


MODE (I , 5 ) = (S ORCE2 ( 1) /R/1 F ) * ( (1- ( 1- MODE (I , 4 ) *R MFX/SORC E2 (I) ) ) * ( ( 1- ( ( 
$P (I). ( RMF - RMFX )) I ( BKD (I ). (1- BMFX )) J J •• ( 1/P ( I )) J) 


GO TO 232 
23 0 HOD E(I,3) =SORCE2 (I ) / (BKDX (I ) • ( RM F * (1- P (I)) •( RUX* ( P (I)- BKDX (I ) ) ) ) ) 


C LINES 173 -1 98 IS THE PETROCHEMI CA L SUB TRA CTION SUBROUTINE DES I GNED FOR 
C EL EMENTS K A ND ZH . c . 


c 


232 IF ( EL EMX ( I )- 22 ) 237 , 607 , 23 7 
2 3 7 IF ( E LEMX (I ) - 1 2) 207 , 607 , 20 7 
607 DO 605 II =1, CONT 1 


IF ( ELEHX ( I ). EQ. 22 ) GO TO 606 
IF( MODE (I I ,1)- 9 ) 608 , 609 , 6 1 0 


6 0 8 If ( MODE ( II , 1). EQ. DAT A 1) HOOE ( I , 3 ) = HOO E (I , 3 ) • ( RH F* MODE (II, 2 ) •11 03 . 0 ) 
I F( HODE ( I , 3 ). GT . 0 . 0 ) GO TO 605 
WRITE (6 , 1 22) ELE M ( EL EMX (I)) 
GO TO 605 


609 IF ( HOOE ( II , 1). EU. DAT A2 ) MODE ( I , 3 ) =HOOE ( I , 3 ) • ( HMF * MODE ( II , 2 ) • 9 37. D) 
IF ( HODE (I, J ) . GT . 0.0 ) GO 10 605 
WR I TE ( 6 , 1 22 ) ELEM ( ELEMX (I)) 
GO TO 605 


6 1 0 IF ( MODE ( II , 1). EQ . OAT A4 ) HOOE ( I , 3) =MODE (I, 3 ) • ( RM F* HODE (II, 2 ) * 111 9 . 0 ) 
IF ( MODE ( I , 3 ). GT . 0.0 ) GO TO 605 
WRITE ( 6 , 122 ) ELEM ( E LEH X (I)) 
GO TO 605 


606 IF ( MOOE ( II , 1). EQ . DAT A3 ) MOOE ( I , J ) =MO OE (I, 3 ) • ( RHF•MCDE (II, 2 ) • 4 4 59 . 0 ) 
IF ( MODP. (I, 3 ). GT.0 . 0 ) GO TO 605 
llRIT E ( 6 , 1 22 ) ELEM ( EL EM X (I)) 
GO TO 605 


12 2 FORMAT { 1 1' , /////// ,1 0X ,' THf ELEMEN! ',1 X#A4 ,' l!AS BEEN RECALCULATE D 
$TO LESS THAN ZERO BY T HE S UBT BACTION PROGRAM. DISREGARD FURTHER U 
$SE OF TH I S E LEMENT.') 


6 0 5 CO NTI NUE 
GO TO 20 7 


C THIS I S WHERE THE EQUATIONS FOB UNRECA LC ULA TED DATA BEGINS. 
c 


2 3 1 


23 4 
233 


IF ( !BATCH . EQ . 1") GO TO 234 
MOOE ( I , J ) = (SO RCE2 (I ) / BK D ( I )) * ( ( 1- ( P ( I ) * R MF /BK D ( I ) ) ) • * ( ( 1/P (I)) -1) ) 
MOOE (I, 5 ) = ( SOR CE 2 ( I ) /RMF ) * ( 1- ( (1- ( P ( I ) * R MF/ B KD ( I ) ) ) * * ( 1/P (I ) ) ) ) 
GO TO 233 


MODE ( I , 3 ) =SORCE2 ( I ) / ( BKD (I) • BMF * ( 1- P (I))) 
IF ( EL EMX ( I )- 22 ) 227 , 607 , 2 27 







22 7 IF (ELEMX (I)- 1 2) 207 , 60 7, 20 7 
c 
C LI ME 2 1 2 ACCESSES THE OPTIONAL DYNAMIC 
c 


2 0 7 IF ' ( IDYNAM.EQ .1 6 ) GO TO 24 7 
IF ( MF. EQ . CONTS) GO TO 247 


OPT I ON MODELLING EQUAT I ON . 


MODE ( T, 3 ) =MODE (I, J) * ( 1. 0/ ( 1. O+ DYNAM X)) • MODE ( 1 , 6) * ( DY NAMX/ ( 
$ 1. 0 +DYHMX ) ) 
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24 7 
c 


RESID (I) = (SORCE2 (I ) / ( 1- RMP) ) * ( 1- (MODE ( l , J) * RMP/SOBCE2 (I) ) ) 


C LI NE 220 RESETS THE SORCE l ARR AY I P FRACTIONAL MELTING IS USED . 
c 


c 


IP ( I BATCH . EQ . 15 ) SORCE2 ( I )= RES! D ( I) 
2 01 CONTINUE 


RMFP=RMF *l OO . O 
~RITE ( b , 62 ) llMFP , KDGP (CONT3 ) 


62 FORHAT( 1 1 1 , // ,1 0X , ' TRACE ELEMENT CONCENTRATION 
$5 Of A ', 1X , F5 . 2 ,1 X, 1 3 PARTIAL HELT OF THE FOLLOW I NG HOOE US I NG ', 
$ 1 X, 2AA , 1 X, ' KO VALUES IS : 1 ) 


WRITE ( 6 , 63 ) KDGP ( lBATC!l ) , KDGP ( IDYNAM ) , DYNAMX 
63 FORMAT (' ', 5X , 2A8 ,' MELTING EQUATI ONS WEBE USED WITH THE ', 2A8 , 1 0PT 


$ION WHICH INVO LVED ',1 X, F3 . 2 ,1 X, ' WI. FRAC . OF LI QUID RET AINED 
$ . ') 


CALL RES ULT (HINER , ELEM , MODE , CONT2 , CONT8 , BESIO , ELEft X, CHOND ,I BATCH) 


C SUBROUTINE RESULT PRINTS TllE RESULTS FOR MODE (I , 3) 
c MODE (I , 5 ) AND RSE I D( I ) . THE PR I NTOUT r s ON T HE SECOND PAGE OF EACH 
C PRI NT OU T CYCLE . 
c 


IF ( RMPX- RMr" ) 202 , 208 , 202 
c 
C LI NE 23 7 CHECKS TO SEE IF THE RECALC SUBRCUTINE SHOULD BE CA LL ED . 
c 


2 08 CALL RECALC {MINER , MINEBX , ELEM , ELEMX , KD , SORCE 1, SORCE2 , 
$CONT 1, CONT2 , CONT3 , MODE , BMF , K2 , KDGP , BKD , P, C0Nl 4, BKD X) 


c 
C SUHHOIJTINE HECALC WILL REC ALCU LATE THE MODE (l , 2 ) AND SORCE l (I) TERMS 
C WH EN ACCESSED FROM TH I S POI NT. 
c 


IP (CONT3. EQ . 30 ) GO TO 3007 
c 
C CONT) =30 SIGNA LS THAT THE SORCE l HAS BEEN RECALCULATED TO A MO NO -
C MIN ER ALIC STATE . EXECUTION WILL CEASE AT THIS POINT. 
c 


GO TO 223 
2 0 2 IP ( IOATCH. EQ .1 4 ) GO TO 200 


IF ( ( RMFX-RMF). EQ . O. 0 ) GO TO 200 
c 
C CONTBOL IS SENT OF F TO RECALC If FRACT I ONAL MELTING IS USED BUT IF I T 
C ACCESSED FROM HERE THE MCOE ( I , 2 ) TERM WI LL NOT Br: RESET.. K2 I S SET TO 
C TO S I GNAL THAT I T I S COMI NG FROM THI S ST ATEMENT . 
c 







c 


K2=14 
CALL RECALC (MINER , MINERX , ELEH , ELEaX ,K D, SORCE 1, SOHCE2 , 


$CONT 1, CONT2 , CONT3,MODE , RMF , K2,KDGP , BKD ,P, CONl4 , BKDX) 
200 CONTINUE 


GO TO 3007 
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C THIS I S WHERE THE CALCULATIONS FOR FRACTI ONAL CRYSTALL I SATION START . 
c 
C LI NES 27 1- 277 HEAD IN THE CONTROL VARIABLES FOR THE FRACTIONAL CRYST AL 
C MODELLING AND INITIALIZE ALL VABIABLES. 
c 


c 


1000 XXXTAL=O.O 
IBATCH=14 
X=O.O 
REA0(5,5)CONT9,CONT10 , CONT 11,CONT 12, CCNT 13 
READ (5 , 8 ) ( (MODE(I,J) ,J= 1, 2 ) ,I= 1,CONT 13) 
READ (5 ,1 001)IOHARA ,J OHARA,OHARAX , OHARAY 


1001 FORMAT(2(I2,1X) , 2 (F3.2,1X),6 6X ) 


C LINES 282- 286 GOVERN THE BRANCHING TO THE CHARA TYPE FRACTIONAL 
C CRYSTALLISATION MODELLING SUBROUT IN E. 
c 


c 


IF(IOHARA.EQ . 0 ) GO TO 5005 
CALL OHARA ( MINER , MINERX , ELEM,ELEMX,KD , SORCE1 , SOHCE2 , CONT1 , CO NT2, 


$CONT3,CONT4 , MODE , KOGP , BKD , CUOND,P,CONI20,RESID,IBATCH , 
$0HARAX,OHARAY,JOHARA I 


GO TO 3007 


C LIN ES 290-299 INITIALI ZE VARIABLES ANO CALC ULATE THE DK D TERMS . 
c 


c 


5005 DO 5003 I= 1, CON T2 
MODE(I , 3)=0.0 
MODE (I, 4)=0.0 
BKD (I) =0.0 
F(I)=O.O 
DO 5004 J=1,CONT1 


IF ((K D ( ELE MX( I ) , ttINERX (J) , CONT3)). EQ.99 . 999) GO TO 5004 
DKD ( I) =BK D (I) t (( MOOE (J, 2) / 100.0) •KO (ELEM X (I ) , MINERX (J) , CONT)) ) 


5004 CONTINUB 
5003 CONTINUE 


C LINE 303 SETS UP TH E LOOP GOVERN ING THE NUMBER OF FRACTIONATION CYCLES 
c 


c 


00 3002 IXTAL=CONT9,CONT10 , CONT11 
IF ( X.EQ.1.0) GO TO 3010 
CALL HEAD{HINEB , MINERX,ELEH , ELEMX ,K D, SORCE 1, SORCE2 , CONT1, 


$CO~T2,CONT3,MODE,KDGP,BKO , CONT4,CHOND,F) 
3010 RIXTAL=IXTAL/ 100 . 0 


IP(X XXT AL. EQ.RIXTAL ) GO TO 3002 
IF { X. EQ .1. 0 ) CALL HEAD {MIN EH , HINEBX,ELE~,ELEMX , KO , SORCE 1, 


~ SORCE2 ,CO NT 1, CO NT2,CONT3,MODE,KDGP,BKO,C ONT 4, CHOND , P) 







C LINES 312-329 CHECK IF THE EQUAT I ON S HAVE BEEN EXCEEDED , SIMILAR 
C TO THAT DESCRIBED IN THE PARTIAL MEL TING SECTION. 
c 


c 


X=O.O 
RIPTAL=RIXTAL 
DO 3004 K=1 , CONT1 
IF(MOD E (K, 2).EQ.0.0) GO TO 300 1 
IF ( llIXTAL*MO DE (K, 2) - SORCE 1 (K)) JOO 1, 3006, 3006 


3006 IP (( SORCEl(K)/MODE(K , 2)).GT.R IPTAL) GO TO 3001 
R IPT A L=SORCE 1 (K) /MODE (K, 2) 
K2=K 
X= 1. 0 


3001 IF (K. LT . CONT I) GO TO 3004 
IF (X. EQ. 0. 0) GO 10 3004 
IF(XXXTAL-RIPTAL)3011,32,33 


3011 RIXTAL=RIPTAL 
XXXTAI.=RIXTAL 


30 04 CONTINUE 


C LI NE 333 INITIATES THE LOOP TO TREAT EACH ELEMENT SEPERATELf . 
c 


DO 1209 I=1,CON T2 
IF (M ODE (I,3).IT. 0. 0) GO TO 1209 


c 
C LIN E 339 DIRECTS THE CONTROL DEPENDING ON WHETHEB SURFACE OR TOTAL 
C EQUILIBRIUM IS DESIRED. SUFACE EQUILIBR I UM EQUATIONS FOLLOW. 
c 


c 


IF (CONT12.EQ. 10) GO TO 300B 
IBATCH= l 5 
MODE (.I, 3 ) =SORCE2 (I)* ( (1. 00 - RIXTAL ) ** (BKD (I)- 1. 00 )) 
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C LI NE 345 ACCESSES THE EQUATION GOVERNING RECALCULATED DATA PROBLEMS. 
c 


c 


IF(MOOE(I,4).E Q.0.0) GO TO 3020 
MODE (I, 3 ) = ( (RI XTA L- XXXT AL) /RIX TAL) *MODE (I,3) +MODE (I, 4) * (X XXTA L/ 


$RIXTAL) 


C LIN E 351-352 ACCESS THE PETROCHEMICAL SUBTRACTION SUBROUTINE. 
c 


3020 
12 0B 
120 7 


c 


IF ( ELEMX(I) - 22 ) 120B ,1 607 ,1 20B 
IF (ELEMX(I )-1 2) 1207, 1607 ,1 207 
RES ID (I ) ~soRCE2 (I) • ( 1- ( ( 1- RI XT AL ) •• (BKD (I)) ) ) I RI x T AL 
MODE (I, 5) =BKD (I) *SORCE2 (1) * ( ( 1-RIXTAL) ** (BKD (I ) -1)) 
GO TO 1209 


C LINES J57- 3B4 ARE Ti!E PETROCBEM ICAL SUBTR ACTION PROGRAM FOR FRACTIONA L 
C CRYSTALLISATION PROBLEMS . 
c 


1607 DO 1605 II=l,C ONT l 
IF (ELEMX (I). EQ. 22 ) GO TO 16 06 
IF (MODE (II , 1)-9) 1601, 1602 , 160J 


1601 If ( MODE (Il,1). EQ . ~ATA1)MODE (I,3) =MODE(I , 3)-(RIXTAL*MOOE(l I, 2 )* 







c 


$ 11 03 . 0 ) 
IF ( MOOE(I , J) . GT.0 . 0) GO TO 1605 
WRITE ( 6 , 122) ELE"(ELEMX(I)) 
GO TO 1605 


1602 IF(MODE(II,1).EQ.DATA~MOOB(I,~•MOOE(l,3)-(RIXTAL*MOOE(II,2)* 
$937. 0 ) 


IF ( MODB (I, J ) . GT.0 . 0) GO to 1 605 
WRITE ( 6 , 1 22) ELEM ( ELEMX (I)) 
GO TO 1605 


16 03 IF ( MODE (II, 1). EQ. 0ATA4) MODE (I, 3) =MODE (I, 3 ) - ( BIXTAL*MOOE (II, 2 ) * 
$ 111 9. 0 ) 


IF ( MODE (I, 3) . G7.0.0) GO 10 1605 
WRITE (6, 122 ) ELEM (ELEMX (I)) 
GO TO 1605 


1606 IF(MODE(II,1).BQ.OATA3)MODE(I,3)=MODE(I,3)-(RIXTAL*MOOE(lI,2)* 
$4459 . 0) 


IF(MODE(I,3).GT.0.0) GO 'fO 1 605 
WRITE (6 , 122) ELEM ( ELEMX (I)) 


1 605 CONTINUE 
IF (CONT12.EQ. 11) GO TO 1207 
GO TO 1210 
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C EQUATIONS FOR TOTAL EQUILIBRIUM FRACTIONAL CRYSTALLISATION FOL LOW . 
c 


3008 MODE (I, 3) •SORCE2 (I) I ( ( 1. 00 - RIXTAL) + ( BKD (I) *R IXTAL)) 
!F ( MODB ( I,4) . EQ.0 . 0) GO TO 302 1 
MOOE ( I , 3 ) • (( RIXTAL-XXXTAL ) /BIXTA L)*M COE(I , 3) + MOOE ( l , 4)*( XIXTAL/ 


$RIXTAL ) 
3021 IF ( ELEMX(I )- 22 ) 1218, 160 7, 12 1 8 
1 218 IF (ELEMX (I )-1 2) 1210,1607,1210 
1 2 10 RESIO (l)• BKO (I)* SORCE2 (I) / (1-(1- BKO (I))* RIXTAL) 
12 09 CONTINUE 


PIXTAL=RIXTAL•lOO.O 
WHITE (6 , 3009) PIXTAL , K OGP ( CONT 3 ) , K DGP (CO NT 12) 


3009 FOHH AT ('1', // ,1 0X , 1 THE CALCULATED TRACE ELEMENT CONCENTUATIONS 
$ OF ',1 X, F5. 2 ,1 X, 1 % FRACTIONAT I ON OF THE FOLLOWING ~ODE WITli ',l X, 
$2 AU,1 X,/ ,1 0X , 1 KO VALUES AND 1 ,1 X, 2A8 ,1 X, 1 CONOITIONS ARE: ') 


CA LL RES ULT ( MIN ER , EL EM , HOOE, CONT 2 ,CONT 1, RES ID, EL EHX , CHO ND , I BATCH) 
If (X. EQ.0.0) GO TO 3002 
CALL RECALC ( MINER ,M INERX , ELE/'1 , ELEMX , KO , SORCE1 , SORCE2 , 


$CONT1,CONT2,CONT3,MODE,RIXTAL,K2,KDGP,BKD,P,CONTij,BKDX) 
IF (CONTJ . EQ.30) GO TO 300 7 
GO TO 30 10 


3002 CONTINUE 
3007 CONTINUE 


•RITE ( 6 , 3005) 
JOOS FURHAT ('1', ///////////// , 50X , 1 END OF EXECUTION . 1 , / ,1 0JC ' PROGRAM D 


liY:',/,21X, 1 JAMES L .. EVANS 1 ,/, 21X , 1 DEPT . OF GEOLOGY' , / , 2 1X,' MEMO 
$RIAL UNIVERSITY 1 ,/,21X, 1 ST .. JOUNS, NFLD .. 1 ,/,21X, 1 FED. 14, 1978 1 ) 


STOP 
END 
SUBROUTiN E HEAD ( MINEB , MI NERX , ELEH ,EL EMX,KD , SORCE 1, SORCE2 , 







$CONT 1,CONT2,CONT3 , MODE ,K DGP ,E KD, CONT4 , CHOND,P) 246 . 
c 
C SUBROUTINE HEAD IS ONLY A PORMATTED PRINTING EXERCIZE AND NEE DS NO EXP 
c 


COMP LE X• 1 6 KDGP(17) 
REAL KD(27,14,9) ,SORCEl (14) , SORCE2 (27), MODE ( 27,6) , BKD(27) 
REAL CHOND(27 , 2) , P(27) 
INTEGER EJ.EM ( 27) , ELEMX ( 27) , MINER (14) ,M INERX (1 4) 
INTEGER CONT1,CONT2 , CONT3 ,CON T4 
DO 100 I=1,CONT2 


1 00 CHOND (I, 2)=SORCE2(I)/CHOND ( ELEMX ( I ) ,1) 
WRITE(6,50)KUGf(CONT4) 


50 FORMAT( 1 1',/,20X, 1 CALCULA'IION OP TRACE ELE!1ENT ',1 X, 2A8 ,1 X,'MODEL 1 , 


$/,JSX,'***EVANS-1978***') 
WR IT E ( 6 , 5 1) KDGP (CONTJ) 


51 FORl1AT ( 1 1 , // ,1 0X, ' INDIVIDUAL AND CALCULATED BULK KD VALUES USING 
$ 1 ,1 X, 2A8 ,1 X,' KD VALUES:', // ) 


WRITE ( 6 , 52) (MINER(MlNERX(I)) ,I =1,CON11 ) 
52 FORMAT( ' ', 2X , 1 ELEM ', 5X , 1 P 1 , 6X, 1 BULK 1 ,2X ,1 4(2X,A4 , 2X)) 


DO 10 1 I=1,CONT2 
WRITE ( 6 , 53) ELEM(ELEMX (I) ),P(I) , BKD (I), (KD(ELEMX(I) , MINERX ( J ), 


J;CON'I3) , J= 1,C ONT1) 
53 FORMAT (' •,JX,A2,JX,16(F7.3,1X)) 


101 CONTINUE 
WRITE ( 6 , 56) 


56 FORMAT(' ', // , 10X, ' SOURCE MODAL COMPCSITION: ',// ) 
WRITE (6, 57 ) (MINER (MINERX (I)) ,I= 1,CONTl) 


57 FORMAT( ' 1 , 10X, 14 (2X,A4,2X)) 
WRITE ( 6 , 58 ) (SCRCEl ( I) , I= 1,CONT1) 


58 FOR1'1AT( 1 ',/,10X,14{2X,F5 .. 2 ,1 X: )) 
WHITE ( 6 , 59 ) 


59 FORMAT( ' ', // ,l OX,'SOURCE TRACE ELEMENT ABUNDANCES AND CHONDRIT I C 
$ RATIOS: ', //) 


IF ( CONT2- 1 0) 90,90 , 9 1 
91 IXX=lO 


llHITE ( 6 , 60) (ELEM(ELEMX(I)) , I=l ,IX X) 
WRITE (6 , 6 1) ( SOHCE2 ( I) ,I= l,I XX) 
WRITE (6,62) ( CHOND (I, 2) ,I=l,IXX) 
IF(CONT2-2~92,92,93 


93 I XX=20 
WRITE(6 , 60 ) ( ELEM(ELEMX(l)) , != 11,IXX) 
WRITE (6,61) ( S ORCE2 (I) ,I =11 ,I XX) 
WRITE ( 6 , 62) (CA ONO(I , 2) ,I= ll, IXX) 
WRITE ( 6 , 60) (ELE M(.llLEMX ( I)) ,I=21 , CONT2 ) 
WRITE (6 , 6 1) (SORCE2 (I) ,I= 2 1, CONT2 ) 
WR I TE (6,62) (CHOND(l,2) ,I= 21 ,C ONT2) 
GO TO 94 


92 WRITE ( 6 , 60) ( ELEM(ELEMX(I)) , I=11,CO NT 2 ) 
WRITE (6,61) (SORCE2(I) , I= 11, CONT2) 
WRITE (6,62) ( CHONO(I , 2 ) ,I=11,CONT2) 
GO TO 94 


90 WRITE(6 , 60) (E LEM(ELEMX (I)) ,I=1,CONT2 ) 







c 


WRlTB (6 , 6 1 ) (SORCE2 ( I) , I=1 , CONT 2 ) 
WRITE (6 , 62 ) (CHOND ( I , 2 ) ,I= 1, CON T 2 ) 


94 CONTINUE 
60 FORMAT {' ',1 0X , 10(4X , A2 , 4X )) 
6 1 'F ORMAT (' 1 ,1 X,' ABUNDANC.E ',1 0 ( 1X , FB ... 2 ,1 X) ) 
62 FORMAT (' 1 ,1 X, 1 RATI0 1 , 4X ,1 0 (1 X, P8 .. 2 ,1 X}, / } 


RETURN 
END 


247 . 


