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ABSTRACT

The Great Abitibi Dyke (GAD) which can be traced northeast, for > 700 km, across the Abitibi Belt

in the southeastern Superior Province of the Canadian Shield, is composed of olivine gabbro to
_monzodiorite, weakly saturated to undersaturated in silica. - : '

Allrocks of the GAD can be derived by mainly plagioclase and olivine fractionation from a parental

magma corresponding in composition to chilled margin samples. Two units can be distinguished, a

marginal unit (Unit 1) representing 0-50% crystallization and a central unit (Unit 2), found over about

half of the dyke length, representing 50-70% crystallization. Modelling, using Pearce elemental ratio
analysis, quantifies the fractionation history and allows mass-balance calculations over the present
exposure level of the dyke. The approximate balance between the amounts of cumulate and
fractionated rocks suggests that Unit 1 differentiated essentially in situ as a closed system. In contrast,
Unit 2 rocks were formed by loss of substantial plagioclase and olivine from the parental magma. This
fractionate must have cither beén lost to depth or left behind in an éxternal chamber. Unit 2 rocks show
depletion in plagioclase and énrichment in mafic minerals along strike towards the southwest (deeper
exposure level?), a trend explained by density stratification. Regional variation in Unit I chemistry is
interpreted in terms of lateral magma injection towards the northeast from the locus of Keweenawan
1ift volcanism. Feldspar, olivine, and augite compositions are linearly correlated with equilibrium
temperature and extent of magma evolution. T '

The parent magma had a trace element chemistry corresponding to a ‘within-plate’ setting and was
probably derived from an incompatible-element enriched mantle similar to the source for acean island
basalts (OIBs). o ' ) :

. INTRODUCTION
Dykes are the primary mode of mafic magma transport through the crust and knowledge

- of their emplacement and differentiation histories is therefore important for understanding .

the controls on magma migration. Detailed studies of large dykes are few but among those
-studied are the 400 km long Cleveland dyke of the British Tertiary Province (Macdonald et
al., 1988) and a mid-Proterozoic dyke of similar length in Greenland (Kalsbeek & Taylor,
+ 1986). The present study adds to the emerging database on mafic mega-dykes and provides a
detailed petrogenetic study of the Great Abitibi Dyke, one of the largest in Canada.
" The Great Abitibi Dyke (GAD) can be traced for at least 700 km across the Abitibi belt,
- Southeastern Superior Province, Canadian Shield, from the Kapuskasing Structural Zone
(KSZ) to the Grenville Front (Fig. 1). The GAD, the most prominent member of the Abitibi
Swarm, has a U-Pb age of 1140-6+2 Ma (Krogh et al,, 1987). Although significantly
Younger than the Archean host terrane, the dyke is similar in age to rocks of the
- Keweenawan rift system, located to the southwest in the Lake Superior basin, and to many
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FIG. 1. Regional setting of the Abitibi dyke swarm [modified from Fahrig & West (1986) and Ernst et al. (1987)]
and sampling sites.

carbonatites in the Superior Province (e.g., Bell & -Blenkinsop, 1987, Ernst et al., 1987).
Emplacement of the GAD and the rest of the Abitibi swarm has becn related to a stress field
caused by boundary loads associated with the Grenville Orogeny (Ranalli & Ernst, 1986).

The unmetamorphosed GAD is continuous along most of its length except in its mid-
length portion where it breaks into en echelon segments with offsets up to 1 km (Ernst, 1991).
The GAD varies in thickness from 80 m up to 250 m and is thickest along its mid-length
portion (Ernst et al., 1987). Metre-wide mini-dykes branch off the main dyke at a number of
traverses. Previous reconnaissance studies of the Abitibi swarm (e.g., Goodwin et al., 1972;
Card et al., 1981; Condie et al., 1987) indicate that the dykes (including the GAD) are
gabbroic in composition, characteristically contain olivine and have a distinctive chemistry
including a weakly alkaline character and light rare earth element (LREE) enrichment.