SUBROUT I NE RESULT ( MINER , ELEH , HODE ,CONT2 , CON120 , HES I O, ELEMX , CBOND , 
$ !B ATC H) 


C S UBROUT I NE RESU L T IS FORMATTED PRINTING RO UTINE 
c 


c 


REA L MODE(27 , 6) , RESID ( 27 ) , CHOND ( 27 , 2 ) 
INTEGER MINER( 1 4 ) , EL EM ( 2 7) , CONT2 , CONT20 , ELEHX ( 2 7) 
DO 100 I=1,CONT2 


10 0 CHOND ( I , 2)=HODE ( I , 3 ) /CHOND(E L EMX ( I ) ,1 ) 
WRITE ( 6 , 63 ) ( MI NF.R ( MODE ( I ,1)) , I= 1 ,CON T 20 ) 


6 3 FORMAT (' 1 , /,.10X , 1 i'!.0DE : 1 , / ,1 0X ,1 4 ( 2X ,A 4 , 2X)) 
WRITE ( 6 , 64 ) ( MODE (I,2) , I= 1, CONT20 ) 


64 FORMAT (' 1 , // ,1 0X , 14 (1 X, P6 .. 2 ,1 X) } 
WRITE ( 6 , 65 ) 


65 FORM AT (' ', // , 10X ,' PAHTIAL ME L T OR F RAC TIONATED LI QUID E LE MENT CO N 
$CENTRATIONS AND CHONDRITIC RAT I OS :',// ) 


I f( CONT2 -1 0 ) 90 , 90 , 9 1 
91 I XX= 1 0 


WRITE ( 6 , 60 ) ( ELEM ( ELEMX ( l )) , I=l , IXX ) 
WRITE (6 , 6 1) ( MODE(I , 3 ) , I=l , IXX) 
WRITE ( 6 , 62) , (CHOND (I,2 ) ,1= 1, IXX ) 
IF(CONT2- 20 ) 92 , 92 , 93 


9 3 I XX=20 
WRITE ( 6 , 60 ) ( ELEM ( ELEMX ( I )) , I=1 1, I XX) 
WRITE ( 6 , 61 ) ( MODE ( I , J ),I=11, IXX) 
WRITE (6 , 62) ( CHOND (.I , 2) , I= 11, IXX ) 
WRITE ( 6 , 60) ( ELEM ( ELEMX ( I ) ) , I=2 1, CC NT2 ) 
WR I TE (6 , 6 1) ( HODE (I, 3) ,I=2 1,CONT2 ) 
WRITE (6 , 62 ) (CHOND (I, 2 ) ,I=2 1, CO NT 2 ) 
GO TO 94 


92 WRITE ( 6 , 60 ) ( ELEM ( ELEMX(I) ) , I = 11, CO NT2 ) 
WRITF. (6 , 6 1) ( MODE ( I , 3 ) , I= 11, CONT2 ) 
WRITE (6 , 62) (CHOND (I, 2 ) , I= l 1 , CON ! 2 ) 
GO TO 9• 


9 0 WRITE ( 6 , 60 ) ( ELEM ( EL EMX(I )) ,I=1 , CONT2 ) 
WRITE ( 6 , 6 1) ( MODE(I , 3) , I= 1, CONT2) 
WR I TE (6 , 62 ) (CHO ND (I, 2 ) ,I= l , CONT2) 


94 CONTINUE 
60 FORMAT (' ',1 0X ,1 0 {4X , A2 , 4X ) ) 
6 1 FOB.MAT (' 1 ,1 X , 1 AEUNDANCE ',1 0 (1 X , F8 . 2 , 1X ) ) 
6 2 FORMAT {' 1 ,1 X,' RATI0 1 ,, 4X ,1 0 (1 X, P8 .. 2 ,1 X) , / ) 


IF ( IB A'r CH . EU . 14 ) GO TO 1 0 1 


C TH E VAL UE OF I BATCH CHECKS TO S E E I F RES ULTS ARE STORED IN HODE (I, 5 ). 







c 248 . 
DO 102 I~1,CONT2 


10 2 CHON D (I, 2) =MODE ( I , 5 ) /C llOND ( EL EM X (I) , 1) 
WRITE ( 6 , 1 03 ) 


103 FORMAT(' '• //,10X,'THE AGGREGBATE LI QUID OR INSTANTANEOUS CUMU LAT 
$E CONCENTRATIONS AND CUONDRITIC BATIOS ARE :',/) 


IF(CONT2-10) 80 , 80 , 8 1 
81 IXX=lO 


WRITE(6,60) (EL EM ( ELEMX {I)) ,I=l ,IXX) 
WRITE (6 , 6 1) ( MODE ( I , 5 ) ,1= 1,I XX ) 
WRITE ( 6 , 62 ) (CHONU{I,2) ,I=l,IXX) 
IF (CONT2-20 ) 82 , 82 ,0J 


83 IXX=20 
WRITE(6,60) ( ELEM( ELEMX (I)),1 = 11,IXX) 
WRITE(6,61) (MODE(I,5 ) ,I= ll,IXX) 
\ill1TE(6,62) (CHOND (I, 2),1=11,I XX ) 
WRITE(6,60) ( ELEM ( ELEM X(I)) ,I =2 1, CO NT2) 
WRITE (6 , 6 1) ( MODE( .I, 5 ) ,I=2 1, CONT2 ) 
WRITE (6 ,6 2 ) (CH OND (I, 2 ) ,I= 2 1, CONT2 ) 
GO TO 84 


82 WRITE(6,60) ( ELEM ( ELEMX (I)) ,I= 11, CO NT2) 
WRITE (6 , 6 1) ( MODE (I, 5 ) ,I=11,CONT2 ) 
WR I TE (6,6 2 ) (CH ONO (I, 2 ) ,I=11,CONT2) 
GO TO 0 4 


80 WRITE(6,60) (H EM ( ELEMX( I)) ,I =1 , CON T2) 
WRITE (6 , 6 1) {MODE (I, 5) ,I= 1,CONT2 ) 
WRITE (6 ,6 2 ) (C HONO (I, 2 ) ,I=1,CONT2) 


84 CONTIN UE 
101 WRITE(6,68) 


68 FORM AT{' 1 , //,10X, 1 THE RESIDUAL OB AG GREGRATE CUMULATE CONCENTRAT 
$IONS AND CHONORI1IC RATIOS ARE:',/) 


DO 110 I = 1, CONT2 
110 CH OND (I, 2) =RESID (I) /CHO ND(ELEMX(I) ,1) 


IF (CONT 2-10) 95,95,96 
% I XX= 10 


WRITE(6,60) (ELEM ( ELEMX (I)) ,I=l,IXX) 
WRITE (6 , 6 1) ( RESID {I),I=l,IXX) 
WRITE (6 , 62 ) (CHOND (I,2) ,I=l,IXX) 
IF(CONT2-20) 9 7,97, 98 


98 IX X=20 
WRITE(6,60) ( ELEM ( ELEMX (I)) ,1 = 11,IXX) 
WRITE(6,61) ( RP.SID {!) ,1=11,IX X) 
WRITE(6,62) {CHOND (I, 2 ) ,1= 11,IX X) 
WRITE(6,60) ( ELEM { ELEMX (I)) ,I=2 1, CO NT 2 ) 
WR IT8 (6 , 6 1) ( RESID{I ) ,I= 2 1,CONT2 ) 
WRITE (6 ,62) (CHOND (I,2) ,I=2 1,CONT2) 
GO TO 9~ 


97 WRITE(6,60) ( ELEM ( ELEHX {I)) ,I=11,CONT2) 
WRITE (6 , 6 1) ( RESID (I),I= 11,CON T 2 ) 
WHITE (6 ,,6 2 ) (C H ONO (1,, 2 ) ,,I=11,, CO HT2) 
GO TO 99 


95 WRITE(6,60) (EL EM ( E LEMX (I)) ,I= 1,CONT 2 ) 







c 


WRITE (6,61) ( RESID(l),1=1 , CON12) 
WRITE (6 , 62) (CHOND(I,2) ,I=l,CON T2 ) 


99 CONTINUE 
RETURN 
END 
SUBROUTINE RECA LC (MIN ER ,ftINERX,ELE~,ELEMX,KD,SORCE1,SORCE2, 


$CONT 1, CONT2 , CONT3 , MODE,RMF ,K, KOGP,BKD , P,CONT4,DKUX ) 


249. 


C SUBROUTINE RECALC IS A SUBROUTINE DESIGNED TO RECALCULATE MODE(I , 2) , 
C SORC! l AND UKD ARRAYS . THE LOGIC OF THR PROGRAM IS VERY SIMPLE AND THE 
C EQUATIONS ARE GIVEN IN THE REPORT . 
c 


c 


COMPLEX• 1 6 KDGP(17) 
REAL KD(27,14,9) , SORCE l (1 4) , SORCE2(27 ) , MODE ( ;J,6) 
REAL BKD(27) , P(27) , BKD q27) 
INTEGER ELEM ( 27) , ELEMX ( 27), MINER ( 14 ), MINE BX ( 14) 
INTEGER CONT 1, CONT2 , CONT3 , CONT4 
IF ( K.EQ.14) GO TO 71 
IF(MODE(K, 2 ) . LT.100.00) GO TO 69 
WRIT E (6 , 60) 


68 FORMAT{ 1 1 1 , //////////,50X ,' END OF EXECOTION 1 ,/,.20X, ' ALL 1HNERA 
$LS USED IN THE MODE HAVE EEEN USED UP IN THE SOURCE.') 


CONT3=30 
GO TO 9• 


69 IF (CONT4. EQ.13) GO TO 70 
DO 603 I=1,C ONT2 
BKDX ( I ) =BKD (I) 


603 MODE (I,4) =MODE(I,5) 
70 XI=O. 0 


AED=MODE ( K,2 ) 
DO 205 L= 1, CONT1 
SORCE 1 (L) = ( SORCE 1 (L) - ( RH* MODE (L, 2) )) 
XI=XI+SORCEl ( L) 
MODE(L,2)=MODB(L,2)*100.0/(100.0-AED) 


205 CONTINUE 
MODE ( K,2)=0.0 
SORCE ! (K) =O. 0 
DO 206 L=l,CONTl 
SORCE 1 ( L ) = ((SORCE 1 (L) /XI )• 100. 0) 


206 CONTINUE 
74 DO 60 1 I=1,CONT2 


If (CONT4.EQ.13) MODE (I,4)= MODE (l,3) 


C MODE(I ,4) IS TREATED DIFFERENTLY IN PARTIAL MELTING AND FRACTIONAL 
C CRYSTALLISATI ON PROBLEMS BECAUSE OF THE DIFFERENT WAYS IT IS USED 
C IN THE EQUATIONS . 
c 


BKD (I) =O. 0 
P (I) =O . O 
DO 602 J= 1, CONT1 
IF (( KD ( FLEMX(I) , MINEilX ( J) ,CONTJ)).EC.99.999) GO TO 602 


BKD(I)=BKD(I) + ( SOHCEl (J) / 10 0 . 0*KD ( ELEMX ( I) , MINERX (J) , CONTJ) ) 







c 


IF (CONT4. EU. 12) P (I) =P (I)• (MODE (J, 2) / 100. D*KD (ELEMX (I) , MINERX (5f s. 
liCONTJ )) 


602 CONTINUE 
601 CONTINUE 


IP (K. EQ. 14) GO TO 94 
RMFP=RMF•lOO.O 
WR IT E (6 , 67) MINER (MIN ERX (K)) , BMFP, KDGP (CONT4) 


67 fORMAT ('1' ,//////////,10X ,'** ************************************* 
$••*****************************************************•******* 
.:f;l ,/, 20X , 1 THE PHASE 1 ,1 X, A4,1X ,' Hl\S BEEN USED UP AT ' ,1 X,F5.2, 1 X 
$ 'P ERCENT ', 1X,2A8, 1X, ' .• THE FOLLOWING ARe THE KO VALUES ' ,/,20X , 
$ • AND RECALCULATED SOURCE, MODE ANC TRACE ELEMENT ABUNDANCES.'/, 20 
$X, 1 EXECUTION WILL CONTINUE USING THESE COMPOSITIONS . 1 } 


GOTO 94 
71 XI=O.O 


DO 7 2 L= 1 , CO N'f l 
SORCE 1 (L) =SO RC El (L)-(RMP*MODE (L, 2)) 
XI=XHSORCE1 (L) 


72 CONTINUE 
DO 73 L-= 1, CONT1 
SORCE 1 (L) =SOBCE 1 (L)* 100.0/XI 


73 CONTINUE 
GO TO 74 


94 CONTINUE 
RETURN 
END 
SUBROUTINE OHARA (MINER,MINERX,ELEM,ELEMX,KD,SORCE1,SORCE2, 


$CONT 1, CONT2 , CONT3,CONT4,MODE , KDGP , BKD , CHONO , P, CON120 , RESID , 
$IBATCH,OHARAX,OHARAY,JOHABA) 


C THE SUBROUTINE OHARA IS SELF RUN AND DOESN ' T RELATE TO THE MAIN 
C PROGRAM. A DESCRIPTION OF THE GENERAL LOGIC IS GIVEN IN THE REPORT. 
c 


c 


COMPLEX• 16 KDGP(17) 
INTEGER CONT 1, CONT2,CCNT3 , CONT4,CONT20 
INTEGER MINER(14) ,MINERX(14) , ELEM(2 7) ,ELEMX(27) 
REAL KD ( 27, 14,9) ,SORCE 1 (14) ,SORCE2(27) ,MODE(27,6) ,BKD(27) 
REAL CHO ND (27, 2) , P (27), RES ID ( 27) ,SORCEX ( 14), SORCEY (27) 
DITA DATA 1/06./ , DATA2/09 . / , DATA3/ 11./, DATA4/12./ 
IBATCH=15 


C I BATCH IS SET TO 15 FOR PRINTING PURPOSES. SEE RESULT SUBPROGRAM . 
c 


c 


DO 120 !=1 , CONTl 
SOHCEX (I)=SORCE1 (I) 


C SORCEX ANO SORCEY STORE THE ORIGINAL SORCE1 AND SORCE2 COMPOSITIONS 
C WHICH ARE USED I N THE LATER MAGMATIC MIXING EQUATIONS . 
c 


120 CONTINUE 
DO 130 I=1,CONT2 
RES ID (I) =0. 0 







c 


MODE ( I , 3 ) =0 . 0 
SORCEY ( I )=SORCE2 ( 1 ) 


130 CONTINUE 
DO 10 0 J = 1, JOH ABA 


C L I NE 683 SETS UP THE MAIN LOOP POR THE HUMEER OP CYCLES TO RUN . 
c 


DO 104 K=1,CON'I1 
IF ( ( OH AR AX*MODE ( K, 2 ) ) -SORCE 1 ( K) ) 10 4 , 104 , 11 6 


c 
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C L INES 68 6-696 CHECK TO SEE TH AT !HE EQDA! I ONS WILL NOT BE EXCEEDED. 
c 


c 


11 6 WR IT E ( 6 ,1 07 ) MINER ( MINERX ( K)) 
107 FORMAT (' 1 ' .///////,' EQUATI ONS ARE BOMBING OUT BECAUSE YOU ARE CAL L 


SING fOil A GREATER AMOUNT 0 F',1 X, A4 ,1X,' 1HAN IS I N THE SOURCE ') 
OH ARAX=SORCE 1 (K ) /MODE ( K , 2) 
WRITE ( 6 , 1 24 ) OHARAX 


1 2 4 .FORM AT (' t, lOX , 'THE VALUE CHAR AX HAS EEEN RECALCULATED TO ', 1 X , 
$F3. 2 ,1 X,' 0H THE MAXIHUH AL LOWABLE VALU E AND EXECUTION WILL CONTINU 
.IE - • ) 


10 4 CONT I NUE 


C LINES 700-709 CA L CULATE THE B KD TERM . 
c 


c 


DO 12 1 K=1,CONT2 
P ( K) =O . O 
BKD ( K) =O.O 
DO 1 23 I= 1, CONT1 
IF (( KD ( ELEMX ( K), MINERX ( I ), CONT3) ). EQ . 99 . 999) GO TO 1 23 
BKD ( K) =UKD (K) + (( MODE (I, 2 ) / 100 . 0) * ( KD ( ELEMX ( K) , MIN ERX ( I ) , CONT 3))) 


123 CONTINUE 
12 1 CONT I NUE 


CALL HEAD ( M.INER , MIN ERX, ELE~ , EL E/1 X, KD , SORC El, SORCE2 , CONT 1 , 
$ CONT2 , CONTJ , MODE , KDGP , BKD , CON T4 , CHOND , P) 


C L .I NE 71 3 SETS UP THE LOOP TO !BEAT EACH EL EMENT SEPEHATE L Y. 
c 


DO 101 I=l,CONT2 
IP ( MODE ( I , 3 ) . LT . 0 . 0) GO TO 101 


c 
C IF AN EL EMENT IS RECALCULATED TO L ESS THAN ZERO IT IS DISREGARDED. 
c 


c 


MODE ( I , 3 ) =SORCE2 (I)* ( OHARAX+OHARAY ) * ( ( 1- 0HARAX ) ** ( BKD (I) -1)) / 
$ (1-((1-0HARAX-OHARAY ) * ((1-0HARAX ) * *( B~D(I ) - 1))) ) 


C LI NES 7 23-754 IS THE PE T ROCHEMIC AL SUE ! RACTION SUBROUTINE FOR K AND ZR 
c 


IF ( ELEMX ( I) - 22) 10 2 , 103 ,1 02 
1 02 IF ( ELEMX (I ) - 12)108,103 ,1 0 8 
103 DO 105 II= 1, CONT1 


IF ( EL EMX ( I) . EQ.22) GO TO 106 
IF { MOD E (II, 1) - 9 ) 13 1, 132, 133 







c 


1 3 1 IF (M ODE (II, 1). EQ. DAT A 1) MODE (I, 3) =MODE (I, 3)- ( OHARA X*MODE (II, 2 ) • 2 5 2 · 
• 11 03. 0) 


IF ( MOOE(I,3).GT.0.0) GO TO 105 
WRITE ( 6 , 1 22) ELEM ( ELEMX (IJ) 
GO TO 101 


132 IF (M OOE (II, 1) • EQ. DATA2) MOOE (I, 3) =HOOE (I, 3 ) - (OHARAX •MOOE ( II , 2) * 
$937. 0) 


IF(MODE (I, 3) .GT.0.0) GO TO 1 05 
WRITE ( 6 , 122) ELEM (ELEMX (I)) 
GO TO 101 


133 IF ( MODE (II,1J. EQ.DATA4)MODE (I,3) =MODE(I , 3)-(0HARAX*MODE(II , 2)* 
$1119. 0) 


IF(MODE(I,JJ . GT . 0.0) GO TO 105 
WRITE ( 6 , 122) ELEM ( ELEMX (I)) 
GO TO 10 1 


106 IF ( MODE (II, 1). EQ . DATA]) MODE (I, 3) =MODE (I, 3) - (OHARAX*MODE (II, 2 ) * 
$4459 . 0 ) 


I F ( MODE (I, 3) .GT.0.0) GO TO 105 
WRITE (6, 1 22 ) ELEM (ELEMX (I)) 
GO TO 101 


122 FORMAT ( 1 1 1 , /////// , 05X, 1 THE ELEMENT 1 , 2X , A4 , 1 HAS BEEN RECALCULATED 
$TO LESS THAN ZERO BY THE SUBTRACTION PIOGRAM. DISREGARD FURTHER U 
$SE OF THIS ELEMENT .') 


105 CONTINUE 
108 MODE (I, 5)=BKD (~ *SORCE2(I)*((1-0RARAX)** ( BKD(~-1 )) 


HES ID ( IJ = ( RESID ( I)* (J-1) /J) •( MODE (I, 5) •1/J) 
101 CONTINUE 


C LINES 75g-767 DO THE MAGMATIC MIXING MODELLING THE REINTRUSION 
C OF THE PARENTAL MAGMA. THE LOGIC IS DESCRIBED IN THE TEXT. 
c 


DO 109 K=1 , CONT1 
SORCE ! (K)=(SORCEI (K)- ( M0Df(K , 2)*0HARAX) ) • (1.0/(1.0-0HARU)) 
SORCE 1( K)=(SORCE 1( K)*(1. 0 -0HARAX- OH ARAY))•(SORCEX ( K) *(OHARAX • 


$0HARAY)) 
109 CONTINOE 


DO 11 0 1=1,CONT2 
SOHCe2 (K) = (M ODE (K,3) * !1- 0-0HARAX-OH ABAY )) • ( SOOCEY (K) * ( OHARAH 


$OHARA Y)) 
11 0 CONTINUE 


WRITE ( 6 , 114) 
114 FOHMAT{' 1', //,20X ,' TRACE ELEMENT CONCENTRATIONS USING OHARA TYPE M 


$ DOELLING • ') 
WRITE(ti,117)0HARAX,OHARAY 


117 FORM.AT {' ',l OX, ' PROCESS INVOLVES 1 ,1X,.F3-2,1X, 1 WT. FRACTION OF CRYS 
$TAL FRACTIONATION AND 1 ,1 X,P3 .. 2 ,1X, 1 WT. FRACTION OP EXTRUSIVE I N EA 
$CH CYCLE .. I) 


ilRITE ( 6 , 11 5) 
115 FORMAT(' 1 ,l OX, ' ALL EQUATIONS ARE CA LCULATED ~ITHOUT THE ZONE REF I 


$NING TERM OUTLI NED IN OHARA , 1977.') 
CALL RES ULT (HI N ER , EL EH , HODE , CONT2 , CO N'I 1, R ESI Of' EL EMX , C HOND, I BATCH ) 


100 CONTINUE 







111 CONTINUE 
RETURN 
END 


253. 
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Discussion of Computer Program for Trace Element Modelling : 


This section is designed to g i ve a general review of 


the t heoretical modelling of trace element behaviour dur ing 


the major igneous processes that are t reated in the computer 


program, Appendix C. No attempt will be made to criticize 


any of the applied methods as this is just a statement of the 


equations used and their sources . Both partial melting and 


fractional crystallization processes will be reviewed . 


This appendix supplements the commented computer program 


STEM , or 11 System f or Trace Element Modelling 11 , Appendix C, 


and is only meant to pr ovide a brief background to the logic 


of the program and the user oriented features . The program 


will be discussed systematically , process by process , to lay 


out the system design to facilitate any future changes . 


At its present state the program is capable of modelling 


up to 27 elements and 14 minerals through batch melt i ng , 


fractional melting , 11dynamic 11 partial melting , fractional 


crystallization , (both in surface and total equilibrium 


conditions, and O' Hara- type fractional crystallization which 


calls for periodic rejuvenation of the magma chamber . The 


program is totally self- sufficient and will print out 


appropri ate error messages when the limits of the program or 


equations are exceeded . Error messages are printed to give 


some idea of the nature of the problem and how the user might 


adjust his data input . 
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Discussion will follow by first defining the variable 


and array names , and then treat each modelling process 


separately, thereby enabling integration with the corrunents 


on the logic design in the program . 


Variable and Array Definitions : 


Real Arrays : 


SOFCE1(13) -


SORCE2 ( 27 ) -


KD(27 , 13, 9) -


array containing coded mineral types to 
be used in the modelling . Coding as 
follows : 


01 - olivine 02 - orthopyroxene 03 - diopside 


04 - augite 05 - hornblende 06 - phlogoPite 


07 - plagioclase 08 - garnet 09 - bioti te 


10- apatite 11- zircon 12 - K- feldspar 


13- magnetite 14- quartz 


array containing coded element types to 
be used in the modelling. Coding as follows : 


01= La 02= Ce 03= Pr 04= Nd 05= Sm 


06= Eu 07= Gd 08= Dy 09= Er 10= Yb 


11= Lu 12= K 13= Rb 14= Sr 15 = Ba 


16= Cr 17= Ni 18= Ti 19= Sc 20= y 


21= Nb 22 = Zr 23= Mn 24= v 2 5= u 
26 = Th 27= Ga 


three dimensional array containing nine 
full sets of ind i vidual mineral/liquid 
distribution coefficients for all 27 
elements and 14 minerals . The element and 
mineral code numbers were defined 
previously, while the Kd sets are defined 
as follows : 


01 - average basal tic 02 - high basal tic 


03- low basaltic 04 - average dacitic 


05 - high daci tic 06 - low daci tic 
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07 - average rhyolitic 08 - high rhyolitic 


09 - l ow rhyoli t ic 


": Note that some KD values are more accurat e than 
others and the user should use h i s own discre tion . 
Discussion of the sources and methods of compilat i on 
are given lat er i n this s e ction . 


BKD(27) -


p (27 ) -


BKDX( 27 ) -


CHOND(27 , 2) -


RESID(27 )-


MODE(27 , 6) -


array containi ng bulk Kd values for each 
element . 


array containing bulk P values for each 
e l emen t , used in partial melting equations 
only . 


array containing bulk Kd values for each 
element at the critica l point of melting 
or crys t al fractionation when a component 
mineral is t o t al l y used up in the source . 


array cont ain ing the chondri t ic abun
dances of the 27 e l ements in (I,l) . 
Values of t he REE were taken from Taylor 
and Gorton , (1977) , while those for the 
o t her elements are from Wasson , (1975) . 
CHO ND ( I, 2) is used to store the 
chondri t ic ra t ios for printing . 


array containing element concentrations 
i n the residue of partial melting 
processes or aggregrate cumulat e concen
trat i ons in frac t ional crystall i zation 
processes . 


multi - purpose array : 


MODE ( I , 1 ) - coded number of mineral in the 
crystal cumu l ates or in the composi t ion 
to be partially mel t ed . 


MODE (I, 2 ) - percentage of each mineral as 
defined i n MODE CI , l ). 







Integer Arrays : 


ELEM ( 27 )-


ELEMX ( 27 )-


MINER(l3 )-


MINERX (13 ) -


Complex Arrays : 


KDGP( l 7) -


Real Variables : 


DYNAMX-
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MODE{ I, 3 )- the calculated trace element 
concentrations in the liquid as modelled 
by fractional crystal l ization or partial 
melting processes . 


MODE (I, 4 ) - trace element concentration 
of the liquid at the critical point of 
phase exhaustion i n the source , similar 
to BKDX(I ). 


MODE ( I, 5 )- aggregra t e liquid composition 
used in compiling various fractional 
melting steps , or the instantaneous 
composition of a phenocryst assemblage 
in fractional crystallization modelling . 


MODE( I, 6 )- compos i tion of the liquid 
from the previous partial melting step ; 
used only in " dynamic 11 type part i al 
mel t ing . 


used for storing alphabet i c symbols of 
elements for printing . 


contains the numbers of the elements 
used in modelling . This is used for 
printing and accessing a specific Kd 
file in cases where elements aren ' t 
chosen sequentially . 


array containing the alphabetic characters 
of the minerals for printing . 


similar to ELEMX relating to minerals . 


an alphabetic array stored in 2A8 that is 
used for printing processes in defining 
the options used . 


a term that defines the weight fraction of 
melt that is l eft behind i n 11 dynamic 11 


partial melting . 







OHARAX-


OHARAY -


RMF-


RMFX-


RMFP-


X-


RIXTAL-


XXXTAL-


P I XTAL-


ABD-


In t eger Variables : 


CONTl -


CONT2 -


CONT3 -


CONT4 -


CONT5 -
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the mass fraction o f the cumulate formed 
from t he magma in each cycle of OHARA 
t ype frac t ionation . 


mass fraction of the l iquid which is 
e xtracted as a l ava in each cycle of 
OHARA type fractionat i on . 


weight frac t ion of material t hat i s 
partially me l ted i n any one cycle . 


critical weight fraction i n partial 
melting equat ions at whi ch point a phase 
is used up in the s o urce. 


t he same as RMF but increased lOOx f or 
print ing . 


coded variab l e u s ed to signal the calling 
of t he recalculat ion e xercize . 


weight frac t ion of materi al to be 
fractionated in any one fract i onal 
crystallizat i on cycle . 


the same as RMFX f or frac t ional crystal 
lization processes . 


t he same as RMFP but for fractional 
crys t allizat i on processe s. 


a dummy variable in t he recalcu l ation 
subrout i ne used t o s t ore the number of 
t he phase t ha t has been used up in the 
source . 


total number of mi nerals used . 


to t al number o f element s used . 


Kd vector set used . 


coded control number : 
1 2- Part ial melt i ng 
13 - Fractional Crystallization 


beginn ing percent age of part i a l melting . 







CONT6 -


CONT7 -


CONTS -


CONT9 -


CO NTl 0-


CO NTll-


CONT12 -


CONT13 -


IBATCH-


IDYNAM-


IOHARA-


J OHARA-


MF-


K2 -


end percentage o f par t ial melting . 


increment va l ue for cyc l es between 
CO NT5 and CONT6. 


number o f minerals in mode of partially 
me l t ing ma t erial . Should be t he same 
as CONT! . 


same as CONTS for f ractional crystal 
lization . 


same as CONT6 for fractiona l crystal 
l ization . 


same as CONT? for fractiona l crystal 
lization . 


coded var i able t o de t ermine the type of 
fractional crystallizat ion e q uations 
desired : 
1 0- Nern st or To t al Equilibrium 
11- Ray l eigh or Surface Equil i brium 


numbe r of minerals fractionating . Should 
be the same as CONT!. 


op t ion cont rol vari able : 
14 - Batch me l ting 
1 5- Frac t ional melt ing 


op t ion contro l var i able : 
1 6 - " Normal 11 fractiona l or batch partial 
melting. 
17- " Dynamic " fract i onal or batch part i a l 
me l t ing . 


opt ion cont rol var i able : 
0- Normal fractional crys t all i zat ion . 
1 - OHARA t ype frac t ional crystal l ization . 


number of frac t ional crystall i za t ion 
cycles des ired i n OHARA type mod elling. 


counting variable i n loops of part ial 
me l t i ng modelling . 


stores mi neral code numbe r of exhausted 
phase for r e cal culation e x ercize . 
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Partial Mel ting : 


There are basically three theoretical mechanisms by 


which partial melting may occur : 1 . ) continuous removal 


of the melt from the residual solid , or fractional melting, 


2 . ) continuous removal of the melt from the residual solid 


and collection of this melt in a single, completely mixed 


chamber , and 3 . ) continuous equilibrium of the liquid phase 


with the residual solid until removal of the liquid from 


the solid , or batch melting . A special option , termed the 


11dynamic '1 option, can be used with either batch or fractional 


melting . This option, which was discussed non- mathematically 


by Langmuir et al., ( 1977), provides the user with the option 


of leaving a certain proportion of the partially melted 


liquid behind to mix with partial melts of a following melting 


cycle . I n some cases , such as those which involve a large 


degree of partial melting , t h i s sort of situation might be 


realistic as it is hard to envisage a perfect separation 


of a liquid and its residual solid . These various processes 


cover the major methods envisaged for magma segregation 


during partial melting processes . No geological data can 


be applied to the choice of one or the other of the processes 


and hence it is left to the user ' s discretion . 


In this program , partial melting methods 1 and 2 are 


grouped together with the answers for both types printed 


when fractional melting is called for . Batch melting is 


the alternate to this combined form of fractional melting while 
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the " dynamic " option may be applied to either case in a 


secondary fashion . In this, and all following examples , 


the method of access i ng any one of the specific options will 


be left to the section on control c a rds and data input at 


the end of the appendix . For a discussion of the relative 


efficiency of the various methods in changing trace element 


abundances and ratios the reader is referred to Shaw , ( 19 70) , 


and Langmuir et al . , ( 1977 ) . 


Note that in a ll the printouts the formatted t itles 


are made up of two phrases connected by an " or'1 • In all 


cases the first phrase refers to partial melting calculations 


while the second is for fractional crystallization . 


Batch Melting : 


From Shaw , (1970), the basic equation for modelling 


batch partial melting is derived , eqn . 1 : 


( 1) MODE(I,3 ) o SORCE2 (I) 
BKD(I ) + RMF x ( 1 - P ( I)) 


..... where the bulk distribution coefficient and P terms 


are def ined by the following equations : 


( 2 ) BKD ( I) 


( 3) P ( I ) 


..... where : 


xi 
0 


pi 
1 


x 


xi 
0 


KDI/i 


KDI/i + xi 
0 


KDI/j 


KDI/i + p~ x KDI/j 


weight fraction of phase i in the 
start ing assemblage. 


weight fraction of phase i in the 
melting assemblage. 


the distribution coefficient of element 
I between phase i and the coexis ting 
silicate liq uid . 
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The distribution coefficient is defined as the ratio 


of the concentration of element in a crystalline mineral 


phase to the concentration of that element in the coexisting 


liquid . 


In all calculations of BKD(I) and P(I) the equations 


are screened for any dummy Kd values marked 99 . 999. This 


number is reserved for cases in which an element used is 


a structural component of a certain mineral , and hence 


doesn ' t follow the quantitat ive models for trace element 


behaviour . The possible cases are K in potash feldspar, 


biotite and phlogobite and Zr in zircon . In models where 


these combinations are called upon the results are recalculated 


by petrochemical subtraction equations after the normal trace 


element modelling, so the results printed are a good approx


imation to the expected composition . The equation used for 


the petrochemical subtraction is : 


A similar equation which subtracts the amount from 


the residual liquid is used in the modelling of fractional 


crystallization . 


In cases where modal melting occurs, ie. where the 


melting mineral proportions are the those in the 


rock, P(I)=KD(I) and hence equation 1 reduces to the 


form : 
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( 5) MODE (I, 3) SORCE2 ( Il 
BKD(I) + RMF x Cl BKD(I)) 


In the case where , extensive partial melting occurs 


and one of the phases in the source has been used up , equation 


1 is rewritten in the form derived by Hertogen and Gijbels, 


(1976), for a multi- step process : 


( 6) MODE(I,3) SORCE2(I) 
BKDXCI) + RMF x (1 P(I)) + RMFX x (p(I) - BKDX(I)) 


This sort of calculation will work for any number of 


phase depletions and source recalculations with the terms 


BKD( I) and RMFX recalculated for each critical point . The 


logic of the recalculation exercize will be explained later . 


In this model, as in all others, the concentration of 


the residual solid is always printed out . The concentration, 


RES ID(!), is obtained through the mass balance equation 


from Hertogen and Gijbels, (1976), eqn . 20 : 


( 7) 


Fractional Mel ting : 


Fractional melting is by far the more potent method 


of increasing incompatible trace element concentrations in 


liquids derived by partial melting, but puts more constraints 


on the conceptualized geological process . Equations for 


the single stage process were originally derived by Gast, 
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(1968), and modified by Shaw , (1970). Equations for the 


multistage problem were derived by Hertogen and Gijbels, 


( 197 6) . 


From eqn . 13+14 of Shaw, (1970), we get the standard 


equations for the instantaneous and aggregrate liquid 


compositions : 


(8) MODE(I , 3) 
SORCE2(I) P (I) x RMF l/P(I ) - l 


BKD(I) x (1 - BKD(I)) 


( 9) 
SORCE2(I) P(I) x RMF l/P(I) 


MODE(I,5) - RMF x Cl - (1 - BKDO) ) ) 


.... . with all terms defined in preceeding sections. 


If it is desired to continue the melting after the 


period in which one or more of t he phases in the source 


has been used up , the equations become much more 


complex . Equations 10+11, taken from Hertogen and 


Gijbels, (1976), (their equations 18 +19), are analogous 


to equations 8+9 for systems that have been recalculated, 


and would reduce down to equation 8+9 if BKDX(I)=O . O, 


RMFX=O.O and if the P( I) terms were equal . 


(10) MODE(I ,3) =(SORCE2(I) x(l _ <MODEgR~L(r~MRXJ) x 
(1 - RMFX) x BKDX( I) 


(1 _ P(I ) x (RMF - RMFX) )l/ P (I) - 1 
BKDXCI) x (1 - RMFXJ 
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(11) MODE(I , 5 ) so~~~2(I) x (1 - (1 -~g~~g <~l x RMFX)) x 


(l _ ~~~~( ~/~Mri--R~~~~) )l/P(I) 


Residual solid concentrations are calculated by the 


same mass- balance equation as for batch melting , eqn . 7 . 


The arrays SORCE! and SORCE2 are recalculated at the 


end of each fractional melting cycle . SORCE2 {I) is set 


equal to RESID ( I) while SORCEl{I) is treated in the recal-


culation subprogram as discussed later. 


Dynamic Mel ting Option : 


The 11dynamic 11 partial me l ting option models a certain 


degree of inefficiency in the separation of the partially 


melted liquid from the residual solid. No modelling 


equations were given in the original discussion by Langmuir 


et al . , ( 197 7) , but it can be treated by inputting a control 


variable to govern the mass fraction of the liquid that is 


to be left behind in any one cycle, and mass balancing 


the concentrations of the individual elements from cycle 


and to give a weighted average composition . 


This option is available with both batch and fractional 


melting but is most applicable to fractional melting as it 


cal ls for instantaneous removal of the liquid , which is the 


somewhat unrealistic process that this option is designed 


to compensate for . The equation for this recalculation is : 
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(12) MODE(I , 3) =MODE( I, 3)x 1.0 +MODE(I , 6)x DYNAMX 
l . O+D YNAMX l . O+DYNAMX 


This calculation is done before the residual concentrations 


are calculated so the RESID(I) values will be those present 


as if the mixing occurred before the liquid separated from 


the residual solid . 


Fractional Crystallization : 


The program essentially offers three methods of modelling 


fractional crystallization : (1) Nernst , or total equilibrium 


modelling , (2) Rayleigh, or surface equilibrium modelling 


and ( 3) O 1 Hara- type modelling . The first o f these call s for 


total equilibrium between the fractionating crystals and its 


host melt , the second implies only surface equilibrium and is 


more appropriate where zoned phenocrysts are present wh i le 


the thi rd model i nvokes periodic intrusion of parental magma 


into the part i ally f ractionated , cumulate - liquid chamber . 


The f i rst option is best used in intrusive complexes where the 


slow cooling rates will promote diffusion controlled equilibrium 


while the second is more appropriate in high level fractionation 


chambers where the phenocrysts are effectively removed from 


the system . O' Hara- type modelling best fits areas where parental 


magma generation , through partial melting , is not a singular 


process > such that ther e is possibility of reintrusion and 


magmatic mixing . This is best visualized in areas such as the 
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Mid - Atlantic ridge where adiabatic partial melting could be 


occurring simultaneously at a number of areas under the ridge . 


Equations govern i ng trace element behaviour dur i ng 


fractional crystallization are based on a quantitative 


description of the distillation process as applied to the theory 


o f crystal growth from solution . The development of the 


equations has l argely been the work o f Greenland (1970), and 


Alberede and Bottinga (1972) , and has lately been reviewed by 


Arth (1976) , and Allegre and Minster (197~) . Alberede and 


Bottinga (1972), and Al legre and Mi nster (1978) have developed 


equations for d i sequilibrium diffusion kinetics modelling 


which have been left out of this program. 


Total Equilibrium Fractional Crystallization : 


Total equilibrium, or Nernst type fractional crystal -


lizat i on equations are very similar to those of batch partial 


melting and just involve a slight revision of terms . Equation 


13 , modified from Arth (1976) , eqn . 11, g i ves the genera l form 


for this type of mode l ling : 


(13) MODE(I,3) = SORCE2(I) 
\I . 0 - RIXT AL) + BKD (I ) x RIXTAL 


This equation expands to the f ollowing f orm when RIXTAL 


i s def i ned as in Arth (1976) : 


(13a) MODE(I , 3) SORCE2(I) 
RIXTAL + BDK( I) x ( 1 -· RIXTAL 
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. . . . . which is exac t ly the same f ormat as eqn . 5 with 


t he BKD ( I ) and RIXTAL t erms reversed . As the RIXTAL values 


are entered in this program as numbers reflect ing the weigh t 


frac tion of cumulates f ormed rather than the weight fraction 


o f liquid remaining , t he modified equation 13 is used. 


The BKD( I) terms are calculat ed for fractionat i ng 


cumulate phase as in eqn . 2 , and are derived without the 


dummy 99.999 KD(I , J,K) va l ue . A petrochemical subtraction 


subroutine is added to compensate for t his . 


The aggregrate concent ration in the residual cumulate 


fract i on is given by eqn . 14 from Alberede and Bot tinga, 


( 19 72 ), eqn . 10 . 


( 14) RESID(I ) BKD (I ) x SORCE2 (I) 
1 - (1 - BKD(I) x RIXTAL) 


This value is pri nted as the aggregrate cumulate 


composi t ion in the results . 


Surf ace Equilibrium Fractional Crys t allization : 


Surface equilibri um, Rayleigh type fractional 


crystal l ization is a n alagous to fractional melting in t hat i t 


is an exponentia l equation in cont rast t o the linear equa t ions 


of bat ch melting and Nernst - type fractional crys t allization . 


Although it is an exponent ial equation it is no t symmetric 


with the frac t ional melting equations. Equat i on 15, taken 


from Alberede and Botti nga , (1972 ) , eqn . 11 , gives the liquid 


composition in this Ray l eigh type modelling : 
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(15) MODE(I,3) ~ SORCE2(I) x (1 - RIXTAL)BKD(I) - l 


The printout for Rayleigh type modelling offers two 


compositions for each element in the cumulate fraction . The 


first set of data is that for the instantaneous cornposi ti on 


of the settling crystals and would be appropriate for 


modelling compositions in porphyritic sub - volcanic intrusives 


or extrusives that look like they have carried up phenocrysts 


in situ . The second set of data gives the aggregrate 


composition which approximates the cumulate section of any 


layered intrusive. The variations in instantaneous cumulate 


compositions through time and/or phase exhaustion/recalculation 


cycles would approximate variations in layering components , 


while the aggregrate composition models the situation of 


extensive post- settling diffusion and re- equilibration. 


Equation 16 from Alberede and Bottinga, ( 19 72), eqn . 


12, gives the instantaneous composition of the fractionating 


component : 


(16) MODE(I,5) 0 BKD(I) x SORCE2(I) x (1 - RIXTAL)BKD(I) - l 


By integration eqn. 16 over variations in RIXTAL the 


aggregrate composition in the cumulate solid is obtained, eqn. 


17 , which is derived from eqn. 13 of Alb ere de and Bottinga, 


( 19 72) . 


(17) RESID(I) o SORCE2(I) (l - (l - RIXTALlBKDCil) 
x RIXTAL 
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Similar to the partial melting equations , t h e f ractional 


crys t a llization option is compatible wi th a l i mited number of 


pha se deplet i ons and recalculations . Obvi ously the l i mi t is 


the point where all of the source , and hence all the 


c r ystallizing fraction , is recalculated to a s i ngle mineral . 


In cases of fractionating after the recalculation exercise has 


been accessed the liquid composition , MODE(I , 3) , i s modified 


by the following equat i on : 


(18) MODE(I , 3) =MODE( I , 3) x (RIXT~ix;~2TAL) +MODE (I , q) x~i~~~t 


whic h takes the percentage of the fractionation above the 


critical point , XXXTAL , multiplies it by the concentration 


deri ved for the present amount of fractionation , MODE( I , 3) , 


and adds the complementary percentages of the concentrations 


that we r e found at the critical point , MODE(I , 4) . 


O' Ha r a - Type Fr actional Crystalli zation : 


O 1 Hara- type fractional crystallization is modelled around 


the situation of an i ndivi dual magma chamber undergoing normal, 


surface equilibrium fractional crystall i zation that is 


periodically interrupted by the intrusion of a batch of fresh 


parental magma that mi xes wit h the liquid residue and commences 


the frac t i onation cycle again . The a mount of f r e s h par ental 


magma added in each cycle i s equal to the amount t hat i s lost 


thr ough crystal settling and lava extr usion processes , so the 
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volume of the magma chamber remains constant . This sort of 


modelling would be applicable to cases where there is a gradual 


incompatible element buildup with no complementary depletion 


in compatible elements , as the periodic re i ntrusion will tend 


to increase the incompatible elements such as Zr and Rb while 


keeping a fairly constant Ni and Cr value. 


The logic of the equations for this type of modelling are 


incompatible with the main flow of the program, and as a result 


it is treated in a separate subprogram , OHARA , which is inter-


faced with the HEAD and RESULT subprograms for printing purposes . 


The general equation that governs the trace e l e ment con-


centrat ions of the residual liquid in O'Hara- type fractional 


crystallization is as follows : 


( 19) MODE (I , 3 ) - SORCE2 (I) x ( OHARAx+OHARAY) x ( 1- 0HARAX) BKD (I ) - l 


1 - ( 1- 0HARAX- OHARAY) x ( 1- 0HARAX )BKD (I ) - l 


This equation is a slightly modified version of 0 1 Hara ' s eqn . 1 


(1977) , in which the zone refining term , l(Cq/Co) , is left out . 


Equations for the concentration in the cumulate fraction 


in this sort of modelling were not given by O' Hara (1977), but 


the instantaneous composition of the cumulates would approxi-


mate that for normal surface equilibrium fractional crystal-


lization , eqn . 15 , whi le the aggregate cumulate concentrations 


would be a mass balanced average of the instantaneous concen-


trations of the preceding cycles, eqn . 20 : 







(20) RESID(I) ( RESID(I) x ~) x (MODE( I ,5) x ~) 
J 


278 . 


.. ... in which the RES I D (I) term is always retained from 


the previous cycle . 


In this sort of modelling the arrays SORCEl and SORCE2 


have t o be recalculated at the end of each cycle to accommodate 


the influx of primitive parental magma. SORCEl(K) is recalcu-


lated in a two step process : 1.) sub tracting th e crystal 


cumulate fraction and normalizing to 100 percent, 2 .) mass 


balancing the residual liquid and the parental magma through 


t he combined loss of the crystal cumulates and the extruded 


lavas , as shown in eqn. 21+22. 


(21) SORCEl(K) =(SORCEl(K) - MODE(K,2) x OHARAX)x (l.O :·gHARAX) 


(22) SORCEl(K) = SORCEl(K) x (1 - OHARAX - OHARAY)+ SORCEX(K) x 


(OHARAX + OHARAY) 


SORCE2(K) is recalculated in a one step equation 


similar to eqn . 22 using MODECI,3) and SORCEY(I). 


(2 3) SORCE2(K) = MODE(K, 3) x (1 - OHARAX - OHARAY) + SORCJ:2(K) x 


(OHARAX + OHARAY) 


The BKD CI) values are recalculated and printed out 


after each cycle of magmatic mixing . The "99 . 999 11 chemical 


subtraction feature is included in this subprogram also. 


This subprogram does not have a continuous recalcu-


lati on exercise because of the complications in the 
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recalculations of the source composition during each cycle. 


When the limi ts to the equations are e x ceeded i n this sub 


program, the term OHARAX wil l be assigned its maximum possible 


value and execution will conti nue using this value . The 


periodic reintrusion of the parental magma into the system 


is designed to prohibit the depletion of any one mineral 


phas e in the source , as the lack of the continuous recalculation 


exercize in this process is not too significant . 


The RECALC Subroutine : 


The recalculat ion subprogram, RECALC, is designed to 


recalculate the SORCE! and MODECI,2 ) arrays when the degree 


of partial me lting or fractional crystallizat i on calls for 


more of one mineral than there is in the source . It is also 


called during frac t ional melting equations to recalculate 


the SORCE! array . It doesn 1 t recalculate the MODE{ I, 2) array 


in this case . 


This subprogram is in a very general state now but 


could be easily changed to recalculate the mineral component 


values by a specific function rather than their original 


abundances . This could be especially useful in modelling 


the 11 step- like 11 fashion of phase exhaustion in the partial 


melting of synthetic mantle compositions. In this case the 


mineral recalculation functions could be derived from the 


coordinates of the residual source material as projected in 


the CMAS sys t em diagrams through progressive partial melt i ng . 
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The recalculation exercise is called at the point 


when : 


( 24) CSORCE2(!) - (RMF 11 or 11 RIXTAL) x MODE(I , 2)) Z 0 . 0 


.. . . . which indicates the exhaustion of phase I in SORCEl . 


At this point RMF or RIXTAL are set to the maximum possible 


value without exceeding the bounds of eqn. 24 and execution 


continues with the recalculation occurring at the end of the 


cycle . 


The recalculation is done in two steps: 1 . ) the 


amount of the critical phase is stored in ABD and the remaining 


amounts o f all the other source minerals are calculated and 


totalled , 2.) the source minerals then are treated per-


centage o f the total and normalized to 100 percent for further 


execution . The recalculation of SORCE!(!) is done in two 


equations : 


( 2 5) SORCElC I) SORCEl(I) - RMF x MODE(I,2 ) 


(26) SORCEl(I) 


..... where XI is the sum of all the SORCEl terms from eqn. 


25 . In recalculating MODE(I,2) this can be combined into one 


equation : 


( 2 7) MODE (I, 2) MODECI,2) x 100.0 
100 . 0 - ABD 
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The BKD( I) and P( I) terms are recalculated after each 


exercise and appropriate messages will be printed . 


If the RECALC subprogram is called after a previous 


RECALC exercise had set both the MODE(I,2) and SORCE!(!) 


arrays to a monomineralic situation in which MODE(I , 2)= 


SORCEl(!):;: 100 . 0, an error message will be printed and 


execution will cease . 


KD Values : 


Appendix E contains two tabulated set of KD values 


that have been compiled by the author . The first set used 


all the experimentally and geologically determined KO values 


available while the second set is based upon extrapolation of 


the ONUMA diagrams presented in Jensen, (1973), to estimate 


unknown mineral- liquid KD values . A copy of both data sets 


is supplied with the submitted program and the user can use 


his own discretion. In general it seems that the main 


differences of the two sets are in the compatible element/ 


ferromagnesian mineral KD values where the 11 Jensen 11 data set 


tends to be more systematic and less extreme, while the 


experimentally calculated data is often much more variable. 


A brief review will be given of the major sources 


of data and the methods of extrapolation and estimation. 


The REE, K, Rb, Sr and Ba data for all minerals 


except magnetite were taken directly from the compilation of 


Arth, ( 19 76) . His major sources of data are lis ted in the 
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bibliography. In places where no 11 low 11 or 11high 11 data are 


present, the 11 average '1 value is carried over with no changes. 


For completeness and ease of formatting, such alkali minerals 


as K- feldspar, zircon and apatite, which are usually only found 


in acidic rocks, are repeated in the intermediate and mafic 


members . The mafic olivine/REE, Rb, K, Sr and Ba data were 


transferred directly t o the intermediate and acidic members 


with no changes. La and Pr KD values were obtained by 


extrapolation of Ce and Nd data as no experimental work 


available . 


Control on the transition element data are much poorer 


than the REE data and are somewhat contradictory within the 


literature . For an example of the range of internal 


inconsistencies see Ewart and Taylor, (1969) . As was mentioned 


the two data sets were calculated with different priori ties 


and should be consulted before beginning any modelling . 


The available geological l y determined data for 


the transition elements comes from Ewart and Taylor, ( 1969), 


Ewart et al., (1968), Henderson and Dale, (1969), and Delong, 


(1974) . The only experimental study in this field is Duke, 


( 19 76) . 


Generally, in data set 1, TI, V, Cr, Mn and Ni data 


for olivine and augite/diopside are taken from Duke, (1976), 


while Sc , Ga, and Y data for orthopyroxene, augite, diopside 


and hornblende were taken from Ewart and Taylor, (1969) . All 


other data is derived from extrapolations from Jensen, (1973). 







For plagioclase , the study of Dudas et al., (1971), 


was used for Cr , Sc and Mn while Ga was obtained from Ewart 


et al., (1968), with all other data from Jensen, (1973). 
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The REE data for magnetite was compiled from a number 


of studies of lunar rocks, while the transition elements 


were obtained from Ewart et al . , (1968) . 


All unmentioned data was taken from the study of 


Jensen , (1973), which along with Arth, (1976) were the only 


sources for data set 2 . 