This paper details the petrology of the Great Abitibi Dyke and evaluates its emplacement
and differentiation history. :

FIELD AND PETROGRAPHIC OBSERVATIONS

The Great Abitibi Dyke (GAD), studied at 16 traverses spaced along 550 km of its length
(Fig. 1), shows aphanitic chilled margins that contain micro-phenocrysts of plagioclase and
more rarely of olivine. Grain size ranges up to very coarse grained and rock types consist of
gabbro, diorite, and monzodiorite. [Grain size classes follow Williams et al. (1982); fine is
<1 mm, medium is 1-5 mm, coarse is 5-30 mm and very coarse is >30 mm.] Plagioclase,
augite, olivine, titanomagnetite, and ilmenite are the most abundant minerals; accessory
minerals include alkali feldspar, apatite, and biotite; and trace minerals include baddeleyite
and zircon. The dyke consists of multiple phases which most prominently divide the dyke
into two units, an outer unit (Unit 1) and an axial central unit (Unit 2). Unit 2 extends from
between traverses 4 and 5 to between traverses 14 and 15. Units 1 and 2 were initially
distinguished on the basis of whole-rock chemical composition (described below). However,
these two units also differ in rock and mineral textures as well as in mineral chemistry.-



ES (DASHED

NCERTAIN)

AVERSE
NUMBER

-
100

et al. (1987)]

* al., 1987).
_stress field
rnst, 1986).
in its mid-
:rnst, 1991).
mid-length
\ number of
et al.,, 1972,
GAD) are
e chemistry
sichment.
nplacement

of its length
sioclase and
es consist of
.982); fine is
Plagioclase,

§; accessory

baddeleyite

ide the dyke
xtends from
rere initially
v). However,
chemistry.

PETROLOGY OF THE GREAT ABITIBI DYKE h ' . 425 -

Field observations ' :

‘Unit 1 rocks _caﬁ be distinguished from those of ‘Unit' 2 in the field using textural criteria.
Unit 1 rocks (aphanitic to coarse grained) normally have a random fabric, whereas Unit 2

. Tocks (coarse to very coarse grained)are commonly characterized by an igneous lamination

defined by tabular plagioclase grains. Unit 1 can be subdivided at some-traverses (e.g.,
traverse 7) into an outer (1a) and inner (1b) unit (Fig, 2), marked by changes in grain size
across the contact, and mafic pegmatites locally intruded along contact planes (Fig. 3). Unit
la rocks are also cut by irregular fine-grained mini-dykes” (0-5-2 m wide), probably
belonging to Unit 1b, that locally contain xenoliths of Unit 1a rocks. There are slight modal
differences between the two sub-units; rocks of Unit 1a typically contain <35% mafic
minerals, whereas Unit 1b rocks average 40%. »

_The transition from Unit 1 to Unit 2 rocks (best seen at traverse 7)is marked by a gradual
change from a subophitic to an intérgranular texture and by the development of a-weak
igneous lamination in Unit 2 defined by tabular plagioclase grains. Unit 2 rocks at traverse 7

~ contain about 50% (by volume) of mafic minerals and also wispy, discontinuous mafic zones
(Fig. 3C) which roughly parallel the feldspar lamination and some feldspathic zones..

Although most outcrops of Unit 2 exhibit a weak feldspar lamination, only at traverse 7 was
the exposure sufficient to map the pattern of lamination which defines a synform with a
subhorizontal axis trending northeast, i.e. parallel to the trend of the dyke. The laminated

_ zone of the south limb of the synform is broader than that on the north limb, and the trough

(Fig. 2) is shifted slightly northwards from the centre-line of the dyke. Such asyminetries are

‘consistent with thie dyke-dip having been off-vertical (70-80°S; Ernst, 1991) during

crystallization of Unit 2 magma. The absence of a similar pattern in Unit 1 rocks may be due
to its faster cooling rate which allowed less titfie for mass transfer under gravity across the
inclined dyke. / : ' ‘ ‘

Mafic mini-dykes (<2 m wide), similar in composition to Unit 1 rocks, trend subparallel

" - tothe GAD, and at traverses 2, 5; 7, 9?_ 13 and 14 they cut the adjacent host rocks; at traverse

4 they intrude the GAD. \ :

.
\,

The chilled margins of the main dyke and the ‘mini-dykes contain up to 10% tabular ‘

plagioclase phenocrysts (maximum length 1 cm) generally aligned parallel to the contacts.
Smaller olivine crystals are occasionally present.- . o o

The contact relationships obseived at traverse 7 (Fig. 4), and probably applicable to all
parts of the dyke, indicate that Unit 1a was intruded by Unit 1b which in turn, was intruded
by Unit 2. The lack of any chilled samples or mini-dykes of- Unit 2 composition at any
traverses along the complete length of the dyke suggests that Unit 2 developed in situ or was
emplaced while Unit 1b rocks were still hot and ductile thus providing an easy pathway for
magma injection down the centre of the dyke. ‘ :