The following are a few notes on the methods of 


extrapolation and estimation used in this compilation : 


1.) In the case of unavailable daci tic KD values the 


11 average 11 , 11 high 11 and 11 low 11 KD values from the available mafic 


and acidic data was averaged and assumed to approximate the 


real daci tic value . This averaging method was found to be 


consistent with the daci tic KD data available . 


2 . ) Where separate data on diopside and augite don ' t 


exist they were arbitrarily made equal or given slight , 


mineralogically reasonable, variations , ie . Cr( di op.) / Cr 


(aug . ), Ti(aug)>TiCdiop . ) . 


3 . ) Phlogopi te and bioti te were treated in the same 


way as diopside and augite . 


4.) Y was made equal to Dy when no available Y data 


existed . Similarly Nb was made equal to Y following the 


findings of Winchester and Floyd, (1977), who showed that this 


ratio varied very little during the differentiation of most 
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magma series . 


5 .) U and Th were carried over from t h e augite data 


of Jensen, ( 1973) , and varied s l ightly in more compatible 


minerals such as hornblende . They were arbitrarily set at 


SO . ODO for both apatite and zircon . 


6 . ) If only ma fie transition element data was available 


they were carried over to the daci tic and rhyoli tic classes 


by estimating a coefficient of variation from comparison of 


similar mineral diagrams calculated for different hos t 


rocks , as presented by Jensen , (197 3) . All KO values were 


increased by this standard amount . This method was found 


to be fairly consistent and usually resulted in a Sx increase 


from mafic to dacitic sets with a further 2x increase from 


daci tic to acidic tables . 


7 . ) All the KD values are stored on cards with three 


cards to a mineral and are properly titled so they can be 


easily accessed for future changes . The elements are listed 


in the order that they appear on the printout in the appendix . 
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Ordering of Data Input for Trace Element 


Modelling Data 


1 . ) Control cards are entered after th e last Kd value 


cards at the end of the deck- (Last one will be marked 11 Mag . 


Low Rhyol . ") 


2 . ) First card contains 4 numbers entered in lx, !2 


fashion, ie . skip a space and then use a 2 digit integer. 


Numbers represent variables as follows .. . . . 


Cont l= # of minerals used 
Cont 2= # of elements used 
Cont 3= Code of set of Kd values 
Cont 4= Coded modelling type . 


Cont 3 : l= Average basal tic Kds 
2= High 
3= Low 
4= Average 


High 
Low 
Average 
High 
Low 


S= 
6= 
7= 
8= 
9= 


daci tic Kds 


rhy~li tic Kds 


Cont 4: 12= Partial melting 
13= Fractional 


Crystallization. 


3 . ) Second card contains the codes for the individual 


minerals : Enter then in 12 , lx fashion ie. same as above but 


in opposite order . 


0 l= olivine 02= orthopyroxene 0 3= diopside 


04= augite OS= hornblende 06= phlogobi te 


07= plagioclase 08= garnet 09= bioti te 


10 = a pa ti te 11= zircon 12= K- feldspar 


13= magnetite 14:: quartz 
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4 . ) The third card contains the coded elements to 


be used 


01 = La, 02= Ce , 0 3= Pr , 04 = Nd, 05= Sm, 06= Eu , 


0 7= Gd , 08= Dy , 09 = Er, 10 = Yb, 11= Lu , 12= K, 


13= Rb , 14 = Sr , 15= Ba , 16= Cr, 17= Ni, 18= Ti , 


19 = Sc, 20 = Y, 21= Nb, 22 = Zr , 2 3= Mn , 24= V, 


25= U, 26 = Th , 27 = Ga . 


Note : All numbers entered in the same manner as 


3 . )' and should be listed in numeric order . 


5 . } The fourth card contains the modal mineralogy of 


the source material . This data is entered in lx , FS . 2 fashion, 


ie . skip a space and then enter the modes in xx . xx fashion . 


Only 7 values per card are possible . 


6 . ) The fifth card or cards will contain the source 


trace element abundances . These are entered in lx, F8 . 2 


fashion, ie . skip a space then enter the number in xxxxx . xx 


fashion . 


Note : For both 5 . ) and 6 . ) the data has t o be 


entered in the same order as it is listed in 3 . ) and 4.) . 


Note : In 6 . ) only 8 trace elements will fit on one 


card . As many cards as necessary should be used here in 


order to satisfy 4 . ) . To check the format you should print 


your last value on line 72 of the computer card, for every 


eighth value entered . 


7 . ) The format of the sixth card depends on whether 


partial melting or fractional crystallization is chosen . If 


a 12 is entered in Cont 4 the format is as follows : 
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287 . 


The card will contain 4 values entered 
in lx , I2 fashion . 


Cont 5 - beginning value of partial melting 
Entered as a number between 0- 99 . 


Cont 6 - End value of partial melting . 


Cont 7 - Increment value between Cont 5 
and Cont 6 . 


Cont 8 - Number of minerals in the melt
ing mineralogy . Enter the same 
number as Cont 1 . 


If Cont 4 equals 13 then the card contains 5 values: 


Fractional Crystallization : 


Cont 9 - beginning value for fractional 
crystallization . Entered 
Cont 5 . 


Cont 10- End value for above . 


Cont 11- Increment value for above . 


Cont 12- 10= total equilibrium 
11= surface equilibrium 


Cont 13- Number of minerals in the 
fractionating mineralogy . Enter 
the same number as Cont 1 . 


8 . ) The seventh card or cards contains the coded values 


for the fractionating or partially melting material . This 


data is entered in (F3 . 0, lx, FS . 2 , lx) fashion as described 


previously . A total of groups of two numbers will be 


taken on any one card . To check format the last digit should 


be typed in column 70 . 


Note : The number of mineral s should be used in 


the source and fractionating mineral data . If it is desired 


not to involve a certain mineral in the fractionating 


mineralogy it should be entered as a zero, ie . 0 0 . 0 00 . 
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9 . ) Similar to 7 .) the nature of the final control 


card depends upon what 


Partial Mel ting : 


entered in Cont 4 . 


Three coded values entered in 2(12, lx), 
F3 . 2 representing the following : 


IBATCH - control variable to choose batch 
or fractional me l ting. 
14- Batch Mel ting 
15- Fractional Me l ting 


IDYNAM - control variable to choose 
normal or 11 dynamicn mel t ing 
16- Normal Mel ting 
17 - "Dynamic " Melting 


DYNAMX - variable for the weight fraction 
of material to leave behind in 
11 dynamic 11 melting. Leave blank 
i f IDYNAM = 16 . 


Fractional Crystallizat ion : 


Four coded values entered in 2 ( 12 , lx), 
2(F3 . 2, lx). 


I OHARA - option control variable: 
0- Normal fractional crystalli


zation 
1 - Ohara type fractional crystal 


lization. 
Leave rest of card blank if IOHARA ::: 0 . 


JOHARA - number of cycles desired in Ohara 
type modelling. 


OHARAX - weight fraction of cumulates in 
each Ohara t ype modelling cycle . 


OHARAY - we i ght fraction of material that 
is extruding as a lava in each 
Ohara type modelling cycle . 


10 . ) The control cards are fo llowed by 2 JC L cards to 


signal the end of the job . The first has / :': in the first 2 


columns while the second has I I . 


1 1 .) A set of sequential l y numbered JCL cards is given 


with the data sets. 
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AVERAGE BAS ALTI C KO VALUES - KO SET 1 1 


ELEH OLIY OPX DIOP AUG HOHN PHLG PLAG 


LA 00. OD6 00.020 00.045 D0.0 10 OD.145 00 . 035 00. 140 
CE 00 . 006 00 . 024 0 o. 07 0 00. D25 00 . 200 00.034 00 . 120 
PR 00.006 00.02A 00.095 DO . 155 00.265 DO. 033 DD. 1 DD 
NO 00 . 006 00.0JJ DO . 120 00 . 3 1 0 00. JJO DD. D32 00. 08 1 
SM OO . OD6 DD. 054 DD .1 8D OD . 5DO OD . 52D OD . D3 1 DO . 067 
EU 00 . 006 DO . D54 00. 180 00 . 5 1D 00 . 590 00 . 030 OD . J4D 
GD 00 . 007 00. 091 D0.190 OD.6 10 D0.630 00 . 0JO OO . D6J 
DY OO.DD9 DD. 150 DD .21 D D0 . 680 00 . 64 0 00 . 030 00 . 055 
ER 00 . 0 11 00 . 2JD OD . 17 0 D0 . 65D DD.550 00 . DJ4 DO . 063 
YB DD. O 1" OD . 34 D 00.160 D0.62D DD. 49D OD . D42 OD . D6 7 
LU DD . O 16 00 .42D 00 .130 DD.56D 00 . 430 00. 046 00. 06D 
K 00 . 005 OO . D14 00 .011 00 . 038 00 . 96D 99. 999 00 . 170 
RB 00 . 007 OD . 022 00 .01 5 00. 031 00 . 290 OJ . 080 00 . 071 
SR OO . D14 00.0 17 00 .1 20 00. 120 oo. 460 OD . 08 1 0 1. 830 
BA 00 . OD9 OD . 013 OD .D13 OD . 026 OD . 42D 01. 090 00 . 23D 
CR 02 . ?DD 00.60D 20 . 00D 1o.000 OJ.ODO 12 . 600 00. 100 
NI 23 . 800 06 . 000 04.500 04 . 500 07.000 20 . 000 00 . 008 
TI 00 . 070 00.500 00 .340 00 . 900 00 . 8DO 0 1. 000 00. 0 10 
SC 00 . 100 01 . 230 02 .0 00 02 . 920 02 . 180 05 . JOO 00 . 020 
y 00 . 0 10 00. 150 00 . 210 00.680 00 . 640 00 . 030 00 . 055 
NB 00 . 010 00.150 00. 2 10 00 . 680 00 . 64 0 00 . 030 00 . 055 
ZR 00 . 0 10 00 .1 50 00 . 200 00 . 400 0 1. 00 0 00 . 030 00 . 005 
MN 0 1. 250 0 1. 440 00 . 630 00 . 630 00 . 940 06 . 000 00.060 
v 00.050 00.800 0 1.3 00 01. 300 04 . 000 12. 000 00 . OBO 
u 00 . 017 00.017 00 .017 00 . 0 17 00 . 54 0 00 . 450 00. 090 
TH 00 . 013 00 . 0 13 00 . 013 00. 013 00 . 540 00.3 1 0 00 . 090 
GA 00.600 00.600 00.505 0 0 . 505 00 . 800 04 . 000 01. 000 
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AVERAGE BASALTIC KO VALUES - KO SET 11 


ELEM GARN BLOT AP AT ZI RC KPLD MAG QTZ 


LA 00 . 008 D0. 033 26 . 500 02 . 400 00.053 00 . 098 00. 000 
CE 00 . 0 28 00.037 34 .7 00 02 . 640 00 . 044 00 . 11 0 00 . 000 
PR 00.048 00.040 42 . 055 02. 8 00 00.035 00.125 00.000 
NO 00.068 00.044 57.1 00 02 . 200 00 . 025 00. 130 00.000 
SM 00 . 290 00 . 058 62 . 000 03 .1 40 00 . 010 00. 150 00. 000 
EU 00 . 490 00 . 145 30 . 400 03 . 140 01 .1 30 00 . 100 00 . 000 
GD 00 . 970 00. 08 2 56.300 12. 000 00 . 0 11 00 .1 20 00 . 000 
DY 03 .170 00.097 50 . 700 45 . 700 00 . 006 00. 140 DO . ODO 
ER 06 . 560 00 . 162 37. 200 135.00 00 . 006 00. 155 00 . 000 
YB 11 . 500 00. 179 23 . 900 270 . 0 0 00 . 012 00 . 17 0 00. 000 
LO 11. 900 00. 185 20 . 200 323 . 00 00 . 006 00 . 190 00 . 000 
K 00 . 0 15 99.999 00.000 00 . 000 99.999 00.000 00.000 
RE 00.042 0 3. 260 00.000 00.000 0 0. 34 0 00.000 DO.ODO 
SR 00 . 012 00. 120 0 1. 000 00.000 03 . 870 00 . 000 00 . 000 
BA 00 . 023 06. 36 0 00 . 000 00.000 06. 12 0 00 . 000 00 . 000 
CR 03 . 280 12 . 600 00 . 000 00 . 000 00 . 670 96 . 500 00 . 000 
NI 02 . 000 20.000 00 . 000 00 . 000 00. 020 23. 333 00 . 000 
TI 00. 500 02 . 000 00 . 000 00 . 000 00.040 34. 000 00.000 
SC 0 1. 000 11. 300 00.000 01. 000 00 . 197 02 . 250 00 . 000 
y 03 .170 00 . 097 50 .7 00 45 . 700 00 . 006 00 . 000 00 . 000 
NB 03 . 170 00.097 so. 7 00 45 . 700 00. 006 00 . 000 00 . 000 
ZR 00 . 500 01 . 000 00 . 000 99. 999 00. 100 00 . 000 00.000 
MN 05. 000 06.000 00.000 00 . 000 00 . 3 10 03 . 225 00 . 000 


0 1.280 12. 000 00 .000 oo . 000 00 . 200 79 . 950 00 . 000 
oo. 100 00.450 50.000 50 . 000 00. 100 00.000 00 . 000 


TH 00. 100 00.310 50 . 000 50 . 000 00 . 088 00 . 000 00 . 000 
GA 0 1. 000 04 . 000 0 1. 00 0 00 . 00 0 00 . 950 00 . 000 00 . 000 







292 . 


LOW BASALTIC KO VALUES - KD SET 11 


ELEM OLIV OPX DIOP AUG HORN PHLG PL AG 


LA 00.006 00 .028 00.050 00 . 100 00.230 00.035 00.320 
CE 00. 009 00 .038 00.096 00. 2 10 0 o. 34 0 00.034 00. 2BO 
PR 00 . 0 10 00. 04 B 00. 140 00. 320 oo. 440 00. 033 00.240 
NO 00.010 00.058 00. l BO 00. 430 0 o. 56 0 00. 032 00. 200 
SM 00 .011 00.100 00. 260 00.740 00.930 00. OJ 1 00. 170 
EU 00. 010 00. 079 00. 260 00. 750 01.100 00 .0JO 00. 7 30 
GD 00 . 012 00.171 00.270 OO.B70 0 1.15 0 00 .030 00.210 
DY 00 . 0 14 00.29J 00. J 10 01. 000 0 1.0 50 00 . 030 00. 190 
ER 00 . 017 00.460 00.230 01. 100 01.000 00.034 00. 240 
YB 00. 023 00.670 00.230 01. 000 00.980 00. 04 2 00.300 
LU 00. 026 00. B4 0 oo. 190 00. 950 00.820 00.046 00. 240 
K 00.008 00.019 00.014 00.07B 01.400 99.999 00.360 
RB 00. 011 00.029 00 . 015 00. 039 00.4JO OJ. 006 00. 140 
SR 00. 019 00.024 00. 150 00. 150 00. 64 0 00.0Bl 02.B70 
BA 00. 011 00.014 00.013 00. 04 6 00.730 01. 090 00.590 
CR 04.200 00.700 30.000 20.000 04 . 000 17.400 00. 200 
NI 49. 200 07.000 07.900 07.900 OB.000 25.000 00.010 
Tl 00. 120 00. 600 00.430 00.430 01. 000 01.500 00.020 
SC 00. 300 01.330 02.040 03. 040 02.220 05.BOO 0 O. 0 JO 
y 00.014 00.290 00.310 01. 000 01.000 00.030 00.240 
NB 00. 014 00.290 00.310 01. 000 01.000 00. 030 00.240 
ZR 00.010 DO.JOO 00.JlO 00.600 01.200 00.0JO oo. 010 
MN 01.430 01.530 00.710 00. 7 10 00.970 06. 130 00.060 
v 00.0BO 00.900 02. 150 01. 150 07.000 18. 000 00. 150 
u 00.020 00.020 00. 017 00. 020 OD.BOO 00 . 500 01. 000 
TH 00 . 015 00.015 00. 013 00.015 00.700 00. 430 00. 100 
GA 00. 700 oo. 700 00.650 00. 650 00.800 04.500 01.200 







293 . 


LOW BASALTIC KO VALUES - KD SET t 1 


ELEM GARN DlOT APAT ZIRC KPLD HAG QTZ 


LA 00 . 008 00.0JJ J7 . 000 OJ . JOO 00 . 05 J 00.098 00.000 
CE 00 . 028 OO.OJ7 52. 500 03 . 000 00.044 00 . 110 00. 000 
PR 00 . 048 00.040 67.000 02 .7 00 00 . 03J DO. 125 00 . 000 
NO 00 . 068 00.044 81. 100 02. 430 00.025 00. 130 00. 000 
SH 00 . 290 00 . 058 89.800 OJ.700 00 . 0 18 00.150 00 . 000 
EU 00 .4 90 00. 14 5 50.200 05. 220 0 1. 130 00. 100 00.000 
GO 00 . 970 00 . 08 2 78.000 14.000 00 . 011 00 . 120 00 . 000 
DY 03 .170 00.097 69.200 5J.500 00.006 00 . 140 00.000 
ER 06. 560 00 .1 62 51.200 152 .. 00 00 . 006 00.155 00 . 000 
YB 11. 500 00. 179 J7 .0 00 299 . 00 00. 012 00. 170 00. 000 
LU 11. 900 00. 185 J0.200 366 . 00 00.006 00. 190 00.000 
K 00 . 015 99.999 00 .0 00 00 . 000 99.999 00. 000 00. 000 
RB 00 . 042 OJ . 260 00.000 00.000 00 . 340 00 . 000 00.000 
SR 00 . 012 00. 120 01. 000 00.000 03 . 870 00 . 000 00 . 000 
BA 00 . 023 06. 36 0 00 . 000 00.000 06.120 00.000 00 . 000 
CR OJ.280 17. 400 00 . 000 00.000 00. 70 150.00 00 . 000 
NI OJ . ODO 25 . 000 00. 000 oo. 000 00 . 020 30 . 000 00 . 000 
tr 00. 500 01.500 00 . 000 00.0 00 00.040 40.000 00.000 
SC 0 1. 000 05.800 00 . 000 01 .0 00 00. 197 OJ. 000 00.000 
y OJ . 170 00 . 030 50.700 45. 700 00 .006 00 . 000 00 . 000 
NH 03 . 170 00.0JO 50.700 45. 700 00. 006 00.000 00. 000 
ZR 00.500 00 . 300 00 .000 99.999 00 . 100 00.000 00. 000 
HN 05.000 06 . 1 JO 00.000 00.000 00 . 310 04.000 00 . 000 
v 0 1. 280 18 . 000 00 .0 00 00 . 000 00 . 200 100. 00 00 . 000 
u 00 . 100 00. 500 50 .0 00 50.000 00. 100 00 . 000 00 . 000 
TH 00.100 00 . 430 50.000 50.000 00.088 00 . 000 00. 000 
GA 01.000 04. 500 01.000 00 . 000 00.950 00 .0 00 00 . 000 
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HIGH BASALTI C KD VA LUES - KD SET 1 1 


EL EM OLIY OPX DIOP AUG HOBN PHLG PLAG 


LA 00 . 002 00.00 1 00 . 032 OD.027 00. 060 00 . 035 00.022 
CE 00 . 002 00 . 002 00.043 DD . 0 77 00 . 094 00. 03 4 00 . 0 23 
PR 01). 002 00 . 005 00 . 054 00 . 127 0 0. 130 00. 033 00 . 023 
NO 00 . DOJ 00 . 008 00 . 065 00.170 00.1 60 00 . 032 00 . 023 
SM 00 . 003 00 . 0 14 00 . 09 0 00. 260 00 . 240 00 . 03 1 00 . 024 
EU 00 . 005 00 . 023 00 . 09 1 00 . 270 00 . 260 00.030 00. 055 
GD 00 . 004 00. 032 00.095 0 o. 3 20 00 . 28 0 00 . 030 00 . 017 
DY 00. 006 00 . 0 54 00 .1 05 00. 500 00 . 310 00. 030 00. 0 10 
ER 00 . 00B 00. 076 00 . 10 7 00. 4 6 0 00 . 240 00. 034 00 . 0 10 
YB 00 . 009 00. 11 0 00.092 00.430 00 . 230 00 . 042 00. 006 
LU 00 . 009 00 . 11 0 00 .071 00. 270 00. 220 00. 046 00 . 004 
K 00 . 005 00 . 009 00 . 00B 00 . 004 00 . 330 99. 999 00 . 0 19 
RB 00 . 008 00 . 015 00 . 0 14 00. 0 15 00 . 04 5 03 . 080 oo. 0 16 
SH 00. 009 00 . 0 10 00 . 078 00 . 09 3 00. 190 00 . 00 1 0 1. 29 0 
BA 00 . 009 00 . 0 12 00 .013 00 . 004 00. 100 0 1. 090 00 . 050 
CR 0 1. 200 00 . 500 10.000 00. 000 02 . 000 07. BOO 00 . 0BO 
NI OB. 4 00 05 . 000 0 1. 100 0 1. 100 06 . 000 15 . 00 0 00.006 
TI 00. 020 00. 400 00 . 25 0 00. 150 00.800 00. 500 00. 005 
SC 00 . 050 01. 130 0 1. 800 02 . BOO 02 . 140 05. 000 00 . 0 10 
y 00 . 006 00 . 054 00.1 05 00.5 00 00. 3 10 00. 030 00. 0 10 
NB 00 . 006 00. 054 00 .1 05 00. 500 00 . 310 00.030 00. 010 
ZR 00 . 00 7 00 .1 0 0 00. 100 00. 200 00. 600 00. 030 00.003 
MN 01. 0 70 0 1. 350 00 . 550 00. 45 0 00 . 9 10 05. B70 00. 0 40 
v 00.020 00.700 00 . 550 00 . 45 0 03 . 000 06. 000 00. 060 
u 00 . 015 00.0 15 00 . 0 17 00 . 0 17 00 . 150 00 . 200 00. 0 70 
TH 00 . 010 00 . 010 00.013 0 0.0 13 00.1 00 00 . 190 00. 070 
GA 00. 50 0 00. 500 00.36 0 00. 360 00. 800 03. 500 0 0. BOO 







295 . 


HIGH BASA LTIC KD VALUES - KD SET 1 1 


ELEM GARN DIOT APAT ZIRC KFLD MAG QTZ 


LA 00 . 008 00.033 13 . 500 02 .450 00 . 055 oo. 098 00. 000 
CE 00. 028 00 . 037 18 . 000 02. 290 00 . 044 00. 11 0 00. 000 
PR 00 . 048 00 . O•O 22 . 500 02 . 150 00.035 00 . 125 00 . 000 
NO 00 . 068 00.044 2 7.400 01. 9 70 00 . 025 00. 130 00.000 
SM • 00 . 290 00 . 058 29 .300 02 . 580 00 . 0 18 00 . 150 00. 000 . 
EU 00 . 490 00. 14 5 20 . 500 0 1. 070 0 1. 130 00 . 100 00. 000 
GD 00 . 970 00.082 27.200 10. 000 00. 0 11 00 . 120 00. 000 
DY 03 . 170 00 . 097 25. 600 37. 800 00 . 006 00 . 140 00. 000 
ER 06 . 56 0 00. 162 20 . 000 11 9. 00 00.006 00 . 155 00 . 000 
YB 11. 500 00. 179 13. 100 242. 00 00. 0 12 00 . 170 00 . 000 
LU 11 .900 00.1 85 11. 200 28 1. 00 00. 006 00.1 90 00. 000 
K 00 . 015 99 . 999 00.000 00 . 000 99 . 999 00 . 000 00. 000 
RB 00 . O• 2 03. 2 0 00 . 000 00. 000 00 . HO 00 . 000 00 . 000 
SR oo. o 12 00 .1 20 01.000 00 . 000 03.870 00 . 000 00. 000 
SA 00 . 023 0 • 3 0 00 . 000 00.000 06.1 20 00.000 00 . 000 
CR OJ . 280 07. 800 00 . 000 00.000 00 . 70 50 . 000 00 . 000 
NI 0 1. 000 15. 000 00 . 000 00 . 000 00 . 020 15. 000 00 . 000 
TI 00 . 500 01. 000 00 . 000 00. 000 0 o. 04 0 28 . 000 00 . 000 
SC 0 1. 000 05 . 000 00 . 000 0 1. 000 00 . 197 01. 500 00. 000 
y 03 . 170 00.030 50 . 700 45 . 700 00 . 006 00. 000 00. 000 
NB 03 . 170 00. 030 50 .700 45.700 00 . 006 00. 000 00. 000 
ZR 00 . 500 00.030 00 . 000 99. 9 99 00 . 100 00. 000 00 . 000 
MN 05. 000 05 . 8 7 0 00 . 000 oo. o oo oo. 310 02. 500 o o. ooo 
v 01. 280 06.000 00 . 0 0 0 00 . 000 00 . 200 57. 000 00 . 000 
u 00. 100 00 . 200 50 . 000 50.000 00. 100 00. 000 00 . 000 
TH 00 . 100 00.1 90 50 . 000 50. 000 00 . 088 00 . 000 00 . 000 
GA 0 1. 000 03 . 500 01.000 00 . 000 00. 950 00 . 000 00 . 000 







296 . 