- Petrography

In Unit 1 rocks, plégioclasc is"’typically intcrgrown with olivine, and both minerals are
partially enclosed by anhedral augite. Olivine occurs both as isolated grains and as grain

aggregates. Alkali feldspar is interstitial. These textural observations constrain the relative
“order in which mineral phases enter the liquidus. The order is: plagioclase and olivine

together, followed by both apatite and the iron-titanium oxides, and finally followed by
both augite and alkali feldspar. ‘ :

In rocks of Unit 2, subhedral plagioclase, olivine, and 'augite define an intergranular

" texture and represent an orthocumulate with plagioclase, olivine, and augite as cumulus
- phases. Olivines typically enclose apatite and iron-titanium oxides. Alkali feldspar (anor-

thoclase) octurs 4§ 6vergrowths on embayed plagioclase and also occurs interstitially. These

El




|
i
1
it

FiG. 3.
between [:
presence f.
have beeg:
grained rf
minor allf
special ng
dimens§
FiG. 4.
random

‘¢ "81.] Uy uMoTs msnmumo-oam o uomysod oy 21eopUI sj0p 931e| pue sI9N [eHde) .
aosﬂqouo wopuel oaey surerd aedsple] 53 SIoYM $31E00] JSLISISE I, SIUGISINSEIW oyemrxoidde osyeo[pul S[OqUIAS paysep, omi oYL () yanos pue (D) [exnusd
(N m1z0u ‘sdnoig saxy) oyur moneunwe] Fedspyey 9y Jo dIp 911 JO SISLq SY) TO PSPIAIPGNS ST 7 IMU() °q] PUE B] SJIU() OJUI PIPIAIPQNS ST [ JIU[) "SISSOII £q payIeul aI8 201
1s0q proyueis jo mao._oﬁo *$3(901 7 JTU() U1 smoyyeurure| Jedspyaj Jo STUONLIUILIO 27} pUE “93Ap o) JO SUOISIAIPGNS mﬁaoam 1 as10A®1] 1€ (M1 uejd) dew doxonQ ‘7 DI

...._.w:oE oS o
1 J

€| LINN=

Dl

/ . | a'v
aaLvi ._o.._V g3 Lviio4 : 3UVIM04NN

£ 3SHIAVHL

RICHARD E. ERNST AND KEITH BELL

426

B |



PETROLOC;Y OF THE GREAT ABITIBI DYKE ‘ : 427 -

F1G. 3. Photographs taken in the field at traverse 7. (See Fig. 2 for photo locations.) (A) is located at the contact
between Units 1a (left side) and 1b (right side). (B) shows a larger field of view of the same area and shows the
presence of a local pegmatitic phase along the contact between Units fa and 1b. [Internal contacts in (A) and (B)
have been inked for greater clarity.] The contacts are diffuse; but Unit 1b is fine-grained in contact with medium-
grained rock of Unit 1a.(C) shows rock of Unit 2 in the dyke interior, The light mineral is mainly plagioclase (with
minor alkali feldspar), and the dark minerals include augite, olivine, and Fe-Ti oxides. Two textural features are of
special note in (C}: feldspar grains are tabular with a preferred orientation defining a lamination parallel to the long
dimension of the photograph; and there are mafic.streaks with long axes parallel to the feldspar lamination.
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FiG. 4. Cross-sections at traverse 7 after emplacement of Unit 1a, tb, and 2, respectively. Unit 1a rocks have
random dashed pattern, Unit 1b rocks are in solid black, and Unit 2 are marked by U-shaped .dotted lines. Host
' rock indicated by ruled pattern. ¥




textural observations suggest that the order in which the mineral phases began to
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accumulate is as follows: first, apatite and iron—titanium oxides, followed by both augite and
olivine, then plagioclase, and finally by both alkali feldspar and biotite.

Ilmenite in both Units 1 and 2 occurs as: (1) isolated, anhedral grains; (2) irregularly
shaped regions in the cores of anhedral titanomagnetite grains (composite grains; Morse,
1980); and (3) exsolution lamellae in anhedral titanomagnetite crystals. Iron—titanium
oxides are commonly rimmed by biotite. In both Units 1 and 2, apatite occurs as acicular to
prismatic euhedral crystals up to 0-5 mm in size.

Modal compositions were determined by. point-counting (generally 1000 points per
sample) and results are summarized in Table 1. Although the modal abundances are highly
variable throughout the sample suite, Units 1 and 2 have similar average total feldspar,
olivine, augite, titanomagnetite, apatite, and biotite contents and differ only in the
proportion of alkali feldspar to plagioclase. On the basis of relative proportions of
plagioclase, clinopyroxene, and olivine (Streckeisen, 1976), most Unit 1 rocks can be
classified as olivine gabbros. Unit 2 rocks contain alkali feldspar exceeding 10% of the total
feldspar present, and have plagioclase of composition An . 5o. Therefore, Unit 2 rocks should
be classified as monzodiorites on the basis of the Q-A—P-F diagram (Streckeisen, 1976).

Nepheline and other feldspathoids were not observed, and orthopyroxene was found in

| only three samples (one from an altered chilled margin at traverse 10 and two others from

the southwest end of Unit 2 at traverse 5). The virtual absence of both nepheline and
orthopyroxene suggests that the GAD magma remained transitional between silica-
saturated and silica-undersaturated conditions throughout its differentiation history.

~

MINERAL CHEMISTRY

The composition of feldspar, olivine, augite, titanomagnetite, and ilmenite, as well as some
trace alteration minerals, were determined by quantitative wavelength-dispersive analysis

TABLE 1

Average modal compositions of Units 1 and 2

Unit I Unit 2

n X S.D. n X S.D.
Plagioclase 29 608 - T6 13 442 105
Alkali feldspar 29 22 - 24 13 130 61
Total feldspar ’ 30 629 63 14 572 108
Olivine 30 10-3 59 14 70 40
Augite 30 143 66 14 19-8 - 67
Fe-Ti oxides™* ' 30 - 76 27 14 70 23
Apatite 30 24 16 14 35 11
Biotite 30 17 1o’ 13 36 22
Orthopyroxene 30 00 — 14 00 —
Nepheline 30 00 — 14 00 —
Othert 21 0-6 05 12 20 19

n, number of samples analyzed. One thin-section was point-counted per sample,

%, average percentage modal abundance.

* Tlmenite is typically more abundant than titanomagnetite.

1 ‘Other’ includes minor primary minerals such as baddeleyite and zircon as well as
deuteric or secondary minerals such as amphibole, chlorite, prehnite, and pectolite. Trace
sulphides are sometimes present.
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using a Cambridge Microscan 5 electron microprobe. Operating conditions and estimates of
precision have been given by Ernst (1989). Distinct differences in the composition of feldspar,
olivine, and augite occur between Units 1 and 2. ' oo

Feldspar compositions (Fig. 5A) extend from labradorite through oligoclase and finally to
anorthoclase, a pattern reflecting increasing differentiation. Unit 1 feldspars range between
AnggOr, and An,sOry, [4n-number =100 x Ca/(Ca+ Na+K); Or-number =100 x K/(Ca
+Na+K) in molar amounts], whereas Unit 2 feldspats range between An,,Or; and
An,Or,o. Most Unit 1 rocks contain only plagioclase, although some that contain
andesine and oligoclase also contain orthoclase (AnsOrgq). The presence of anorthoclase
and sodic plagioclase in Unit 2 rocks suggests that the liquid became fairly evolved during -
crystallization (Carmichael et al., 1974; Cox et dl,, 1979). Fe (expressed as FeOr) ranges
between 0-2 and 0-6% at high An-number to 0-1-0-3% at low An-number. Plagioclase in
Unit 1 rocks generally contains <0:1% BaO; in Unit 2 rocks, plagioclase contains. up to
~0-5% BaO. Anorthoclase overgrowths on plagioclase contain up to 1-0% BaO.

With increasing magma evolution, the composition of augite changes from En,; to En,q

[100 x Mg/(Mg+ Fe)] (Fig. 5B), Al,0, decreases from ~4 to 1%, TiO, decreases from ~2
t0 0:6%, MnO increases from 0-2 to 0-5%, CaO varies between 21-5 and 20%, Na, O varies

between 06 and 0:3%, and SiO), varies between 50 and 52%. Unit 1 augites range in
composition from En,5 to Enss; those from Unit 2 range from Eng, to En,s. The break
between Unit 1 and 2 compositions occurs at an Al,O, content of ~2%, a TiO, content of
~1-1% and an MnO content of 0:32%. Based on Ti content, the augite in the GAD typically

‘has a composition intermediate between common augite and titanaugite (Deer et al., 1966).