AVER AGE DACITI C KD VALUES - KD SET #1 


ELEM OLI V OPX DIOP AUG HORN PHLG PLAG 


LA 00 .. 005 00 . 06 7 00.1 20 00.350 00 . 100 00 . 107 00 . 275 
CE 00. 0 06 00 . 087 00 . 285 00. 4 75 00 . 899 00. 132 00. 240 
PB 00 . 006 00 .1 0 7 00 . 440 00 . 590 01.850 00. 15 7 00. 205 
NO 00 . 006 00 . 123 00 . 6 12 00. 7 10 02. 800 00. 186 00 . 170 
SM 00 . 006 00.1 62 00 . 925 0 1. 085 03 . 990 00 . 2 11 00.1 30 
EU 00. 006 00 . 11 2 00 . 87 0 0 1. 035 03 . 440 00. 265 02. 11 0 
GD 00 . 007 00 . 2 16 0 1. 020 0 1. 230 05 . 480 00 . 190 00 . 090 
DY 00 . 009 00 . 305 0 1.070 01. 305 06 . 200 00 . 11 s 00.086 
ER 00 . 0 11 00.440 00 . 985 01. 225 05 . 940 00. 102 00 . 084 
YB 00 . 0 14 00.600 00. 8 70 01. 100 04 . 890 00. 106 00 . 07 7 
LU oo. 016 00 . 660 00 . 835 01. 050 04 . 530 00 . 028 00 . 062 
K 00. 005 00. 0 19 00 . 024 00 . 0 38 oo. 521 99. 999 00. 26 3 
RB 00 . 010 00 . 0 12 00 . 024 00 . 0 32 00 . 152 12. 0 10 00. 048 
SR 00 . 0 1" 00 . 0 11 00 . 3 18 00. 283 00 . 241 00. 377 02 . 840 
BA 00 . 009 00.006 00 . 072 00.079 00 . 232 18. 195 00. 360 
CR 13.000 03 . 000 100.00 SO . ODO 15. 000 12.600 00 . 245 
NI 150 . 00 30.000 25. 00 0 20 . 000 35 . 000 20 . 000 00 . 0 16 
TI 00. 350 01.000 0 1.800 0 1. 800 0 1. 500 02.000 0 o. 0 20 
SC 00. 10 0 00 . 900 06 . 500 13. 140 06 . 000 11. 306 00 . 10 1 


00. 01 0 00 . 305 00.945 00 . 945 06. 200 00 . 030 oo. 086 
NB 00. 01 0 00. 305 00.945 00 . 945 06 . 200 00. 030 00 . 086 
Z R 00. 010 00 .. 305 oo. 945 00. 945 05 . 000 00 . 030 00 . 0 86 
MN 07. 000 09 . 000 03 . 500 03. 000 05 . 000 06. 000 00. 178 
v 00 . 250 04.000 07. 500 07. 0 00 20 . 000 12. 000 00.1 60 
u 00 . 0 17 00.0 77 00 . 077 oo. 077 05 . 000 00. 450 00. 070 
TH 00 . 0 13 00 . 06 0 00 . 060 00 . 06 0 05 . 000 00 . 300 00. 059 
GA 00. 600 00. 800 01. 0 10 01. 010 00. 900 04. 000 0 1.000 







297 . 


AVERAGE DACITI C KD VALUES - KD SET 11 


ELEM GARN BIOT AP AT ZIRC KFLD MAG QTZ 


LA 00. 260 00.03 4 23 .700 02 . 800 00 . 054 00 . 098 00. 000 
CE 00 . 350 00. 0 37 34 . 700 02. 640 00 . 044 00. 11 0 00 . 000 
PB 00.440 00.040 45.700 02 . 400 00 . 034 00.1 25 00 . 000 
NO 00. 530 00 . 044 5 7 . 100 02. 200 00 . 025 00. 130 00 . 000 
SM 02 . 660 00.058 62 . 000 03.1 40 00. 010 oo. 150 00. 000 
EU 0 1. 500 00. 14 5 30.400 03 . 040 0 1. 130 00 . 100 00 . 000 
GD 10 . 500 00 . 082 56 . 300 1 2. 000 00 . 0 11 00. 120 00. 000 
DY 28. 600 00 . 09 7 50. 700 45.700 00. 006 oo. 140 00 . 000 
ER 42 . 800 00 . 162 37. 200 135 . 00 00 . 006 00. 155 00.000 
YB 39.900 00. 179 23 . 900 27 0. 00 00.0 12 00. 170 00. 000 
LU 29 . 600 00 . 1B5 20 . 20 0 323. 00 OU . 006 00 .1 90 00 . 000 
K 00 . 020 99.999 00. 000 00. 000 99. 999 00.000 00. 000 
RO 00 . 009 OJ. 2 0 00 . 000 00 . 000 00 . 340 00. 000 00.000 
SR 00 . 0 15 00 . 120 0 1. 000 00.000 03 . 870 00 . 000 00 . 000 
BA 00 . 0 17 06 . 36 0 00 . 000 00 . 000 06 . 120 00 . 000 00 . 000 
CR 03. 280 12. 600 00 . 000 00. 000 00 . 670 96. 500 00 . 000 
NI 04 . 50 0 20 . 000 00 . 000 00 . 000 00 . 020 2 3. 3 3 3 00. 000 
TI 00 . 500 02.000 00 . 000 00 . 000 00 . 040 J4. 000 00. 000 
SC 0 1. 000 11. 300 00 . 000 0 1. 000 00 . 197 02. 250 00 . 000 
y 03 . 170 00 . 097 50 . 7 00 45. 700 00 . 006 00. 000 00 . 000 
NB 03. 170 00 . 09 7 50 . 700 45. 7 00 00.006 00. 000 00.000 
ZR 00 . 500 0 1. 000 00 .000 99. 999 00. 100 00. 000 0 0. 000 
MN 05 . 00 0 06 . 000 00.000 00. 000 00 . 3 10 OJ. 225 00. 000 
v 0 1. 280 12 . 000 00 . 000 00.000 00.200 79 . 950 00 . 000 
u 00 . 100 00 . 450 50. 000 50.000 00 . 100 00. 000 00 . 000 
TH 00 . 100 00 . 310 50. 000 50 . 000 00 . 000 00 . 000 00 . 000 
GA 01. 000 04 . 000 0 1 . 0 00 00. 000 00.950 00 . 000 00 . 000 







298 . 


LO W DAC I TIC KO VAL UES - KO SET # 1 


ELEM OLI V OPX DI OP AUG HORN PH LG PLAG 


LA 00.008 00. 125 00 . 200 00 . 440 0 o. 350 00 . 102 00. 350 
CE 00.009 00.1 49 00 . 37 J 00 . 575 0 1. 055 00 . 1J2 00. J 15 
PR 00 . 0 10 00. 175 00 . 540 00 . 7 10 01.7 50 00 . 162 00.280 
NO 00 . 0 10 00 . 204 00 .7 JO 00. 855 02 . 525 00. 186 00 . 245 
SM 00 . 0 11 00.240 0 1. 040 0 1. 275 04 . 515 00. 2 11 00 . 160 
EU 00 . 0 10 00 . 14 7 0 1. 135 0 1. J80 OJ . 500 00 . 265 02 . 470 
GD 00 . 0 12 00 . 3 12 0 1. 2 J 5 0 1.S3S OS . 800 00. 190 00 . 170 
DY 00 . 0 14 00 . 422 0 1.47 0 0 1. 8 15 0 7. 2S 0 00 . 11 5 00. 1 JS 
ER 00. 0 17 OO . S95 0 1 . 240 0 1. 62S 07. 500 00. 102 oo. 156 
YB 00 . 023 00 . 200 0 1. 12S 0 1. 50S 04 . 990 00 . 106 00 .1 65 
LU 00.026 00 . 990 01 . 000 02 . SOJ 03 . 560 00 . 126 00 . 13S 
K 00 . 008 00 . 0 1 1 00 . 026 00 . 0S8 00 . 74 1 99 . 999 00 . 290 
RB oo . o 11 00 . 0 16 00 . 0 15 00 . 036 00.222 02.0 10 00 . 09 1 
SR 00 . 0 19 00 . 016 OO . J 41 OO.JJ3 00 . JJ 1 00 . 377 OJ.6J5 
BA 00 . 0 11 00.008 00 . 0 72 00 . 089 00.3 87 08 . 195 00 . 449 
CR 21. 600 02 . 800 150 . 00 100 . 00 20 . 000 17. 400 00 . 670 
NI 25 0. 00 J5 . 000 4 0 . 000 40 . 000 40 . 000 25 . 000 00 . 020 
TI 00 . 600 0 1. 200 02 . 500 02 .4 00 02 . 000 OJ . ODO 00 . 040 
SC 00 . 300 0 1. 000 07. 000 13 . 680 07. 000 11 . 600 00 .1 97 
y 00 . 0 14 00 .1 22 0 1. J9S 0 1. 39S 07 . 000 00 . 0JO 00 . 1JS 
NB 00 . 0 14 00 . 122 0 1. 39 S 0 1 . J9S 07. 000 00. 030 00. 13S 
ZR 00.0 10 00 . 400 01. 395 0 1. 39S 06 . 000 OS . ODO 00.1 00 
MN 07. 000 07 . SOO OJ . SOD OJ .S OD 3S . OOO 06. 130 00.3 10 


00 . 40 0 04 . 500 10 . 00 0 06 . 0 00 04 . 000 18. 000 00 . 200 
u 00 . 020 00 . 090 00.0 9 0 00 . 090 06 . 000 00 . SOO 00 . 100 
TH 00. 0 15 00 . 070 00.0 8 0 00 . 080 06 . 000 00.4JO 00 . 080 
GA 00. 700 00 . 900 0 1. 30 0 01. J 00 01. 000 04. 500 0 1. 200 
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LOW DACI TIC KD VAL UES - KD SEl 11 


ELEM GAHN BLOT AP AT ZIRC KfLD MAG QTZ 


LA 00 . 260 00.034 3 7. 000 03 . 3 00 00.054 00 . 098 00. 000 
CE 00 . 350 00.037 52 . 500 OJ . ODO 00 . 044 00 . 11 0 00 . 000 
PR 00.4 40 00 . 040 67 . 000 02 . 7 00 00.034 00 . 125 00.000 
NO 00 . 530 00.044 8 1. 100 02.430 00. 025 00 . 130 00 . 000 
SM 02 . 660 00 . 058 89 . 800 03 . 700 00.010 00. 150 00.000 
EU 0 1. 500 00 . 14 5 50 . 20 0 05 . 220 0 1. 130 00.1 00 00 . 000 
GD 10 . 500 00 . 082 78.000 14.000 00 . 0 11 00 . 120 00 . 000 
DY 28.600 00 . 097 69.200 53 . 500 00 . 006 00. 140 00 . 000 
ER 42 . 800 00 . 162 5 1. 200 152 . 00 00.006 00 . 155 00 . 000 
YB 39 . 900 00 . 17 9 3 7. 000 299 . 00 00 . 0 12 00 . 17 0 00 . 000 
LO 29 . 600 00 . 185 30 . 200 366 . 00 00.006 00. 190 00 . 000 
K 00 . 020 99.999 00.000 00.000 99.999 oo. 000 00 . 000 
RD 00 . 009 03 . 260 00 .000 00 . 000 00 . 034 00 . 000 00 . 000 
SR 00 . 0 15 00.1 20 01. 000 00 . 000 OJ . 870 00.000 00.000 
BA 00 . 0 17 06 . 36 0 00 . 000 00 . 000 06 . 120 00 . 000 00. 0 00 
CR OJ. 280 17 .400 00 . 000 00 . 000 00 . 670 150 . 00 DO . ODO 
NI 06 .0 00 25.000 00.000 00 . 000 00 . 020 30. 000 00. 000 
TI 00 . 500 03 . 000 00 . 000 00 . 000 00 . 040 40 . 000 00 . 000 
SC 01. 000 11. 600 00 . 000 0 1. 000 00. 197 OJ . ODO 00 . 000 
y 03 . 17 0 00 . 030 50.7 00 45.7 00 00 . 006 00. 000 00. 000 
NO 03 . 170 00 . 030 50 . 700 45.7 00 00 . 006 00 . 000 00 . 000 
ZR 00.500 05 . 000 00 . 000 99.9 99 00 . 100 00. 000 00 . 000 
MN 05.0 00 06 . 13 0 00 .0 00 00 . 000 00 . 3 10 04. 000 00 . 000 
v 01. 280 16. 000 00 . 000 00.0 00 00 . 200 100 . 00 00 . 000 
u 00. 100 00 . 500 SO .O DO 50 . 00 0 00 .1 00 00. 000 00 . 000 
TH 00. 100 00.4 30 50 . 000 50 . 000 00 . 088 00 . 000 00 . 000 
GA 01.0 00 04. 500 01. 000 00.0 00 00 . 950 00 .0 00 00. 00 0 







300 . 


HI GH DA CIT I C KD VALU ES - KD SE T 11 


ELEM OLIV OPX DIO P AUG HOBN PH LG PLAG 


LA 00 . 00 1 00 . 03 1 00 . 050 00 . 050 00 .1 00 00 . 100 00 . 109 
CB 00 . 002 00 . 042 00 . 202 00 . 2 19 00 . 73 7 00 . 132 00 . 097 
PR 00 . 003 00 . 043 00 . 350 00 . 370 01. 300 oo. 160 00 . 085 
NO 00 . 003 00 . 06 3 00 . 503 00.555 02.095 00 . 186 00 . 072 
SM 00.003 00.087 00 . 805 00 . 890 04 . 170 00 . 2 11 00.054 
EU 00 . 005 00 . 0>8 00.60 1 00. 690 02 . 380 00. 265 00 . 508 
GD 00 . 004 DO. 13 1 00 . 798 00 . 9 10 04. 790 00 .1 90 00.039 
DY 00 . 006 00 .1 92 00 . 66 3 0 1. 135 06 . 405 00 4 11 5 00 . 025 
ER 00 . 008 00. 30 3 00 . 58 9 00.7 65 05 . 520 00 . 102 00 . 024 
YB 00 . 009 00.4 20 00 . 6 16 00 . 785 03 . 840 00 . 106 00 . 0 18 
LU 00 . 009 00 . 43 5 00 . 676 00 .77 5 02 . 310 00 . 128 00. 0 17 
K 00.005 00 . 006 00 . 023 00 . 0 2 1 00. 18 1 99 . 999 00 . 060 
RE 00 . 0 10 00 . 009 00 . 023 00 . 024 0 o. 03 0 02 . 0 10 00. 0 29 
SR 00 . 009 00 . 009 00 . 29 7 00 . 305 00 . 106 00 . 377 0 2. 8 45 
BA 00 . 0 10 00 . 00 7 00 . 072 00 . 068 00 . 072 08. 195 00 . 179 
CR 07.00 0 02 . 500 50 . 000 40.000 10. 000 07 . 800 00 . 060 
NI 40 . 0UO 25 . 000 05 . 500 05 . 500 30 . 000 15. 000 00 . 010 
TI 00. 1 uo OD . BOO 0 1. 250 00.750 01. 000 01. 000 00. 010 
SC 00. 050 00 . 800 06 . 000 12. 000 05 . 000 11. 000 00. 030 
y 00 . 00 6 00.1 9 2 00. 473 00 . 4 73 05 . 000 00 . 030 00 . 025 
NB 00 . 006 00 . 492 00 .473 00 . 4 73 05 . 000 00 . 03 0 00.025 
ZR 00. 00 7 00 . 200 00 . 800 00 . 800 04 . 000 03 .0 00 00 . 060 
MN 05. 400 02 . 500 02 .7 00 02 . 500 0 4.500 05 . 870 00 . 033 
v 00 . 100 03 . 500 02 .7 00 02 . 500 15. 000 06 . 000 00. 100 
u 00. 01 5 00 . 077 oo . on 00 . 077 04 . 000 00 . 200 00 . 0 40 
TH 00 . 0 10 00 . 059 00 . 059 00. 059 04. 000 00 . 190 00 . 032 
GA 00. 500 00. 700 00 . 72 0 00 . 720 00.800 03 . 500 00 . 800 
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HIGH DACITIC KD VALUES - KD SET #1 


ELEM GARN BIOT APAT ZIRC KFLD MAG QTZ 


LA 00 . 260 00.029 13 . 500 02-450 00 . 054 00 . 098 00 . 000 
CE 00.350 00.034 18. 000 02 . 290 00 . 044 00. 11 0 00.000 
PR 00 . 440 00.039 22 . 500 02. 150 00.034 00. 125 00 . 000 
NO 00. 530 00.044 27.400 01.970 00.025 00 .1 30 00.000 
SM 02 . 660 00.058 29 .3 00 02 . 580 00.018 00. 150 00. 000 
EU 01 . 500 00 . 14 5 20 . 500 01. 070 0 1. 130 00. 100 00.000 
GO 10.500 00 . 082 27.200 1o.000 00 . 011 00. 120 00. 000 
DY 28.600 00. 097 25. 00 37 . 800 00 . 006 00. 140 00.000 
BR 42.800 00.162 20 . 000 11 9.00 00 . 006 oo. 155 00. 000 
YB 39 . 900 00 . 179 13. 100 242 . 00 00.012 00. 170 00.000 
LU 29 .6 00 00 .1 85 11. 200 28 1. 00 00 . 006 00. 190 00.000 
K 00 . 020 99.999 oo . 00 0 00 . 000 99 . 999 00.000 00.000 
RB 00 . 009 03 . 2 0 00.000 00 . 000 00 . 340 00. 000 00.000 
SR 00 . 0 15 00 . 120 01. 000 00 . 000 03 . 870 00.000 00 . 000 
DA oo. 017 0 • 3 0 00 . 000 00.000 06 . 12 0 00 . 000 00 . 000 
CR 03 . 280 07 . 80 0 00 . 000 00.000 00 . 70 50 . 000 00. 000 
NI 03.000 15. 000 00 . 000 00.000 00.020 15. 000 00 . 000 
TI 00.500 01.000 00.000 OD.ODO 00 . 040 28 . 000 00. 000 
SC 0 1. 000 11. 000 00 . 000 0 1. 000 00. 197 01. 500 00 . 000 
y 03 .170 00 .03 0 50 .700 45 . 700 00.006 00 . 000 00. 000 
NB 03. 170 00.030 50. 700 45.700 00.006 00 . ODO 00.000 
ZR 00 . 500 03.000 00 .0 00 99. 999 00.100 00 . 000 00. 000 
MN 05 . 000 05.870 00.000 00 . 000 00.3 10 02. 500 00 . 000 


0 1. 280 06.000 00 . 000 00 . 000 00.200 57. 000 00.000 
00 . 100 oo. 20 0 50 . 000 50 . 000 00 .1 00 00.000 00.000 


TH 00. 100 00 .1 90 50 . 000 50.000 00 . 088 00 . 000 00 . 000 
GA 01. 000 03.500 01.000 00 .000 00 . 950 00.000 00 . 000 
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AV ERAGE RHYO LI TIC KD VALUES - KD SET t 1 


ELEM OLIY OPX DIOP AUG HORN PHLG PLAG 


LA OO . OU6 00 . 1 15 00 . 2 15 00 . 2 15 0 0 . 200 00 . 175 00. JOO 
CE 00 . 006 00 .. 150 00 . 260 00 . 260 01. 520 00 . 230 0 o. 270 
PR 00 . 006 00. 105 00 . 305 00 . 305 02 . 900 00. 285 00 . 240 
NO 00.006 00 . 220 00 . 350 00 . 350 04 . 260 00 . 340 00. 210 
SM 00 . 006 00 . 270 00.380 00.380 07 . 770 00 . 390 00 .1 30 
EU 00. 006 00. 170 00 . 270 00 . 270 05 .1 40 00 . 500 02. 150 
GD 00. 0 0 7 00.340 00 . 460 00 . 460 10 . 000 00 . 350 00 . 097 
DY 00 . 009 00 . 460 00 . 550 00 . 550 13. 000 00 . 200 00.064 
ER 00 . 0 11 00 . 005 00 . 730 00 . 730 12 . 000 00 . 17 0 00 . 055 
YB 00.0 14 00 . 000 00 . 99 0 00 . 99 0 08 . 380 00. 170 00 . 0 49 
LU 00 . 016 00 . 900 0 1. 140 0 1. 114 05 . 500 00 . 2 10 00. 0 16 


oo . 005 00 . 002 00 . 002 00 . 002 00 . 03 1 99 . 999 00. 100 
RB 00 . 00 7 00 . 002 00 . 002 00 . 002 00.0 14 00 . 940 00 . 041 
SR 00 . 01• 00 . 008 00.008 00 . 008 00 . 022 00 . 72 O• . 400 
BA 00 . 009 00 . 002 00 . 002 00 . 002 00 . 044 15 . 300 00 . 300 
CR 20.000 06 . 000 200 .00 100 . 00 J0 . 000 12. 00 00 . 245 
NI 300 . 00 60 . 000 50.000 40 . 000 70 . 000 20.000 00 . 0 16 
TI 00. 7 00 02.000 03 . 600 03 . 600 03 . 000 02 . 000 00 . 0 20 
SC 00 . 100 0 1. 800 16. 280 26.280 12 . 000 11. 300 00 . 101 
y 00 . 010 00 . 900 0 1. 890 0 1. 890 09 . 175 00 . 030 00 . 086 
NB 00 . 0 10 00 . 900 01 . 890 0 1. 89 0 09 .1 75 00 . 030 00 . 086 
ZR 00 . 0 10 00. 630 01. 900 0 1. 900 10 . 000 00 . 030 00. 086 
MN 14. 000 18. 000 07 . 00 0 06 . 00 0 10 . 000 06 . 000 00 . 178 
v 00 . 500 OB . ODO 15 . 000 14.000 40 . 000 12. 000 00. 160 
u 00 . 0 17 00 .1 53 00.1 53 00 . 153 07. 000 00 . 450 00 . 0 70 
TH DO . 0 13 00 . 117 00 . 117 00. 117 0 7.000 00 . 3 10 00 . 059 
GA 0 0. 600 00 . 90 0 02.778 02. 778 00 . 900 0 4. 000 01. 000 







303 . 


AVERAGE RH YOLIT IC KO VALUES - KO SET 11 


EL EM GARN BlOT APAT ZIRC KFLO MAG QTZ 


LA 00.260 00.335 26 . 000 02 . 800 00 . 054 00 . 098 00. 000 
CE 00.350 00 . J20 J 4.7 00 0 2. 64 0 00 . 044 00 . 11 0 00.000 
PR 00 . 440 00. 30 5 42 . 000 02 .4 00 00 . 034 00 . 125 00. 000 
NO 00 . 530 00 . 290 57 .1 00 02 . 200 00 . 025 00. 1 JO 00 . 000 
SM 02 . 660 0 o. 260 62 . 000 03 .14 0 00 . 010 00. 150 00 . 000 
EU 0 1. 500 00.240 30 . 400 03. 140 01. 130 00. 100 00 . 000 
GD 10. 500 00. 2UO 56 . JOO 12. 000 00 . 0 11 00 . 120 00 . 000 
DY 28 . 600 00 . 290 50 . 700 45 . 700 00 . 006 00 . 140 00 . 000 
ER 42.800 00 . 350 J 7. 200 135 . 00 00 . 006 00. 155 00. 000 
YB 39 . 900 00 .4 40 23 . 900 270 . 00 00 . 012 00 . 170 00 . 000 
LU 29 . 600 00 . 330 20 . 200 323.00 00 . 006 00.190 00 . 000 
K 00.020 99 . 999 00.000 00.0 00 99 . 999 oo . 000 00 . 000 
RB 00 . 009 0 2. 24 0 00 . 000 00.000 0 o. 34 0 00. 000 00 . 000 
SR Ou . 0 15 00.120 0 1. 000 00. 000 03 . 870 00 . 000 00 . 0 00 
BA 00 . 017 09 .7 00 00 . 000 00 . 000 06 .1 20 00.000 00 . 000 
CR 07.000 12. 600 00 . 000 00 . 000 00 . 70 .96.500 00.000 
NI 09 . 000 20.000 00 . 00 c 00 . 000 00.020 23 . 333 00 . 000 
TI 00 .5 00 02 . 000 00 .0 00 00 . 000 00.040 34 . GOO 00 . 000 
SC 0 1. 000 11. JOO 00 . 000 0 1. 000 00 . 197 02 . 250 00 . 000 
y 03 . 170 00.097 so . 700 45. 700 00 . 006 00.000 00 . 000 
NB OJ. 170 00.09 7 50.700 45. 700 00 . 006 00 . 000 00 . 000 
ZR 00 . 500 04 . 000 00 .000 99. 999 00. 100 00 . COO 00 .0 00 
MN 05. 000 06 . 000 00 . 000 00 . 000 00 . 310 03 . 225 00 . 000 
v 01. 280 12.0 00 00.0 00 00.000 00 . 200 79.950 00.0 00 
u 00. 100 oo. 450 50 . 000 50.000 00 .1 00 00. 000 00 . 000 
!H Ou . 100 00. 3 1 0 50 . 000 50 . 000 00 . 088 00 . 000 00 .0 00 
GA 01.000 04.000 01.000 00 .000 00 . 950 OD.COO 00. 000 







30 4. 