With increasing magmatic- evolution, olivine composition changes from Fogg to Foy
[100 x Mg/(Mg+Fe)] (Fig. 5C), SiO, decreasés from 37 to 30 wt.%, MnO increases from
0-5 to 1-6 wt.%, and CaO varies between 0-1 and 0-6 wt.%. Most olivines from Unit 1
samples have compositions between Fog, and Fo,,; most Unit 2 olivines range between
Fos5 and Fo,g. The break between Unit 1 and 2 compositions occurs at a SiO , content of
about 33%, and a MnO content of dbout 1%. ;

The degree of feldspar zoning (both normal and reversed) is highly variable and
commonly large, i.e., up to 30 in terms of An-number (Table 2). In contrast, most olivine and
augite grains (except for those adjacent to iron—titanium oxides) show only weak zonation,
but inter-grain differences in olivine and augite composition are commonly large. That inter-
grain variation frequently exceeds within-grain variation (zoning) in olivines and augites
suggests only minor re-equilibration by post-crystallization diffusion.

llmenites of the GAD have a composition of approximately Ilmys (along the
ilmenite-hematite solid solution series), and titanomagnetite lies between Usp,, and Uspg
(along the ulvospinel-magnetite solid solution series). :

Minor alteration has been noted in samples from the GAD: some olivine is partially

. replaced by serpentine; augite can be rimmed by amphibole and some plagioclase is partially

replaced by a very fine cloud of sericite and epidote. The minor presence of prehnite,
chamosite, and pectolite (confirmed by microprobe analyses; Ernst, 1989) indicates minor

_ hydrothermal alteration (Deer et al., 1966, 1978).

WHOLE-ROCK CHEMISTRY

The major elements. and Ba, Cr, Zr, Sr, Rb, Y, Nb, Zn, Ni, and V for 187 samples were
determined by X-ray fluorescence (XRF) from fused glass discs using a Phillips PW1410/20°
AHP machine. One hundred and sixteen samples were analyzed for ferrous iron using the

modified cold method of Wilson (Johnson & Maxwell, 1981). The REE, Co, Ta, Sc, Hf, and
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TABLE 2
Compositional variation within and between mineral grains

(A) Variation in mg-number [100 x Mg/(Mg+Fe)] in olivines and
augltes

Grain 1 Grain 2 Grain_3 Grain 4

: Olivine .
Traverse 2,* Unit 1, o _
271 m from N margin 39 (C) -52(C) 53(0)
32(H) 51 50
42 51
36 49
32(1) 341
Traverse 2, Unit 1, :
191 m from S margin 57 (Cy 53 (O 46 (C)
: ‘ 56 (C) 49 47
57 50 40
. ' 43
Traverse 7,* Unit 1a, - .
150 m from N margin 63 (C) 56(C) - 61 (O)
. i 63. 56 - 6l
57
. Augite
Traverse 2, Unit 1,
271 m from N margin 63(C)  68(0) 69 (O)
: .63 - T 68 69
62 67 ()
. Traverse 7, Unit 1b, ,
142 m from N miargin 70 (C) 70 (C) 72 (C) 69 (C)
’ 70 (C) 71 71 70
70 70
' 70\

* Dyke widths at traverses 2 and 77 are 88-5-and 2095 m, respectlvely

(C), analysis from core of gtam all other analyses are from the rim (located between
~15 and 50 ym away from grain boundary) or from a position intermediate between
core and rim.

(1) rim analysis adjacent to iron-titanium oxide grain.

Th were analyzed using instrumental neutron activation ana1y51s (INAA) at the University
of Toronto, following the procedure of Barnes & Gorton (1984). Analytical details have been
given by Ernst (1989) and histograms of the data have been given by Ernst ez al. '(1987).

- CIPW normative mineral abundances plot on the basalt tetrahedron predominantly in

. the olivine tholeiite field near the plane.of critical undersaturation. The CIPW norm shows

strong dependence on the ratio of Fe,O; to FeO. A value of 0:3 was used in the CIPW norm
calculations based on the analysis of 116 samples for FeO which gave an average

Fe,05: FeO ratio of ~0-3 (£0:1; 2 8.D.). This Fe,O; to FeO ratio is larger than the value
- assumed by the standard algorithms used to calculate Fe?* and Fe** from total Fe (Brooks,

1976; Thompson ef al. 1983). Use of a more ‘standard’ algorithm for splitting i iron shifts the
CIPW normative compositions to predominantly weakly silica-undersaturated conditions.

The Nb:Y ratio averages between 0-5 and 0-8 (Table 3 and Ernst, 1989), thus falling on the
silica saturated/undersaturated boundary (Winchester & Floyd, 1977), again suggesting a
transitional degree of silica saturation. An alkaline affinity is indicated by a plot of total
alkalis vs. silica (Ernst et al., 1987). The GAD, therefore, appears to be both weakly silica
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TABLE 2 (Continued)
(B) Relatlonshlp between mlneral zonation and adjacent mlneral

type
) Difference between
Analyzed Adjacent core and rim values*
 mineral mineral ’ n X S.D.
Olivine (Fo-number) Fe-Ti oxide - 11 86 42
Feldspar 46 22 29
Augite 20 05 17
Olivine 2 15  (range 0-4-2:6)
Biotite ’ 2 55 (range 1:9-91)
Apatite 1 33
Augite (En-number) Fe-Ti oxide . 5 19 20
Feldspar 24 12 30
- Olivine 16 - 31 48
Feldspar (An-number) Not specified 5 06 - 9-4%
: Not specified 21t 83t 7 51

* n, number of ‘core minus rim’ values. X, mean value.

T In some cases the core is more calcic than the rim and in other cases the core is more
sodic. '
} For this entry, the range (Max—~Min) in An-number for individual grams was

calculated. n, number of grains; X, average value for the range over the 21 grains.

saturated and also alkaline rich. Other occurrences of alkaline-rich and silica-saturated
rocks have been discussed by Miyashiro (1978). .

Iron enrichment followed by alkali enrichment is indicated by the GAD data on the AFM
diagram (Ernst, 1989). Most Unit 1 data cluster along the iron-enriched portion of the curve,
; whereas Unit 2 data are distributed along a line heading towards alkali enrichment. The
distribution of the data is not consistent with a calc-alkalme trend but is consistent with both
tholeiitic and alkaline trends presented by Irvine: & Baragar (1971).

It was the bimodal character of the mcompatlble elements that provided the initial basis
for distinguishing the two main units of the GAD (Ernst et al., 1987). In particular, Unit 1
rocks were defined as having <1300 ppm Ba, whereas Unit 2 rocks have Ba contents
> 1300 ppm. The average composition for each unit is listed in Table 3. In Unit 2 rocks,
elements such as Ba, K, Nb, Rb, Y, and Zr are enriched by a factor of about two relative to
Unit 1 rocks, whereas Cr, Mg, Ni, and V are more abundant in Unit 1 than Unit 2 rocks.

Both mg-number and DI (Differentiation Index) data show that Unit 2 represents a higher-

degree of differentiation than does Unit 1. The differences between average Unit 1 and 2
compositions are statistically significant. -
DIFFERENTIATION MECHANISMS
The evolution' of the GAD has been modelled using the following' assumptions: (1)
contamination of the parent magma is relatively small; (2) the entire range of observed

chemical compositions from the GAD can be produced by fractional crystallization; and (3)
chilled margin compositions give the composition of the parental magma.

Absence of contamination

Crustal contamination in continental magmatism is fairly well docufnented (e.g., Carlson,
1981) and although such a mechanism might have produced chemical variation in the GAD,
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evaluation of the whole-rock chemistry of the GAD suggests contamination is unlikely.
Incompatible element spidergrams based on 163 samples from various parts of the GAD
have been normalized to the same Y value to remove the effects of fractionation (Fig. 6). The
normalized data are tightly grouped for most elements. The wide spread in normalized Sr,
Ti, and perhaps P (Fig. 6)is attributable to compatibility in plagioclase, ilmenite, and apatite
respectively, and that shown by Rb may be attributed to alteration or contamination of
some chilled margin and mini-dyke samples. Despite an unusual pattern (cf. Thompson et
al., 1984) of positive and negative anomalies, the normalized data converge to a common
spidergram. The spidergrams of possible crustal contaminants, such as those given by
Thompson et al. (1984), are difficult to match with those shown in Fig. 6. It therefore seems
unlikely that the shape and spread of the GAD spidergrams are the result of variable mixing
with host rocks. Isotopic work is planned to test further for contamination. In any case, any
contaminant must have affected the parental magma only, and does not explain inter-
sample variation. : '
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F1G. 6. Doubly normalized spidergrams of GAD data. Data for each element are first divided by the appropriate
‘mantle’ normalization factor (Thompson et al., 1983; McBirney, 1984, for Eu). Data are further normalized by the
ratio 15/Y. This has the effect that all patterns are shifted slightly up or down so that the normalized Y value for
each sample equals 15. The mean, 1 S.D. and 2 S.D. envelopes, and maximum and minimum values are calculated
from the doubly normalized spidergrams (for all Unit 1-4nd 2 data combined). The values for Ba, Rb, K, St,.P, Zr, Ti,
and Y are each basced on 158 analyses (118 from Unit 1 samples and 40 for Unit 2 samples). The Nb value is based on
125 samples(88 for Unit 1 samples and 37 for Unit 2 samples). Values for each of the remaining elements are based
. - on 50 analyses (45 for Unit 1 samples and 5 for Unit 2 samples). .
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A statistical comparison (t-test) of the chemistry of two groups of the freshest near-margin
samples was used to evaluate for in situ contamination (Ernst, 1989). One group of samples,
from traverses 5, 6, 7, 12, and 13, is hosted by potassic granite, whereas the remaining
samples are from traverses hosted by volcanic and metamorphic rocks, which are mafic to
intermediate in composition. There are no significant differences (at the 95% confidence
level) between the chemical composition of the two groups for any elements. However, Rb
and Sr in mini-dyke samples and Rb in some visibly altered near-margin samples exhibit
large ranges of composition, probably indicating some contamination of these elements.