LOW BHYOLITIC KD VALUES - KU SET 11 


ELEM OLIY OPX DI Of AUG HCRN PHLG PLAG 


LA 00.00d 00.2 15 00.350 00 . 350 C0 . 400 00 . 17 5 00 . 380 
CE 00 . 009 00 . 260 0 o. 6 5 0 00.650 c 1. 770 00 . 230 00. 3 50 
PH 00 . 009 00 . 305 00 . 950 co . 950 CJ. 100 00 . 285 OO . J20 
NO 00 . 0 10 00.350 0 1. 280 01.280 04.490 00. J40 00. 290 
SM oo. 01 1 00.380 01 . 8 10 01 . 810 08.100 00 . 390 00 .1 50 
EU 00 . 0 10 00. 270 02 . 0 10 02.0 10 05.900 00 . 500 02 . 8 10 
GD 00.0 12 00.460 02 . 200 02. 200 1 c . 500 OO.J50 00 . 1 JO 
DY 00 . 0H 00 . 550 02 . 6JO 02. 6JO 13 . 500 00.200 00. 080 
ER oo. o 17 00.7JO 02 . 250 02.250 14. 000 00 . 17 0 00 . 0 72 
YE 00 . 023 00.990 02 . 0 10 02. 0 10 09 . 000 00. 17 0 00 . 070 
LU oo. 026 01.1 40 0 1. 810 01 . 810 06 . 300 00.2 10 00.008 
K 00 . 008 00.002 OO.OJ 7 OO . OJ7 00.08 1 99 . 999 00 . 100 
RB 00 . 011 00.002 00.032 00.032 00 . 0 14 00 . 940 00 . 041 
SR 00 . 0 19 00 . 008 00.5 16 00 . 5 16 00 . 022 00 . 672 04.400 
BA 00 . 011 00 . 002 00. 131 00 . 131 00.044 15. JOO 00.300 
CR 42.000 05.oOO JOO.CO 200.00 40.000 17 .400 OO . u70 
NI 500.00 70.000 80 . 000 80 . 000 80 . 000 25 . 000 00 . 020 
lI 00 . 840 01 . 900 04 . 000 04.000 c0 . ooo OJ.000 00 . 040 
SC 00 . 300 02 . 000 20.500 27 . 500 12.000 11. 600 00 . 197 


00 . 014 00 . 900 02 .7 90 02.790 1o.000 00.030 00. 135 
NB 00.0 14 00.900 02 .7 90 02. 7 90 10. 000 00.0JO 00. 135 
ZR 00 . 0 10 00.800 02 . 800 02 . 800 10.000 05 . 000 00 . 100 
MN 14. 000 15.000 07.000 07 . 000 10.000 06 . 130 00. 3 10 
v 00. 800 09.000 20 . 000 12.000 40.000 10.000 00.200 
u 00 . 020 00. 100 00.153 00 .1 53 00 . 000 00 . 500 00 . 100 
TH 00. 015 00 . 127 00 .117 00. 117 08 . 000 00 .4 30 00 . 088 
GA 00.7 00 01 . 000 03 .575 03 . 5 75 01.000 04.500 0 1.200 







305 . 


LOW BH YOLITIC KD VAL UES - KD SET 1 1 


EL EH GA RN BIOT HAI ZI RC KFLD fl AG QTZ 


lA 00 . 260 OO . JJ5 J7.000 OJ . JOO 00 . 054 0 o. 09 8 00 . 000 
CE 00 . JSO OO . J20 52 . SGO OJ . ODD 00 . 044 0 o. 11 0 00.000 
PR 00 . 440 OO . J05 67 . 000 02 . 700 OO . OJ4 00 . 1 25 00 . 000 
NC 00 . 5JO 00 . 290 8 1. 100 02 .4 30 00.025 00 . 130 00 . 000 
s" 02 . 660 00.260 89.800 03 . 700 00 . 0 18 00 . 150 00. 000 
EU 0 1. 500 00 . 240 50 . 200 05 . 220 0 1. 130 00 . 100 00 . 000 
GO 1 o. 500 00. 2HO 7 8.000 14 . 000 C0 . 0 1 1 00 . 120 00 . 000 
DY 28 . 600 00. 290 69 . 200 5J . 500 C0 . 006 00 . 140 00 . 000 
ER 42 . 800 0 o. J s 0 5 1. 200 152 .. 00 00 . 006 00. 155 DO.ODO 
Y8 3 9 . 900 00.440 3 7. 000 299 . 00 C0 . 012 00 . 17 0 00 . 000 
LU 29 . 600 00 . JJO J 0 . 200 J66 . 00 00 . 006 00 . 190 00 . 000 
K OU . 020 99 . 999 00 . 000 0 o. 0 0 0 99 . 999 CO . GOO 00 . 0 00 
RU U0 . 008 02 . 240 00.000 DO . ODO OO . J40 00 . 000 00 . 000 
SR 00 . 0 15 00 .1 20 0 1. 000 00 . 000 03 . 8 70 CO . ODO 00 . 000 
EA 00. 0 17 09 .700 00 . 000 00 . 000 06 .1 20 00 . oco 00 . 000 
CR 10 . 000 17. 400 00.000 DO . ODO 00 . 7 0 150 . 00 00 . 000 
NI 15 . 000 25 . 000 00 . 000 00 . 000 00 . 020 JO . COO 00 . 000 
n 00 . 500 OJ . ODO oo. ooc 00. 000 00 . 040 40 . 000 00. 000 
SC 0 1. 000 11. 600 00.000 0 1. 000 co . 197 03 . 000 00 . 000 
y OJ .1 70 00 . 030 50 .7 00 4 5. 7 0 0 00 . 006 oo. coo 00 . 000 
NB OJ . 170 00 . 0JO 50 .7 00 45 . 70 0 co. 006 00 . 000 0 0 . 000 
ZR 00 . 500 os. ooo 00 . 0 0 0 99 . 999 oo. 10 0 00 . 000 00 . 000 
MN 05 . 000 06. 1 JO 00 . 00 0 00 . 00 0 00 . 3 10 0 4 .000 00 . 000 
v 0 1. 280 18 .0 00 00. 000 00 . 000 00 . 200 100 . 00 00 . 000 
u 00 . 100 00 . 500 50 . 000 50 . 00 0 0 0 .1 00 00 . 000 00 . 000 
TH 00 . 100 00 . 430 50 . 000 so. 000 00 . 800 00 . 000 00 . 000 
GA 01.0 00 04. 500 01 .0 0 0 00 . 0 00 C0. 950 00 . 000 00 . 000 







306 . 


HioH BHYOLITIC KO VAL UES - KO SET 11 


ELEM OLIV OPX DIOP AUG HORN PHLG PLAG 


LA 00. 00 1 00.060 00 . 070 00 . 0 70 co . 100 00 . 180 00 .1 95 
CE 00. 0 c 2 00 . 08 2 00.3 60 00.360 0 1.380 0 o. 23 0 00. 170 
PR 00.002 00. 100 00 . 650 00 . 650 C2. 700 OC . 280 00. 145 
NO 00 . 003 00. 120 00 . 94C 00 . 940 04 . 030 00 . 340 00. 120 
SM 00 . 003 00 . 160 01. 520 01.520 C7 . 100 00 . 390 00 . 084 
EU 00 . 005 00.093 0 1. 11 0 0 1. 110 04.500 00 . 500 00. 960 
GD 00.004 00.230 0 1. 500 0 1. 500 09 . 300 0 o. 3 5 0 00. 060 
DY 00.006 00.330 01 .2 20 01.220 12.500 00 . 200 0 o. 0 40 
ER 00 . 008 00 . 530 0 1. 0 70 0 1. 0 70 10. 800 GO . 170 00.038 
YB 00 . 009 00.730 0 1.114 0 1. 1 U 07 .4 50 00 .17 0 00.030 
LU 00.009 00.760 0 1. 280 01.280 04.400 00 . 210 00 .030 
K 00.005 00 . 002 00.037 00 . 037 00.08 1 99 . 999 00. 100 
RB 00.008 C0.002 00 . 032 00 . 032 00 .01 4 00 .94 0 00 . 04 1 
SR 00 . 009 co. 008 00 .516 05 . 000 00 . 022 00. 72 04 .4 00 
BA GO . 008 00 . 00 2 00 . 131 05 . o o o 00.044 15.300 00 . 308 
CR ,. • o oo 05 . 000 100 . 00 80 . 000 20 . 000 07. 800 00.060 
NI 80 . 000 50 . 000 11. 000 11. 000 cG.000 15. 000 00. 0 10 
n 00. 4 20 0 1. 500 03.2 00 03 . 200 C4 . 000 0 1. 000 00 . 0 10 
SC 00.050 01.600 15. 200 25 . 200 10.000 11. 000 00 . 030 
y 00 . 006 00 . 900 00.945 00.945 08 . 400 00 . 030 00.025 
NB 00.00b 00 . 900 00.945 00.945 08 . 400 00 . 030 oo . o 25 
ZR 00.007 00 . 400 01. 600 01. 600 08 . 000 03 . 000 00 . 060 
MN 09.000 15. 000 05 . 500 05 . 000 C9.000 05 . 870 00.033 
v 00 . 200 07.000 05.500 05 . 000 30 . 000 06.000 00. 100 
u 00 . 015 00 . 14 0 00 .1 53 00. 153 CC .14 0 00 . 2CO 00.040 
TH o o. o 1 o 00. 11 8 00 . 117 00. 117 00. 110 00. 190 00.032 
GA 00.500 00. 800 01.980 01.980 00.BO O 03 . 500 00. 800 







307 . 


HIGH BHYOLITIC KD VALU ES - KD SET 11 


EHN GA RN BI01 APA! ZIBC KFLD ~AG QTZ 


LA 00 . 260 00 .33 5 13 . 500 02.350 0 D. 054 00. 098 oo. 000 
CE 00 . 350 00 .3 20 16. 000 02 . 290 00 . 044 00 . 110 00 . 000 
fH 00 .4 40 00 . 305 22 . 500 02 . 150 00 . 034 00. 125 00.000 
NO 00 . 530 00. 290 2'.400 0 1.970 C0.025 00 . 130 00 . 000 
SN 02 . 660 00 . 260 29 . 300 02 . 580 C0.016 oc .. 150 00 . 000 
EU 0 1. 500 00.240 20.500 0 1. 0 10 0 1.13 0 00. 1 co 00 . 000 
GD 10 . 500 00 . 280 27.200 10.000 00. 0 11 00. 120 00 . 000 
DY 28 . 600 00 . 290 25.60C 37 . BOC CD . 006 00. 140 00.000 
EB 42 . 800 00 .3 50 20.000 11 9 .0 0 DO.DD6 DD. 155 D0.000 
YB 39 . 900 00 .44 0 13. 100 242 . 00 C0.0 12 00 . 17 0 00 . 000 
LU 29 . 600 00 . 330 11 . 200 28 1. 00 00 . 006 00. 1 90 00 . 000 
K 00.020 9.9. 999 00 . 000 00 . 000 99 . 999 00.000 00. 000 
RB 00 . 00d 02 . 240 00 . 000 00 . 000 00.340 00 . 000 00. 000 
SR 00 .015 00 .12 0 0 1.0 CO 00 . 000 03 . 870 C0 . 000 00 . 000 
EA 00 . 0 17 09 . 700 00.000 00.000 06 . 120 00 . 000 00 . 000 
CR 05 . 000 07. 80 0 00.0CO 00.000 00 . 67 0 50 . 000 00.000 
NI 07. 000 1 .\J OO 00 .0 00 00 . 000 00 . 020 15.0CO 00.000 
TI 00 . 500 01.000 00 .C CO 0 o. 0 0 0 00 .0 40 28.000 00.000 
SC 0 1. 000 1 1. 000 00 .0 00 01.000 00 . 197 0 1. 50 0 00.000 


03 . 17 0 00 .03 0 50.700 45. 700 C0.006 00 . 000 00 . 000 
NB 03 .17 0 00 .030 50 .7 00 45. 700 00 .0 06 CO . ODO 00.000 
ZH 00.500 03 . 000 00.000 99 . 999 00.100 00 . 000 00 . 000 
MN 05 . 000 05 . 670 00.000 00. 000 00 . 3 10 02. 500 00.000 
v 0 1. 260 06 .0 00 00 . 000 00.000 00.200 57 . 000 00 . 000 
u 00.1 00 00 .2 00 50.000 50.000 00. 1 00 00.000 00 .0 00 
TH 00 . 100 00 .1 90 50 . 000 50 . 000 00.08 6 00.000 00.000 
GA 01.000 03.500 01.000 00.000 00.950 00 .00 0 00. 0 00 







307a . 


AVE RAGE BASA LTiC KD VALUES - KD SET 12 


ELEM OLIV OPX DIOP AUG HCRN PHLG PLAG 


LA 00 . 006 00. 020 00 . 045 00. 0 10 00 .1 45 00 . 035 00 . 140 
CE 00 . 006 OD . 024 00 .0 70 00 . 025 00 . 200 00 . 034 00. 120 
PR 00 . 006 00 . 028 00 . 095 00 . 155 00 . 265 00 . 033 00 . 100 
NO Otl . 006 00 . 0JJ 00.120 00 . 311) 00.330 00 . 032 00 . 081 
SM 00 . 006 00.054 00. 180 00 . 500 00.520 00 . 03 1 00.067 
EU 00.006 00.054 00. 180 00 . 5 10 00 . 590 00 . 030 Otl. 340 
GD 00 . 007 00 . 09 1 00 .1 90 00 . 6 10 00 . 630 00 . 030 00 . 063 
DY 00 . 009 oo. 150 00 . 2 1C 00 . 680 C0 . 640 00 . 030 00.055 
ER 00. 011 00.230 00 . 17 0 00. 650 C0 . 550 00 . 034 00.063 
YB 00 . 0 1• 00 . 34 0 00 . 160 00 .6 20 00.490 00 . 042 00.067 
LU 00 . 0 16 00 . 420 00 .1 30 00 . 560 00.430 00.046 00.060 
K OU . 005 00 . 0 14 00. 0 11 00.038 00 . 960 99.999 00 . 170 
RE Otl . 00 7 00 . 022 00 . 015 00 . 03 1 00.290 OJ . 080 00 . 07 1 
SR 00.014 00.0 17 00 .1 20 00 . 120 GO . 460 00 . 08 1 0 1. 830 
BA 00.009 00 . 013 00.0 13 00 . 026 00 . 420 0 1. 090 00 . 230 
CR 02.700 00 .b OO 20 . 000 10.000 OJ. 000 12. 600 00 . 100 
NI 23 . AOO 06 . 000 04 . 500 04 . 500 07 . 000 20 . 000 00.008 
TI 00 .070 C0 . 500 00 . 340 00 . 900 00 . 800 01. 000 00.010 
SC OU. 1 OU 01 . 230 02 . 000 02.920 02 . 180 05 . 300 00.020 
y 00 . 0 10 00 . 150 0 o. 2 10 00.680 00 . 640 00. 030 00 . 055 
NB 00 .010 00. 150 00.210 00 .6 80 00.640 00.030 00 . 055 
ZR Otl . 0 10 00 . 150 00 . 200 00 .4 00 0 1. 000 C0.030 00 .0 05 
MN 01. 250 0 1. 440 00 . 630 00 . 630 00. 940 06 . 000 00.060 
v 00 . 050 00 . 800 0 1. 300 0 1.3 00 c 4. 000 12. 000 00. 080 


oo . 0 17 00.0 17 00 . 0 17 00.017 00 . 540 00 . 450 00 . 090 
TH 00.0 lJ OU.0 13 00 . 013 00.0 13 00 . 540 00 . 3 10 00 . 090 
GA 00.600 00.600 00.505 00.505 00.81)0 04 .0 00 00 . 090 







307b . 


AVERAGE BASA LTIC KD VALOES - KD SET 12 


ELEM GARN Bl OT APA1 ZIRC KFL D MAG QTZ 


LA 00 . 008 00. 033 26 . 500 02.400 00 . 053 00 . 098 00 . 000 
Cf 00 . 0 28 00 . 037 34 .7 00 02 . 640 00 . 044 00 . 11 0 OD .O DO 
PR 00 . 048 00 . 040 42 . 055 02 . 800 00 . OJ5 00. 125 00 . 000 
NO 00 . 068 00 . 044 5 7. 10 0 02 . 200 00 . 025 00 . 1 JO 00.000 
SM 00 . 290 00.058 62 . 000 OJ. 14 0 OC . 0 10 00. 150 00 . 000 
EU 00 . 490 00 .. 14 5 30 . 400 OJ. 140 Cl .1 30 00 . 100 00 . 000 
GD 00 . 970 00 . 082 56 . 300 12. 000 00 . 011 00 .1 20 00 . 000 
DY OJ. 170 00.097 50 . 700 45. 7 00 00 . 006 00 . 14 0 00 . 000 
ER Ob . 560 00 . 162 J7.200 135 . GO C0 . 006 00.155 00 . 000 
YE 11. 500 00 .17 9 2J.900 270. 00 00 . 012 00 . 17 0 00 . 000 
LU 11. 900 00 . 185 20 . 200 J23.00 00 . 006 00 . 190 00.000 
K 00.015 99 . 999 00.0CO 00 . 000 99 . 999 00 . 000 00 . 000 
RE 00.042 OJ . 260 00 . 000 00 . 000 OO . J40 00 . 000 00 . 000 
SR 00 . 0 12 00 .1 20 01 . 000 00 . 000 0 J . 8 70 OC.000 00.000 
EA 00 . 02 J o 6. 36 o 00 . 0GC DO.ODO 06 .1 20 00 . 000 oo. ooo 
CR OJ. 280 12. 600 00.000 00 . 000 00.6 70 96. 500 00.000 
NI 02 . 000 ;a_ ooo 00 .000 00 . 000 00 . 020 2J . JJJ OD . ODO 
11 00.500 02.000 00.000 00 . 000 C0 . 040 34 . 000 00 . 000 
SC 01.000 11. JOO 00 . 000 0 1.0 00 co . 197 02 . 250 00 . 000 
y OJ . 170 00 . 097 50.700 45.7 00 00 .006 00.000 00 .0 00 
NB OJ. 170 00. 09 7 50.7 00 45.700 C0 . 006 00 . 000 DO .O DO 
ZB 00 .5 00 0 1.0 00 00.000 99.999 00.100 OD.ODO OD . ODO 
MN 05. 000 06 . 000 00.000 00 . 000 OO . J 10 03.225 00 . 000 


01. 280 12.0 00 00 . 000 00.000 00 . 200 79. 950 00 . 000 
u 00. 100 00.450 50 . 000 50.000 oo. 100 00 . 000 00. 000 
1H 00 . 100 00 . 3 10 50 . 000 50.00 0 00.088 oc. co 0 00 . 000 
GA 01 . 000 04.00 0 0 1. 000 00 . 000 00 . 950 00.000 00 . 000 







307c . 


LOW BASA LT IC KO VALU ES - KO SET 12 


HEM OLIV OPX DIOP AUG HORN PHLG PLAG 


LA 00 . 008 00 . 028 00.050 00. 100 00.230 00.035 00.320 
CE 00 . 009 00.038 00 . 096 00.2 10 00.340 00.034 00 . 280 
FR 00.010 00.048 00 .1 40 00 . 320 C0.440 00.033 00.240 
NO 00 . 0 10 00.058 00 . 180 00 . 430 C0 . 560 00 . 032 00 . 200 
SM 00 . 0 11 00 . 100 00 . 260 00 . 740 00.930 00 . 03 1 00. 170 
EO 00 . 010 00 . 0 7 9 00 . 260 00 .7 50 C1.1 00 00 . 030 00 .7 30 
GD 00 . 012 00 . 171 00 . 2 7 0 00 . 870 0 1.1 50 00 . 030 00 . 210 
DY 00 . 0 14 00.293 00 . 3 10 0 1. 000 01 . 050 00 . 030 00.1 90 
ER 00. 0 17 00.460 00 . 230 0 1. 100 01.000 00 . 034 00 . 240 
y E 00.023 00.670 00 . 230 0 1. 000 00.980 00. 042 00 . 300 
LO 00 . 026 00 . 840 0 o. 19 0 00. 950 C0 . 820 00 . 046 00 . 240 
K 00.008 00.019 00.0 14 00 . 0 78 c 1. 400 99 . 999 00 . 360 
RB oo . 0 11 00 . 029 00 . 015 0 o. 0 39 00.430 03 . 006 00 .1 40 
SR 00 . 0 19 00.024 00 . 150 00 .1 50 00.640 00 . 08 1 02. 870 
BA 00 . 0 11 00 . 014 00 . 0 13 00.046 00 .7 30 0 1. C90 00 . 590 
CR 04 . 200 00 . 700 30.000 20 . 000 04 . 000 17. 400 00 . 200 
NI 49.200 07 . 000 07 . 900 07.900 08.000 25 . 0CO 00. 010 
Tl 00 .1 20 00.b OO 00.430 00.430 01.000 01. 500 00.020 
SC 00.300 01. 330 02 .0 40 03. 040 02 . 220 05 . 8CO 00 . 030 
y 00 . 0 14 00 . 290 00.3 10 0 1. 000 0 1. 000 00.030 00. 240 
NB 00 . 0 14 00.290 00 .31 0 0 1.0 00 0 1. 000 00.030 00.240 
ZR 00.010 00 . JOO 00 . 3 10 00 . 600 0 1. 200 00. 030 00. 0 10 
MN 0 1.4 30 01.530 00 .71 0 00. 71 0 C0 . 970 06 . 130 00 . 060 
v 00.080 C0 . 900 02 . 150 0 1. 150 C7 . 000 1 B. 000 00 . 150 
0 oo . o;rn 00 . 020 00 . 017 00.020 00 . 800 00 . 500 0 1. 000 
TH 00 . 0 15 00 . 0 15 00.0 13 00.0 15 00 . 700 00. 430 00 . 100 
GA 00 .70 0 00 .7 00 00.650 00.650 C0 . 800 04 . 500 00. 100 







307d . 


LOW BASALTIC KD VALUES - KD SET #2 


ELEM GABN DlOT AF!l ZlBC KHD MAG QTZ 


LA 00 . 0 08 00 . 033 J7.000 03 . 300 00.05J 00 . 098 00 . 000 
CE 00 . 028 OO . OJ7 52.500 OJ.000 00.044 00. 110 00 . 000 
PB 00 . 048 0 0.040 67 . 000 02 .7 00 0 0. OJJ oo . 125 00 . 000 
NO 00.068 00.044 8 1. 100 02 . 430 00 . 025 00. 1 JO 00.000 
SM 00.290 00 . 058 89 . 800 03 . 700 00.018 00. 150 00 . 000 
EU 00 . 490 oo. 14 5 50 . 200 05. 220 01. 130 00. 100 00.000 
GD 0 0. 970 00. 082 78.000 14. 0 0 0 00. 011 00.120 00 . 000 
DY 03. 170 00.097 69.200 53.500 00 . 006 00. 14 0 00 . 000 
EB 06 . 560 00 .1 62 5 1. 200 152. 00 00 . 006 00. 155 00. 000 
YO 11. 500 00. 179 37.000 299.00 00 . 012 00 . 170 00. 000 
LU 11. 900 00 . 185 30.200 J66 . 00 C0 . 006 00 . 190 00. 000 
K oo . 015 99 . 999 00.000 00.000 99 . 999 00 . 000 00 . 000 
RE 00 . 042 OJ . 26 0 00.000 00 . 000 0 o. 340 00.000 00 . 000 
SR 00 . 012 00.120 01.000 00.000 03.870 00 . 000 00.000 
EA 00. 02J 0 6. 36 0 0 o. 0 c 0 00 . 000 06 .1 20 00 . 000 00.000 
CB OJ.280 17.400 00 . 000 00 . 000 00. 70 150 . 00 00.000 
NI 03.000 25.000 00 . 000 00 .0 00 00.020 JO . 000 00 . 000 
Tl 00.500 01. 500 00.000 00 . 000 00 . 040 40 . 000 00.000 
SC 0 1. 000 0 5. 800 00 . 000 01 . 000 00.197 OJ.000 00 . 000 
y 03. 170 00.0JO 50.700 45. 7 00 00 . 006 00 . 000 00.000 
NB 03 . 170 00 . 030 50 .7 00 45.700 00.006 00. 000 00.000 
ZR OU. 500 00.300 00 . 000 99 . 999 00 .1 00 00.000 00 . 000 
MN 05.000 06 . 1JO 00.000 00.000 00.3 10 04.0 00 00. 000 
v 01.280 18.000 00.000 00. 000 00 . 200 100.00 00 . 000 
u 00. 100 00 . 500 50 .0 00 50 . 000 00.100 00.000 00 . 000 
TH 00.100 00 . 4JO 50 . 000 50 . 000 00.088 0 0. 0 0 0 00.000 
GA 0 1. 000 04. 500 01.000 0 o. 0 0 0 0 0. 95 0 00. 000 00. 000 







307e . 