Very minor, in situ contamination of the dyke by the host rock and of the host rock by
the dyke may possibly be reflected in compositional profiles across the dyke-host rock
contact at two of the traverses (Fig. 7; Ernst, 1989), one where the dyke is bordered by
granitoid host rock and the other where it is bordered by mafic-intermediate volcanics. The
evidence from both profiles suggests that in situ contamination is minimal and at worst
affected less than the outer 0-5 m of the dyke. Dyke samples adjacent to mafic/intermediate
volcanic wall rock (traverse 10), may have been slightly depleted in Ba, K, Na, Sr, and Zr,
whereas adjacent to the granitic wall rock (traverse 7), the dyke appears slightly enriched in
Ca, K, Rb, and.Si. Some host rocks adjacent to the dyke have undergone minor contact
metamorphism; pink granitoid host rocks within ~0-5 m of the contact are ‘bleached’ white,
and mafic-intermediate volcanics within ~2 m of the contact are epidotized.

Evidence for fractional crystallization

Bulk distribution coefficients can be calculated for different elements assuming fractional
crystallization (Table 4) (Allégre et al., 1977). Elements are considered in pairs; one element
was considered perfectly incompatible and the bulk D for the other was calculated assuming
crystal fractionation. Ba, Th, and La were considered in turn as being perfectly incompatible.
From Table 4 it can be seen that the calculated bulk D for all elements was approximately
the same regardless of which of these three elements was used. Elements such as Zr, Nb, Y,
Ba, Ta, Hf, K, and the REE (except for- Eu), behave incompatibly, whereas Ti, P, Zn, and
particularly, Sr, V, Ni, Cr, and Co behave compatibly. Those elements shown (in Table 4) to
be incompatible are reasonable choices for mafic systems undergoing crystal-liquid
fractionation. Zr and Hf are compatible only in zircon and baddeleyite, which are present in
trace amounts only. Nb, Ta are weakly compatible only in the accessory phase
iron—titanium oxides, Y is found only in apatite which is an accessory phase, and the REE
(except for Eu) are hosted in apatite and more weakly in the silicate minerals. Ba and K are

compatible in alkali feldspar, but alkali feldspar began crystallizing too late to have been :

fractionally removed. Ba is slightly compatible in plagioclase. The identification of b ‘

|

E

|

i

|

[

compatible elements in Table 4 is also sensible. The behaviour of Sr can be attributed to B
plagioclase fractionation, that of V to titanomagnetites, and that of Ni, Cr, and Co to olivine. "

- The behaviour of Rb may be attributed to contamination of some near-margin and mini-
dyke samples. The bulk distribution coefficients calculated using a model of fractional
crystallization (Table 4) are consistent with the observed GAD mineralogy, and on this basis,
fractional crystallization provides a reasonable explanation for the variation in GAD
chemistry. The observed large degree of compositional heterogeneity on a thin-section scale
favours fractional rather than equilibrium crystallization.

~r

<r

Chilled margin chemistry ' )

" The chilled margin samples have similar chemical composition along a considerable
length of the GAD (Table 3). Of the analyses, the sample from traverse 7 is considered the
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TABLE 4

Bulk distribution coefficients calculated from the data-slope on a log(A) vs. log(B) plot;

assuming a process of fractional crystallization, the data-slope equals (D, —1)/(Dy—1), where

D, and Dy are the bulk distribution coefficients of elements A and B (Dy is calculated assuming
‘ that D, equals zero and A is set equal to Ba, Th, and La in turn)