HIGH EASALTIC KD VALDE S - KD SET 12 


fl EM OLIY OPX DIOP AUG HORN PHLG PLA G 


LA 00 . 002 00.00 1 00 . 032 oo. 027 00 . 060 00 . 035 00.022 
CE 00.002 00 . 002 00. 04 3 00 . 0 77 00.094 00 . 034 00.023 
PR 00 . 0 02 00 . 005 00.054 00 . 127 00. 130 00.033 00 . 023 
NO 00 . 003 co . 008 00 . 06S 00.170 C0 .1 60 00 . 032 00 . 023 
!; M 00.003 00 . 014 00 . 090 00 . 260 00.240 co . C31 00. 0 24 
EU 00 . 005 00.023 00 . 09 1 C0.2 7 0 C0 . 260 00 . 030 00 . 055 
GD 00. 00 4 00 . 032 OO.C95 C0.320 00 . 280 CO . C3C OO . C17 
DY 00 . 006 00 . 054 00 .1 05 00.SCO co . 310 OO . C30 00 . 0 10 
ER 00 . 008 00 . 076 00.10J 00 .4 60 00.240 OO . C34 00 . 0 10 
YB 00 . 009 00 . 11 c 00.092 0 0. 4 3 0 00 . 230 00. C42 00 . 006 
LU 00. 009 00 . 110 OO.OJ1 co . 2JO C0.220 co. 046 00 . 004 
K 00.00S C0 . 009 00.008 00 . 004 00.330 99. 999 00.0 19 
BB 00 .0 00 00 . 0 15 0 0. 0 14 00 .015 00.045 03 . 080 00 . 0 16 
SR 00 . 0 09 00 . 0 10 00.0JB 00 . 09 3 co . 190 00 . 08 1 0 1.2 90 
BA 00.009 00.012 00.013 00.004 00 .1 00 0 1.C 90 00 . 0SO 
CR 0 1. 200 00 . SOO 10.000 08. oco C2 . 000 OJ.BOO 00 . 080 
NI 08.400 OS . 000 01. 100 c 1. 100 06 . 000 1S. COO 00 . 006 
TI 00.020 00 .4 00 00 .250 00 . 150 00 . 800 00 . 500 00 . 005 
SC 00.0SO 0 1. 130 01. 800 02.800 02 . 140 OS . COO 00 . 0 10 
y 00 .000 OO.OS4 00 .105 00 . SO O C0 .31 0 00 . 030 oo . 010 
NB 00.006 00 .0 54 00.10S 00. soo 00.310 00 . 030 oo.o 10 
ZR 00. 0 0 7 OC.100 00 .100 00.200 co . 600 00.030 00.003 
MN 01. 010 0 1. 350 00.550 00.45 0 00 . 910 05.870 00 . 040 


00 . 0 20 OU .JOO OO.S50 00 .45 0 C3.000 Ob . 000 00.060 
u 00 . 0 15 00 .01 5 00.017 0o . 0 17 00 .1 50 oo.;oo 00 . 0JO 
TH 00. 0 10 00 . 0 10 00.013 00 . 0 13 00 .1 00 0 o. 190 00.0JO 
GA 00. s c 0 oo.soo 00.360 00.360 00.8 00 0 3. so 0 00 . 080 







307 f. 


HIGH EASALTIC KD VALUES - KD SET #2 


ELt:H GARN BIOT APAT ZIRC KFlD MAG QTZ 


LA 00.008 oo . 033 13.500 02 .4 50 00 . 055 00 . 096 00 . 000 
CE 00 . 0 28 00.037 16.000 0 2. 29 0 00.044 00 . 110 00 . 000 
FR 00 . 048 0 0. 04 0 22 . 500 02 . 150 00 . 035 00 . 125 00.000 
NO o.o. 068 00.044 27 . 400 0 1.97 0 00 . 025 00 . 130 00 . 000 
SM 00 . 290 00.058 29-300 02.560 C0.018 00 . 150 00 . 000 
EU 00 . 490 00.1"5 20.500 01.070 01. 130 00.100 00.000 
GD 00 . 970 00 . 082 2 7. 20C 1o.000 00. 011 00. 120 00.000 
DY OJ. 170 00 . 097 25 . 600 37.800 00 . 006 oo . 140 00. 000 
ER 06.5o0 00 . 16 2 20 . 000 11 9. 00 C0.006 00. 155 00 . 000 
YB 11. 500 00 .1 79 13. 100 242. 00 00.012 00 . 170 00.000 
LU 11. 900 00. 185 11. 200 281 . 00 C0.006 00.190 00 . 000 
K 00. 015 99 . 999 00 . 000 00 . 000 99 . 999 00 . 000 00 . 000 
RE 00.042 03. 2 0 00 . 000 0 o. 0 0 0 00. 340 00 . 000 00.000 
SR 00 . 012 00. 120 0 1. 000 00.000 03 . 870 00 . 000 00 . 000 
BA 00 . 023 0 - 3 0 00 . 000 00.000 06. 120 00 . 000 00.000 
CR 03 . 280 07 . 600 00 . 000 00 . 000 00. 70 so . ace 00.000 
NI 0 1. 000 15.000 00 . 000 00.000 00 . 020 15.000 00 . 000 
TI 00.500 01 . 000 00 . 000 00 . 000 00 . 040 28 . 000 00.000 
SC 0 1. 000 05 . 000 00.000 0 1. 000 00.19 7 01 . 500 00 . 000 
y 03.170 00.0JO 50.700 45.700 00 . 006 00 . 000 00 . 000 
NE 03 . 170 00 . 030 50 .7 00 4 5. 7 0 0 00 . 006 00 . 000 00.000 
ZR 00.500 00 . 030 00 . 000 99. 99 9 00 .1 00 00 . 000 00. 000 
MN 05. 000 05.870 00 . 000 00.000 00 . 310 02 . 500 0 o. 000 
v 0 1. 280 06.000 00 . 000 00 . 000 00 . 200 57.000 00 . 000 
u 00. 100 00 . 200 50.00C 50 . 000 00. 100 00 . 000 00.000 
TH 00.100 00. 190 50 . 000 50 . 000 00 . 088 00 . 000 00.000 
GA 01. 000 03 . 500 01.000 00.000 C0 . 950 00 . 000 00.000 







307g . 


AVERAGE DACITJC KD VALUES - KD SET i2 


ELEM OLIV OPX DIOP AU G HORN PH LG FLAG 


LA 00.005 00.067 00 .1 20 00 . 350 cc. 100 00. 10 l 00.275 
CE 00.006 00.087 00 .. 285 00 . 4 15 C0.899 00 . 132 00.240 
PR 00.006 co. 107 00 .44 0 00 . 590 0 1. 8SO 00 . 1S7 00 . 20S 
NO 00 . 006 00 .1 23 00 . 612 00 . 7 10 02.800 00 . 186 00 . 170 
SM 00 . 006 00. 162 00 . 9:i5 01. 08S 03.990 00 . 2 11 00 . 130 
EU 00 . 006 00 . 11 2 00. 870 01.035 03 . 440 00 . 265 02. 11 0 
GD 00 . 007 00.2 16 0 1. 020 0 1. 230 05 .4 80 00 . 190 00.090 
DY 00 . 009 00 . 305 0 1. 010 0 1. 305 06 . 200 00 . 11 5 00 . 086 
EB 00 . 0,, 00 . 440 00.985 01. 225 05 . 940 00 . 102 00. 084 
YE 00 . 0 14 00.600 00 . 870 a 1. 1 oo 04.890 00 . 106 00 . 077 
LU 00 . 0 16 00 . 660 00 . 835 0 1. 050 c 4. 53 0 00 . 028 00 . 062 
K 00 . 0 05 00.0 19 00 . 02 4 00 . 038 C0.52 1 99 . 599 oo . 263 
RB oo. a 1 o 00 . 0 12 00.024 00 . 032 00. 152 12. 010 00.048 
SR 00 . 01" 00 . 0 11 00.318 00.283 C0.24 1 00 . 377 02 . 840 
BA 00 . 009 00 . 006 00.072 00 . 019 G0.232 18. 195 00.360 
CR 13. 000 03.000 100.00 50 . 000 15. 000 12. 600 00. 245 
NI 150. 00 30 . 000 25 . 000 20 . 000 35 . 000 20 . 000 00. 0 16 
TI 00 . 350 0 1. 000 01.800 0 1. 800 01. 500 02.000 00 . 020 
SC 00 .1 00 00 . 900 06.500 13. 140 C6 . 000 11. 306 00. 10 1 
y 00.0 10 00 . 305 00 . 945 00.945 06 . 200 00. 030 00 . 086 
NB oo. a 1 o 00 . 30S 00.94S oo. 945 06 . 200 00 . 030 00 . 086 
ZR 00 . 0 10 00 .30S 00 . 94S o a. s 4 5 OS . 000 00 . 030 00 .0 86 
MN 07.000 09 . 000 03.SOO 03.000 GS.COO 06.000 00. 178 
v 00 . 2SO 04 .0 00 07.SOO 0 J. 000 20 . 000 12.000 00. 160 
u 00 . 017 00 . 071 00.017 00 . 017 CS . ODO 00.4SO 00.070 
TH 00. 0 13 00 . 060 00. 06 0 00.060 cs.ooo 00 . 300 00 . 0 S9 
GA 00 . 600 00 . 800 01. 010 01. 010 00.900 04. 000 00. 800 







307h . 


AVEBAGE DACIT IC KD VAL UES - KD SET 12 


ELEM GABN BlOT APAT ZIRC KPLD MAG QTZ 


LA 00 . 2b0 00.034 23.700 02.800 00 . 054 00 . 098 00 . 000 
CE 00 . 350 00 . 037 34 .70 0 02.640 00 . 044 00. 110 00 . 000 
PB 00.440 00 . 040 45 .7 00 02 .4 00 C0.034 00 . 125 00 . 000 
NO 00 . 530 00 . 044 5 7 . 100 o 2. 2 o o 00 . 025 00 . 130 00.000 
SM 02.6b0 00.058 62.000 03. 140 00.010 00 .1 50 00 . 000 
EU 01.500 00. 14 5 30.400 03 . 040 0 1. 130 OD . 100 DO . ODO 
GD 10. 500 00 . 082 56 . 300 12. 000 00 . 011 00 . 120 00.000 
DY 28.600 00.097 50 .7 00 45. 700 co . 006 oo. 140 00 . 000 
ER 42 . 800 00 . 162 37 . 200 13 5. 00 00 . 006 00 . 155 00 .0 00 
YD 39.900 00 . 179 23 . 900 270 . 00 00 . 012 00 . 170 00 . 000 
LO 29 . 600 00. 185 20 . 200 323 . 00 C0.006 00 . 190 00.0 00 
K 00.020 99 . 999 00 . 000 00 . 000 99 . 999 00 . coo 00 . 000 
HE 00 . 009 03.2 0 00.0CO 00 . 000 00 . 340 0 o. c 0 0 00 . 000 
SR 00 . 0 15 00 .1 20 0 1. 000 00.000 03.870 00. 000 00. 000 
EA 00 . 0 17 06. JuO 00 . 000 00.000 Ob. 120 00 . 000 00 . 000 
CB 03 . 280 12.600 00 . 000 00.000 00.670 96 . 500 00 . 000 
NI 04 . 500 20~000 00.000 00 . 000 00.020 23 . 333 00 . 000 
n 00 .5 00 02.000 00 . 000 00.000 00 . 040 34.000 00.000 
SC 0 1. 000 11. 300 00 . 000 01.000 0 o. 19 7 02 . 250 00.000 
y OJ. 1 70 00.097 50.700 45. 700 00 . 006 00.000 00. 000 
NB 03 . 17 0 00.097 50 .7 00 45.700 00 . 006 C0 . 000 00. 000 
ZR 00. 5 00 0 1. 000 00.000 99 . 999 00. 100 00.000 00.000 
MN 05. 000 06 . 000 00.000 00.000 00 . 310 OJ . :<25 00. 000 


01 . 280 12.000 00.000 00.000 00 . 200 79. 950 00. 000 
00. 100 00.450 50 . 000 50.000 00. 100 00.000 00.000 


!H 00 . 100 00 . 3 10 50 . 000 50 . 000 00.088 00 . 000 00 . 000 
GA 0 1. 0 00 04 .000 0 1.0 00 00 .0 00 00.950 00 . 000 00.0 00 







3071. 


LOW DACiTIC KD VALU ES - KD SE1 12 


ELEM OLI V OPX DIOP AU G HORN PH LG PLAG 


LA 00 . 008 00 . 125 00 . 2 0 0 00 . 440 0 o. 350 00 . 102 00 . 350 
CE 00 . 009 00 . 149 00 . 373 00 . 575 01. 055 00 . 132 00 . 3 15 
fR 00.0 10 00. 17 5 00 . 540 00 . 7 10 0 1. 750 00 . 162 00 . 280 
NO 00.0 10 00 . 204 00 .7 30 00 . 655 02 . 525 00 . 186 00 . 245 
SM 00 . 0 11 00 . 240 0 1. 040 0 1. 275 C4.5 15 co . 2 11 00 . 160 
EU 00 . 0 10 00 . 14 7 0 1. 135 0 1. 380 C3 . 500 00 . 265 02 . 470 
GD oo . 012 00 . 3 12 0 1. 23 5 0 1. 5 35 05 . BOO 00 . 190 oo. 170 
DY 00 . 014 00 . 422 0 1.4 70 0 1. B15 07 . 250 00 . 11 5 00 . 135 
ER 00 . 0 17 00 . 595 0 1. 2 40 0 1. 625 C7. 500 00 . 102 00 .1 56 
YB 00 . 023 00.200 0 1. 125 0 1. 505 04 . 990 00 .1 06 00 . 165 
LU 00. 026 00.990 0 1. 000 02 . 503 03 . 560 00 . 128 00 .1 35 
K 00.00B 00. 0 11 00. 026 00 . 058 00 . 74 1 99 . 999 00 . 290 
RB 00.0 11 00 . 0 16 00.0 15 00.036 00 . 222 02 . 010 00 . 09 1 
SH 00 . 0 19 00 . 0 16 00 . 34 1 00. 3 33 00 . 33 1 00 . 377 03. 635 
BA 00 . 0 11 00 . 008 00 . 072 00 . 089 00.387 OB . 195 00. 449 
CR 21. 60 0 02 . 800 150 . 00 100.00 20 . 000 17. 400 00 . 670 
NI 250 . 00 35 . 000 40 . 000 40 . 000 40 . 000 25 . 000 00 . 020 
1I 00 . 600 01. 21)0 02.500 02 . 400 C2 . 000 03 . 000 00 . 040 
SC 00.300 0 1. 000 07. 000 13. 60 o C7 . 000 11. 600 00 . 197 
y 00 . 0 14 00 .1 22 0 1. 395 0 1. 395 07 . 000 00 . 0JO 00 . 135 
NB 00 . 0 14 00 . 122 0 1. 395 0 1. 395 07 . 000 00 . 030 00 .1 35 
ZR 00 . 0 10 C0 . 400 0 1. 395 0 1. 395 06.000 05 . 000 00 .1 00 
MN 07 . 000 07 . 500 03. 500 03 . 50 0 35.000 06 . 130 00 . 3 10 
v 00 . 4 00 04 . 500 10.0 00 06 . 00 0 04.000 18. 000 00 . 200 
u 00.020 00.090 00 . 090 00 . 09 0 06 . 000 00 . 50 0 0 0. 100 
1H 00 . 015 00 . 070 00 . 080 00 . 0BO 06 . 000 00 . 430 00 . 0BB 
GA 00 . 700 00 . 90 0 0 1.3 00 0 1.300 0 1. 000 04. 500 00. 900 







307 j. 


LOW DACL! LC KD VAL U!S - KD S!1 12 


ELE M GABN BLOT AP AT ZI BC KH D MAG QTZ 


LA 00 . 260 OO . D34 37 . 000 OJ . JOO 00 .. 051' 00 . 098 00. 000 
CE 00 . 350 00 . 037 52 . 500 0 J. 0 00 00.044 00 . 11 0 00 . 000 
fH 00 . 440 OC . 040 6 7. 000 02 . 70 0 00 . 034 00 . 125 00 . 000 
NO OU . 530 00 . 044 8 1.1 00 02 . 430 00 . 025 00 . 130 00 . 000 
SM 02 . 660 00 . 058 89 . 800 03 .100 C0 . 0 10 00 . 150 00 . 000 
EU 0 1. 500 00. 145 5C.200 05 . 220 0 1. 130 00 .1 00 00 . 000 
GD 10 . 500 00.082 78 . 000 14 . 000 00 . 0 11 00. 120 00 . 000 
DY 28.600 00 . 09 7 69 . 200 53.500 00.006 00 . 140 00 . 000 
ER 42 . 800 0 0 . 162 5 1. 200 152 . 00 00.006 00 . 155 00.000 
YB 39.900 00 . 179 37 . 000 299 . 00 00.0 12 00. 17 0 00. 000 
LO 29 . 600 00 . 185 30 . 200 366 . 00 00 . 006 00 . 190 00.000 
K 00 . 020 99 . 999 00 . 000 00 . 000 99 . 999 00 . 000 00 . 000 
BB 00 . 009 03 . 260 00 . 000 00 . 000 00.034 00 . 000 00 . 000 
SR 00 . 0 15 00. 120 0 1. 000 00 . 000 03.870 co. 000 00 . 000 
DA 00 . 0 17 06 . 36 0 00 . 000 00 . 000 06. 1 20 00 . 000 00. 000 
CB 03. 280 11. 400 00 . 000 00 . 000 00 . 670 150 . 00 DO . ODO 
NI 06.000 25.000 00 . 000 00 . 000 00 . 020 30 . 000 00 . 000 
TI 00. 50 0 03 . 000 00 . 000 00 . 00 0 00.040 4 0 . COO 00 . 000 
SC 01 . 000 11 . 600 00.000 0 1. 000 00 .1 9 7 OJ . COO 00 . 000 


03 . 170 00 . 0JO 50 .7 00 45 . 700 00 . 006 00 . 000 00 . 000 
NE OJ .1 70 00 . 030 50 . 700 45 . 7 00 00.006 00 . 000 00 . 000 
ZR oo. 500 05 . 000 00 . 000 99 . 999 00. 100 00.000 00. 000 
MN 05 . 000 06 .1 30 00 . 000 00 . 000 00 . J 10 0 4. 0 00 00 . 000 
v 0 1. 200 18 . 000 00. 000 00 . 0 00 00 . 200 100 . 00 00 . 000 
u 00 . 100 00.500 50 . 000 50.000 00 .1 00 00 . 000 00 . 000 
TH 00 . 100 00 . 430 5 0 . 0CO 50 . 000 00 . 088 C0 . 000 00 . 000 
GA 0 1.0 00 04 . 5 00 01.0 00 00.000 00 . 950 00 . 000 00 . 000 







307k . 


HIGH CACITIC KD VALUES - KD SET 12 


ELEM OLIV OPX DIOP AUG HCBN PHlG FLAG 


LA 00 . 00 1 00.03 1 00.050 00.050 00.100 00. 100 00. 109 
CE 00 . 002 00.042 00.202 00.219 00 . 737 00. 132 00 . 097 
PB 00. OUJ 00. 043 00.350 00.370 Cl.JOO 00 . 160 00 . 085 
NO 00 . 0 03 C0 . 063 00 . 503 00 . 555 02 . 095 00 . 186 00 . 072 
SM uo . 003 00 . 08 7 00.805 00.890 C4 . 170 00 . 2 11 00 . 054 
EU 00 . 005 004058 00 . 60 1 00.690 02 . 380 0 0. 26 5 00.508 
GD 00.004 00. 13 1 00 . 798 00.9 10 G4 .7 90 oc . 190 00 . 039 
DY 00. 006 00. 19 2 00.663 01- 135 C6 . 4 05 00. 115 00 . 025 
ER 00 . 008 00 . 303 00 . 589 00.7 65 05 . 52 0 00 . 102 00 . 024 
YB 00 . 009 00 . 4:.!0 00.6 16 00.785 03. 840 00 . 106 00.0 18 
LU 00. 009 00. 435 00.6 76 00 .77 5 02 . 3 10 00 . 128 00. 0 17 
K 00.005 00.006 00 . 023 00 . 02 1 00. 18 1 99 . 999 00 . 060 
RB 00. 010 00.009 00.023 00.024 00 . 030 02 . 0 10 00.029 
SR 00 . 009 00.009 00.297 00.305 00 .1 06 00 . 377 02.845 
BA 00 . 010 00.007 00 . 072 00.068 00 . 072 08 . 195 00. 17 9 
CB 07 .0 00 02.500 50.000 40.000 10.000 07. 800 00 . 060 
NI 40.000 25 . 000 05. 50 0 05. 5 0 0 30.000 15.000 00 . 010 
TI 00 . 100 00. 800 01 . 250 00 . 7 so 0 1. 000 01 . 000 00 . 010 
SC 00 . 050 00.800 06.000 12. 000 05 . 000 11. 000 00 . 030 
y oo. 006 00. 192 00.4 73 00 .473 GS . ODO 00.030 00. 025 
NB 00 . 006 00.492 00.473 00.473 CS.000 00.030 00 . 025 
ZB 00.00 1 00.200 00.800 00 . 800 04.000 OJ . GOO 00. 060 
MN 05 . 400 02.500 02.700 02 . 500 04.SOO 05 . 870 00 . 033 
y 00. 100 03. 500 02 .7 00 02.soo 1S.OOO 06 . 000 00 . 100 
u 00 . 0 15 00. 077 00 .077 00. 0 77 04 . 000 00 . 200 00.040 
TH oo. 010 00 . 059 00.059 00 . 059 04.000 00 . 190 00. 032 
GA U0.500 00 .700 00 .720 00. 7 20 00.800 03 . soo 00.700 







3071. 


HlGH DACITIC KD VALUES - KD SET #2 


ELEff GARN BIOT AFAT ZIRC KFLD MAG UTZ 


LA 00. 260 00.029 13. 500 02-4 50 00.054 00. 098 00. 000 
CE 00.350 00 . 034 18 .00 0 02.290 00.044 00. 110 00 .000 
PR 00.440 00 . 039 22 . 500 02. 150 00 . 034 00 . 125 00.000 
NO 00 . 530 00.044 2 7-400 01. 9 7 0 00 . 025 00. 130 00 . 000 
SM 02 . 660 00 . 058 29.300 02 . 580 C0 . 0 18 00. 150 00 . 000 
EU 01 . 500 00 . 1•5 20.500 0 1. 070 01 .1 30 oo. 100 00 . 000 
GD 1 o_ 5 oo 00 . 082 2 7.20C 10 . 000 00 . 0 11 DO. 120 D0 . 000 
DY 28 . 600 00 . 097 25 . 00 37. 800 00.006 00 . 140 00 . 000 
ER 42.800 00 . 162 20 . 000 119. 00 C0.006 00- 155 00.000 
YB 39.900 00 . 179 13. 100 242 . 00 C0.012 00 . 17 0 00 . 000 
LU 29.6 00 00 . 185 11- 200 28 1. 00 00 . 006 00. 190 00.000 
K 00.020 99 . 999 00 .0 00 00.000 99.999 00 . 000 00.0 00 
Rf 00 .009 OJ . 2 0 00. 000 00 . 000 00 .340 00 . 000 00 . 000 
SR 00.015 00 .1 20 0 1. 000 00. 000 OJ . 8 70 00 . 000 00 . 000 
fA 00.017 0 . J 0 00 . 000 00 . 000 06 . 120 00 . 000 00.000 
CR 03.280 01 . ova 00.000 00. 000 00 . 70 50.000 00 . 000 
NI OJ.000 15 . 000 00 . 000 00.0 00 00 . 020 15. 000 00 . 000 
11 00. 500 01.000 00.000 00.000 00 . 040 28. 000 00.000 
SC 0 1. 000 11. 000 00.000 0 1. 000 00 .1 9 7 0 1. 500 00.000 
y 03. 170 00.030 50.700 45.700 00.006 00. 000 00.000 
NB 03. 170 00.030 50.700 45.70 0 00.006 00 . 000 00.000 
ZR 00.500 03 .000 00 .000 99.999 C0 -1 00 00 . 000 00.000 
MN 05.000 05 . 8 7 0 00 . 000 oo_ooo 00 . 3 10 02 . 500 00. 000 


0 1. 280 06.000 00 .00 0 00.000 00.200 5 7. 000 00 . 000 
u 00. 100 00 . 200 50.000 50.000 00 .1 00 00 . 000 00. 000 
TH 00 . 100 00 . 19 0 50.000 50.0 00 00 . 088 OC . 000 00.000 
GA 01.000 03.500 0 1.000 00.000 00.950 00. 000 00.000 







307m . 


AV ER AG E RHYOLITIC KD VALUES - KD SE! 12 


ELEM OLIV OPX DICP AUG HORN PH LG PLAG 


lA 00. 006 00. 11 5 0 o. 215 00 . 2 15 00 . 200 00. 175 00.300 
CE 00 . 006 00. 150 00 . 260 00.260 0 1. 520 00 . 230 00.2 70 
FR 00 . 006 00 .1 85 00.305 00 . 305 C2.900 00 . .t 85 00 . 240 
NO 00.006 00 . 220 00.350 00. 350 0 4. 260 00 . 340 00.210 
SM 00 . 006 00 . 270 00 . 380 0 o. 3 8 0 C7.770 00 . 390 00. 130 
EU 00 . 006 00.170 00 . 270 00 .27 0 CS. HO 00.500 02 . 150 
GD 00 . 007 00. 3•0 00. 460 00.460 10.000 OC.350 00.097 
DY 00 . 009 0 o. 4 6 0 00.550 00 . 550 13. 000 00 . 200 00 . 06• 
ER 00 . 0 11 00 . 005 00.730 00 .7 30 12. 000 0 o. 170 Oil . 055 
YB 00.010 00.880 00 . 990 00 . 990 C8.3BO co. 17 0 00 . 049 
LU 00 . 0 16 00 . 900 0 1. 140 0 1. 114 cs . soc oc. 2 10 00.0 16 


00 . 0 05 00 . 002 00 . 00 2 00 .0 02 C0.031 99 . s 99 00 . 100 
RB 00. 007 00 . 002 00.002 00 . 002 C0 . 0 14 00 . 940 00 . 04 1 
SR 00. 0 1• 00 . 008 OC . 008 C 0. 0 0 B C0 . 022 00 . 72 04.400 
EA 00. 0 09 00 . 002 00 . 002 00.002 C0 . 044 15. 300 OD . JOB 
CR 09.000 00 . 6 70 04 . 500 02. 500 04 . 080 12. 00 00 . 245 
NI 41. 750 38 . 500 16.000 16. coo 63.000 20 . coo 00 . 016 
!I 00 . 600 0 1.7 00 03 . 600 03 .60 0 C6 . 000 02 . 000 0 o. 0 20 
SC Oil . 100 01 . 800 16.280 26 . 280 12.000 11.300 00 . 101 
y 00. 0 10 00 .9 00 0 1. 890 0 1. 890 09 .17 5 00 . 030 00 . 086 
NB 00.010 00 . 900 0 1. 890 0 1. 890 09 . 175 00 . 030 00 . 086 
ZR 00.010 00 . 630 0 1. 900 0 '. 900 10.000 00 . 030 00 . 086 
MN 23 . 000 12 . 960 11. 430 11. 430 12 . 000 06. 000 00 . 178 


12.000 04 .7 00 05 . 400 05 .4 00 25 . 000 12. 000 00. 160 
u 00 . 017 00 . 153 00.153 00. 153 07 . 000 00 . 450 00. 070 
TH 00 . 01J 00 . 117 oo. 111 00 . 117 07 . 000 00 . 3 10 00 . 059 
GA 00.600 co . 900 02. 77 8 02. 778 00 . 900 08 . 000 00 . 800 







307n. 


AVERAGE SHYOLI TIC KD VALDES - KD SET 12 


ELEM GABN HOT HA! ZIRC KfLD MAG QTZ 


LA 00-2 6 0 00 . 335 26 . 000 02.800 00.054 00 . 098 00 . 000 
CE 00.3 50 OO . J20 34 . 700 02 . 640 00. 044 00. 11 0 00 . 000 
2R 00 . 440 00 . 305 112. coo 02 . 4CO C0.034 00. 125 00 . 000 
NO 00.530 00 . 290 57. 100 0 2. 2 0 0 C0 . 025 00 . 130 00 . 000 
SM 02.660 00 .260 62 . 000 03. 14 0 00 . 0 10 00. 150 00 .000 
EU 0 1. 500 00. 240 J0 . 400 OJ. 140 01. 1 JO 00. 100 00 . 000 
GD 1o. 500 00.280 56.JOO 12 . c 00 00.011 00 . 120 00. 0 00 
DY 28 . 600 00 . 290 50. 700 45 . 700 00 . 006 00.140 00. 000 
ER 42. 80 0 00.J50 37. 200 1J5.00 00 . 006 00.155 00 . 000 
YB J9 . 900 00.440 23 . 900 270 . 00 00 . 012 00. 170 00. 000 
LO 29 . 600 00.330 20. 200 323 . 00 C0 . 006 00 . 190 00 . 000 
R 00 . 020 99 . 999 00 . 000 00.000 99 . 999 00. 000 00 . 000 
RB 00. 0 09 02 . 240 00 . 000 00.000 00.340 00 . 000 00 . 000 
SR 00 . 015 00. 120 0 1.000 00. 000 03.870 00 . coo 00.000 
EA 00 . 0 17 09 . 700 00- 000 00. oco 06. 120 00.000 00.000 
CR 03.2 80 12.oOO 00 . 000 00.000 co . 70 %.500 00.000 
NI 15. 000 20.000 00 . 000 00 . 000 00 . 020 23.333 00.000 
n 00. 5 00 0 2.000 00.000 00-000 00 . 040 34.000 00 . 000 
SC 01 . 000 11.JOO 00 . 000 0 1. 000 00. 197 02.250 00 . 000 


OJ . 170 00 . 097 50.7 00 45 . 700 00.006 00.000 00. 000 
!ID OJ . 170 00.097 50 . 700 45.700 00 . 006 00 . 000 00. 0 00 
ZR 00 . sou 04 . 000 00 . 000 99. 999 oo. 100 00. 000 00. 000 
MN 05 . 000 06 . 00 0 0 0. 000 00 . 000 00 . 3 10 03. 2 25 00. 000 


0 1. 280 12. 000 00 .000 00 . 000 00. 200 79 . 950 00. 000 
00 . 100 00. 450 50 . 000 50.000 00. 100 00 . 000 00.000 


TH 00 . 100 00.3 10 50 . 000 50 . 000 00 . 088 00.000 00. 000 
GA 0 1. 000 08 . 000 00 . 000 0 1. 000 00 . 950 00.000 00. 000 







3070 . 


LOW BHYOLiTIC KO VALOE S - KO SE1 #2 


ELEM OLIV OEX DIOP AUG HORN PH l G FLAG 


LA 00 . 008 00 . 2 15 00. 350 00.350 CC.400 00 . 175 00 . 380 
CE 00 . 009 00.260 00 . 650 00 . 650 0 1. 770 0 o. 230 00.3 50 
PR U0 . 009 00 . 305 00 . 950 00 . 950 CJ . 100 00.285 0 o. 3 20 
NO 00. 010 00 .350 0 1. 280 0 1. 280 04 . 490 OC.340 00.290 
SM 00 . 0 11 OO . J80 0 1. 8 10 0 1. 8 10 08 .1 00 00. 390 00.150 
EU 00. 0 10 00 . 270 02 . 010 02.0 10 05 .900 00 . 500 02. 8 10 
GO 00 . 0 12 oo. 4oO 02 . 200 02 .200 l C. 50 0 00. 350 00. 130 
CY 00. 014 00 . 550 02 . 630 02.630 13. 500 C0 . 200 00. 080 
ER 00. 0 17 00. 730 02 . 250 02 .250 14. 000 00. 170 00.072 
YB 00 . 023 00.990 02 . 010 02 . 010 09 . 000 00. 170 00. 0 70 
LU 00 . 026 01 . 140 0 1. 810 01. 8 10 06 . 300 00. 2 10 00 . 00B 
K 00 . 008 00.002 00 .03 7 00 . 037 00.08 1 99 . 999 00. 100 
RB 00. 0 11 00 . 002 00 . 032 00.032 co. 0 14 00 . 940 00 . 04 1 
SB 00. 019 00.008 00 . 516 00 . 5 16 co . 022 00 . 672 04.4 CO 
EA 00 . 011 00 . 002 co . 131 00 . 131 C0 . 044 15.300 00.308 
CR 11. 200 00 . 7 10 04 . 950 02 . 950 11 .000 17. 400 00.670 
NI 78. 600 ~· - 000 55 . 00 0 55. 000 44 . 000 25 . 000 00.020 
1I 00. 840 01 . 900 04 . 000 04.000 C8.000 03. 000 00 . 040 
SC 00. 300 02. 000 20.500 27.500 12.000 11. 600 00. 197 
y 00. 014 CO . YOO 02.790 02. 790 l C.00 0 00.030 oo. 135 
NB 00. 0 14 00.900 02.790 02.7 90 l C.000 00 . 030 00. 135 
ZR 00.0 10 00. 800 02 . 800 02 . 800 10. 000 05.000 00. 100 
MN 24.000 36. 000 12. 150 12. 150 14.730 06 . 130 00.3 10 


14. 500 10 . 000 07.000 07 . 000 06.000 18.000 00.200 
00.02U 00.1 80 00 .15J oo. 15J 08 . 000 00 . 500 00. 100 


1H 00 ... 0 15 00.127 00 . 117 00 .117 08.000 00.430 00.088 
GA 00. 700 0 1. 000 OJ . 575 CJ.515 Cl. 000 09.000 o 1. ooo 
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L O~ R8Y GLI TI C KO VAL UES - KD SE1 12 


BLEM GARN 8IOT AP AT ZIBC KFLD MAG QTZ 


LA 00 . 260 00 . 335 3 7. 000 03.300 00 . 054 00.098 00 . 000 
CE 00 . 350 00 . 320 52.5CO OJ.ODO 00 . 044 0 o. 11 0 00 . 000 
FH 00.440 00 . 305 67.000 02 . 700 DO . OH 00 . 125 00 . 000 
NO 00.530 00 . 290 8 1.1 00 02 . 4JO C0 . 025 00 . 1 JO 00 . 000 
SM 02 . 660 0 o. 26 0 89 . 800 03 . 70 0 00 . 018 00 .1 50 00 . 000 
EU 0 1. 500 C0 . 240 50 . 200 05 . 220 0 1. 1 JO 00 . 100 00 . 000 
GD 10 . 500 00. 280 78.000 14 . 000 00.0 11 00 . 120 00 . 000 
DY 28 . 600 00 . 290 69 . 200 53.500 00 . 006 0 o. 140 00.000 
ER 42 . 800 OO.J50 5 1. 200 152 . 00 C0.006 00 . 155 00. 000 
YB 39.900 00 . 440 3 7. 000 299.00 00 . 0 12 00 . 17 0 00 . 000 
LU 29.600 00 . 3 3 0 3 0 . 200 366.00 00 . 006 00. 190 00 . 000 
K 00 . 020 99 . 999 00 . 000 00 . 000 99. 999 00 . 000 00.000 
RB 00 . 008 02 . 240 OD.COO 00.000 00 . 34 0 00 . 000 00.000 
SR 00 . 015 00. 120 0 1 .000 00 . 000 o 3. 8 70 00 . 000 00 . 000 
EA 00 . 0 11 09 .700 00 . 000 00 . 000 06 .1 20 00 . 000 00.000 
CR 03 . 280 17. 400 00 . 000 00 . 000 00 . 70 150 . 00 00 . 000 
NI 15 . 000 25.000 00 . 0CO 00 . 000 00 . 020 30 . 000 00 . 000 
1I 0 0 . 500 OJ . 000 00 . 000 00 . 00 0 00 . 040 40 . 000 00.000 
SC 0 1. 000 11. 600 00 . 0CO 0 1. 000 co . 19 7 03 . 000 00 . 000 
y 03 . 17 0 00 . 030 50.7 00 4 5.7 00 C0.006 00 . 000 00 . 000 
NB 03. 170 00 . 030 50 .7 00 4 5.7 00 00 . 006 00 . 000 00 . 000 
ZR 00. 5 00 05 . 000 00 . 000 99 . 99 9 00. 100 00 . 000 00.000 
MN 05 . 000 06- 1 3 0 DO . DOC 00 . 00 0 C0 . 3 10 04. 000 00 . 000 
v 0 1. 280 18 . 000 00 .0 00 00.0 00 00 . 200 100 . 00 00 . 000 
u 00. 100 00 . 500 50 . 000 50 . 000 00 .1 00 00 . 000 00 . 000 
rn 00. 100 00 . 430 50 . 000 50 . 000 00 . 800 00 . 000 00 . 000 
GA 0 1. 00 0 09. 0 00 00 . 00 0 0 1.0 0 0 00 . 950 00 . 000 00 . 000 







307q . 


HIGU RHYOLITIC KD VALU ES - KD SET 12 


El EM OLIV OPX DIOP AUG HCRN PHlG PLAG 


LA 00 . OU 1 00.060 00.070 00 . 07 0 co . 100 00 . 180 00 . 195 
CE 00 . 002 00 . 08 2 OO . J60 00 . 360 0 1. 380 00 . 2JO 00 . 170 
rn 00 . 002 00. 100 00 .6 50 00 . 650 02 . 700 oc. 280 00. 14 5 
NO 00 . 00J 00 . 120 00.940 00.940 04.0JO OO.J40 00 . 120 
SM 00 . 0 03 00 .1 60 01.520 o 1. 520 07 .1 00 00 . 390 00 . 084 
EU 00 . 005 C0.09J 0 1. 11 0 0 1. 11 0 04 . 500 00 . 500 00 . %0 
GO 00 . 004 00 . 2JO 0 1. 500 01.500 C9 . 300 00 . 350 00.060 
DY 00. 0 06 00 . JJO 01.220 01. 220 12.500 00 . 200 00.040 
ER 00.008 00.530 0 1. 070 o 1. o 10 10. 800 00 . 170 00 . 038 
YB 00 . 009 00. 7JO 0 1. 114 0 1. 114 07.450 C0 .17 0 00. 0 JO 
lU 00 . 009 00. 760 0 1.2 80 o 1. 280 04 . 400 00 . 2 10 00 .0 JO 
K 00 . 005 00 . 002 00 . 037 00 . 037 C0 . 08 1 99 4 999 00.1 00 
RU 00.008 00.002 OO . OJ2 00.032 C0.014 00 . 940 00 . 0 41 
SR 00 . 009 00 . 008 00 . 5 16 00 .. 5 16 00 . 022 00. 72 04.400 
BA 00 . 008 00.002 00 . 1J 1 00 . 13 1 00 . 044 15. JOO OD . JOB 
CR 07 . 800 00 . 620 OJ.850 02 . 000 00 . 520 07. 800 0 o. 0 60 
NI 38.000 22 . 500 J3. 000 33 . 000 33.000 15. coo 00 . 0 10 
TI 00 . 4 20 01. 500 OJ.200 03 . 200 04 . 000 0 1. 000 00 . 010 
SC 00 . 050 01 . 600 15.200 25 . 200 10. 000 11. 000 00.0 30 
y 00.006 00 . 900 00.945 00.945 08.400 00 . 0JO 00 . 025 
NB 00.006 00.900 00.945 00. 945 C8 .4 00 00 . 030 00.025 
ZR 00 . 007 00 . 400 01.60 0 01.600 08 . 000 OJ . 000 00.060 
MN 02 . 000 08 . 505 10.710 1 o. 710 10. 000 05 . 870 00 . OJJ 
v 01 . 000 04 .4 00 05.500 05 . 500 04.000 06 . 000 00. 100 
u 00 . 0 15 00 . 14 0 00. 15J 00.153 C0.140 00. 200 00 . 040 
TH oo. o 10 00 . 11 8 o o. 111 00 . 117 oo . 11 o 00 . 190 oo . o 32 
GA 00.500 00. 800 01.980 01.980 00.800 07 . 000 0. 6000 
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HIGH RHYOLIT I C KD VALO ES - KO SE T 12 


ELE M GAHN B!OT APAl zrnc HLD MAG QTZ 


LA 00 . 260 oo . 335 1 3. 500 02 . 350 00 . 054 00 . 098 00.000 
CE 00 . 350 00.320 18 . 000 0 2. 2 9 0 00.044 00 . 1 10 00 . 000 
PR 00 . 440 OG . 305 22 . 500 02 . 150 00 . 034 00 .1 25 00 . 000 
NO 00.530 00.290 27 . 400 0 1. 970 00 . 025 0 0. 1 JO 00 . 000 
SM 02 . 660 00 . 260 29 . 300 02.580 G0 . 018 00. 150 00.000 
EU 0 1. 500 00 . 240 20 . 500 0 1. 070 c 1. 130 00 . 100 00 . 0 00 
GO 10 . 5 0 0 00 . 280 27 . 200 10 . 000 00 . 0 11 00. 120 00 . 000 
DY 28.600 00 . 290 25 . 600 37 . 800 00.006 00 . 140 00 . 000 
ER 4 2 . 800 00 . 350 20 . 000 1 19. 00 C0 . 006 00 . 155 00 . 000 
YB 39 . 900 00 . 440 13. 100 242 . 00 00 . 012 00. 170 00 . 000 
LU 29 . 600 00.JJO 11. 200 28 1.0 0 00 . 006 00 .1 90 oo. 000 
K 00 . 020 9 9 . 999 00.000 00 . 000 99 . 999 00 . 000 00 . 000 
RE 00 . 008 02 . 240 OG . 000 00 . 000 00.340 00 . 000 00 . 000 
SR 00 . 0 15 00 .1 20 0 1. 000 00 . 0 00 03 . 8 7 0 co. 000 00 . 000 
EA 00 . 0 17 09 . 700 00 . 000 00 . 000 0 6. 12 0 00. 000 00.000 
CB 03 . 280 07 . 800 00 . 000 00 . 000 00 . 67 0 50 . 000 00 . 000 
NI 15.000 1 . 000 00.000 00 . 000 00 . 020 15. 000 00 . 000 
TI 00.500 01. 000 00 . 000 00 . 000 00 . 040 28 . 000 00 . 000 
SC 0 1. 000 11. 000 00 . 000 0 1. 000 00 . 197 0 1.500 00 . 000 
y OJ . 170 00 . 0JO 50.700 4 5 .7 00 00 . 006 00.000 00 . 000 
NE OJ. 170 00 . 030 50 .7 00 45 . 700 00 . 006 00 . 000 00 . 000 
ZR 00 . 500 03 . 000 00 . 000 99.9 9 9 00 .1 00 00.COO 00 . 000 
MN 05. 0 00 05 . 870 00 . 000 00 . 000 00 . 310 02 . 500 00. 000 
v 0 1. 280 06 . 000 00 . 000 00 . 000 oo. 200 5 7.COO 00 . 000 
u 00. 10 0 00 . 200 50 . 000 50 . 000 C0 . 100 00.000 00 . 000 
IH 00.1 00 00 .1 90 50 . 000 50 . 000 00 . 088 00 . 000 00 . 000 
GA 01. 000 07. 000 00 . 000 0 1. 00 0 00 . 950 00 . 000 00 . 000 
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INTRODUCTION : 


This appendix is included as a general reference for the 


petrology and geochemistry of the volcanic rocks discussed in 


Chapter V and VI . The descriptions are not meant to provide a 


comprehensive overview of all the thin section work undertaken 


by the author in the course of this thesis, but merely as a 


generalized compilation o f the data designed to supplement the 


descr i ptions presented in Chapter II . No petrographic data are 


presented for any sed imentary or metamorphic rock type other 


than the Nimish Subgroup volcanic rocks . This was considered 


unnecessary because of the general lack of these samples that 


were collected , the lack of emphasis on those geological features 


of the area , both by the Newfoundland Department of Mines and 


Energy and my thesis supervisory commi ttee , and the previously 


presented descr i ptions i n Chapter II , IV and Evans (1978) . 


As an introduction one should say that the volcanics of 


the Nimish Subgroup are petrographic ally , not a very interest ing 


suite of rocks . The rocks are generally structureless in 


outcrop and aside from occasional plagioclase phenoc r ysts 


there is little or no textural data to report . As a result 


only a brief petrographic sununary of t he subdivisions of the 


Nimish Subgroup as recognized in Chapter VI will be presented 


to supplement the geochemica l discussion . 







The rather monotonous , nondescript character of the 


Nimish Subgroup volcanics also reflects their photogenic 


qualities . Due to f i nancial and time considerations of the 


Newfoundland Department of Mines and Energy , the technical 


staff of the Department of Geology and the author, and the 


re l atively small amount of information that would be gai ned 


from the inclusion o f f ield photographs and photomicrographs 


into this appendix, it was decided to leave them out . 
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The reader who wishes more petrographic and fielddata is 


referred to Evans ( 1978) and the files of the Newfoundland 


Department of Mines and Energy which contain full petrographic 


descriptions for all samples listed in Fig . 1 as well as a 


large number of photographs . This information is available 


upon request (R . J . Wardle , pers . comm . ) . 


Petitsikapau Lake Formation : 


Depleted Basic Lavas : 


These lavas are predominantly fine to medium grained , 


aphyric, structureless mafic volcanic rocks . Mineralogically 


they include relict primary augite, plagioclase feldspar and 


magnetite along with a general secondary assemblage o f chlorite , 


albite, epidote, adularia and opaques . No porphyrit ic varieties 


were recognized and a general intersertal texture is preserved . 
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Normal Basic Lavas : 


These l avas are often ves i cular and/or amygdaloida l with 


varying assemblages o f chlorite , hemati te , quartz , ep i dote and 


calcite filling the vesicles . Pillow l ava formation i s 


common with cholritic rims up to 10 cm noted . Highly vesicular 


pillow rims are preserved in some localities . 


In t hin sec t ion t hese lavas are fine to medium grained , 


commonly p lagioclase porphyri tic mafic vo l canic rocks . The 


plagi oclase phenocrysts are often complex crysta l aggregates 


fo rming coarse glomerophenocrysts up t o cm in length . These 


crysta l s are usually partially rep l aced by alkal i fe l dspar , 


muscovite and carbonate . Euhedral to subhedral microphenocrysts 


of magnet i te are a lways present while relict augite phenocrysts 


are occas i onally found . Porphyr i t i c interserta l to pi l otax i tic 


volcanic textures predominant wi t hin the secondary mesostasis 


assemb l age of chl or i te , epidote , alkal i fe ldspar and opaques . 


Sample JS - 104 : 


This sample has a general porphyritic texture with rough l y 


equal amounts of subhedral phenocrysts of albite and potash 


f eldspar up to c m in length . The phenocrysts are relatively 


fresh and show minima l cloud i ng e ffects of corrosion and clay 


mi neral and muscovite a lt eration a l ong grain boundaries . The 


feldspar crys t als are flow - bande d and se t in a matrix of quartz , 
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alkali feldspar and small subhedral opaque crystals with minor 


amounts of secondary chlorite, ep i dote and muscovite . A 


hyalopili tic to trachyt ic texture predominates . 


Sample JS - 111 : 


This sample is slightly amygdalo idal with quartz , hematite 


and chlorite filling t h e small vesicles . Euhedral to subhedral 


potash feldspar phenocrysts up to 2 cm in length that are 


crudely aligned in a f l owbanded texture comprise 25 - 35% of 


this rock . Fine grained intergrowths of quartz , alkali feldspar 


and opaques comprise the mesostasis . The phenocryst and ground


mass phases are relatively f resh with a small degree of clay 


minera l and/or muscovite alterat i on . 


Sample JS - 098 : 


This sample is bes t classified as a rhyodacite porphyry 


with roughly equal amounts of orthoclase and alb i te which 


comprise roughly 30% of the rock . The phenocrysts are euhedral 


to subhedral, up to 2 cm in length and are coarsely flowbanded . 


The matrix for this sample is a grey , very fine grained to 


aphanitic assemblage o f quartz, alkali feldspar and minor opaques . 


Alteration effects are similar to those described for JS - 111. 
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Astray Lake Formation : 


Depleted Basic Lavas : 


A general descr iption f or the depleted basic category of 


the Astray Lake Format i on would not significrntly differ from 


the equiva l ent descr i ption of the Petitsikapau Lake Formation 


depleted basic lavas and need not be repeated here . 


Normal Basic Lavas : 


The normal basic lavas of' the Astray Lake Formation are 


simi l ar i n all respects to the normal bas i c l avas of the 


Petitsikapau Lake Formation . The on l y significant difference 


l i es i n the percentage of exposed plagioclase porphyrit i c lavas 


and well preserved pil l ow lava l ocalities . As i de from these 


quant i ta ti ve d i fferences the general descr i ption of the normal 


basic lavas g i ven previously wou l d apply . 


Dep l eted Intermediate Lavas : 


In outcrop this rock type is generally a mass i ve, grey t o 


black, plagi oc l ase porphyritic andesite or t rachyandes i te . 


The phenocry s t s are euhedral to subhedral, up to 1 cm in length, 


and s h ow a poor l y deve l oped fl ow a lignment texture . The 


phenocrysts l ocally show partial rep l acement by a l ka li felds par 


and muscovite wh ile the mesostasis consists of a secondary 


assemblage of chlorit e , alkali feldspar and opaques with minor 


ep i dote and quart z . A porphyritic interserta l texture predominates . 
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Normal Intermediate Lavas : 


Thi s rock type is unique withi n the Astray Lake Formation 


in having randomly arranged, euhedral phenocrysts of potash 


feldspar comprising 10 - 15% of the rock . These phenocrysts 


are very fresh with minor clay mineral alteration along grain 


boundaries and are set in a grey , very fine grained intergrowth 


of alkali feldspar , chlorite, opaques and minor quartz . 


Enriched Intermediate Lavas : 


These rocks are slightly porphyritic andesites/trachyande


sites with subhedral phenocrysts of plagioclase feldspar up to 


1 cm in length . Phenocrysts are partially corroded and replaced 


by variable assemblages of muscovite, alkali feldspar and 


clay minerals . The phenocrysts are randomly oriented within a 


grey matrix of alkali feldspar, quartz , chlorite and opaques . 


Acidic Lavas : 


This highly homogeneous group of samples are very fine 


grained, aphyric , red to maroon rhyolitic flows . Relict 


devitrification textures are partially preserved in the quartz 


and alkali feldspar mineralogy . Specks of hemat i te dust are 


dispersed throughout the samples . Sample JS - 502 contains 


about 15 percent modal euhedral sanidi ne phenocrysts . 
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