Dy, = DA Dpy= D, D= D,
D,=0 D,=0 D,=0
B Dy . S(Dy) Dy 5(Dj) Dy S(Dg)
Zr 0-01 - 0-04 013 - 008 000 0-09
Hf 0-08 0-08 019 0-07 0-08 007
Y 007 0-04 048 007 006 004
Ba 000 000 012 007 —0-01 007
K —020 004 —-0-06 0-07 —0-21 009
Th -014 = 009 0-00 000 —015 0-08
La 001 0-07 013 006 0-00 .0:00
Ce —~0:01 0-08 011 006 —002 - 002
Nd —013 009 001 0-08 —-014 0-05
Sm ~0-07 0-09 0-06 008 —008 003
Yb —001 007 012 007 —002 003
Lu 0-08 1007 019" 006 0-07 004
Nb —026 006 —-011 011 —027 009
P —0:58 009 —039 016 —059 011
Ta 018 006 0-28 - 005 018 004
Ti 021 006 0-30 010 0206 011
Zn 024 005 033 009 023 0-09
Sc - 034 009 . 042 0-08 033 0-08
Eu 023 © 006 032_ 006 022 0-04
Rb —1-10 013 —0-85 021 —-1-12 0-26
Sr ‘149 0-03 1-43 0-05 1:50 005
v 2:33 011 217 013 2:34 017
Ni 342 019 313 027 344 032
Cr ) 347 020, 317 029 3-49 0-31
Co 178 008 - ) 1-69 0-07 1-79 009

The best-fitting slope was calculated using the ‘reduced major axis’
method discussed by York (1966). S(Dj) is the 1 S.D. calculated from
analytical uncertainties in element abundances using the error propagation
equations given by Kretz (1985).

Negative values for Dy are meaningless and must be due to (1) D> Dy, in
violation of an assumption of the method, (2) analytical uncertainty, or (3)in
the case of Rb, some contamination by host rock.

most primitive, and therefore, is used as the best estimate of the chemical composition of the
parent magma. The chilled margin sample from traverse 7 has the lowest abundance of
incompatible elements (e.g. Zr, Ba, and K) and has the highest MgO and Ni contents of any
of the chilled margin samples. Although plagioclase phenocrysts are present in all chilled
margin samples, arguments discussed below show that these feldspars grew in situ.

MODELLING OF COMPOSITIONS USING PEARCE ELEMENT RATIO
ANALYSIS

Compositional variation in the Great Abitibi Dyke is attributed to liquid-crystal
fractionation. The mineral assemblage involved in this process can be identified using Pearce
element ratio (PER) diagrams. .
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Pearce element ratio diagrams were originally developed by Tom Pearcein 1968 to defeat
the closure problem which limits the effectiveness of Harker diagrams in graphical modelling
of petrogenetic trends. A brief explanation of the. approach follows. More detailed
explanations have been given by Russell & Stanley (1990a) and in references therein, as well
by Pearce (1968), Ernst et al. (1988), Nicholls & Stout (1988); Russell & Nicholls (1988),

~ Stanley & Russell (1989) and Russell & Stanley (1990b). The possibility of spurious

correlations on PER diagrams, as raised by Rollinson & Roberts (1986), has been fully
addressed in the more recent publlcatlons above.

In geology, chemical compositions are ordinarily presented as intensive variables. (e.g.,
fractional abundances, wt.% or ppm). However, for a suite of cogenetic samples all having
crystallized from the same parental magma, we can envision underlying extensive variables
(absolute amounts, e.g., mass, volume or molar units), which relate to a common parental
magma (Russell & Stanley, 1990b). Fractlonal abundances can be related to these absolute

"abundances as follows:

A+B+ ... +Z=1(100%)
where 4, B, and Z equal fractional abundances.
A=4/S
B=B/S
Z=2/S

where 4, B, Z, and S are extensive variables and § represents the size of the system, i.e., the
amount of magma. Therefore a Harker diagram (a plot of A vs. B) is actually a ratio plot of
A/S vs. B/S. In general the size, S, of the magma chamber (ie., the amount of magma
remaining) will be changing as the magma crystallizes, and thercfore data distributions on a
Harker dlagram will be controlled not only by 4 and B, but by S as well. But, of course,
variation in S will be controlled by the variation in all the elements. Hence trends on Harker
diagrams cannot be directly related to the process controlling variation in 4 and B.

Pearce clement ratio diagrams, by contrast, are plots of A/Z vs. B/Z, where Z is a
conserved element (that is, an element which is neither added to nor subtracted from the
system). Let us consider the system to be a magma chamber, where Z is an incompatible
clement. As the magma crystallizes, the incompatible elements are conserved, in the sense
that they are always partitioned into the remaining liquid and are not removed from the
system as crystallizing minerals.. (For a sample suite related by variable degrees of
contamination, an immobile element would be an appropriate choice for the conserved
variable, Z.) The axes of PER diagrams expressed as intensive variables, A/Z vs. B/Z,can be
glven in extensive form as (4/S)/(Z/S) vs. (B/S)/(Z/S), which reduces to 4/Z vs. B/Z. When Z
is conserved, then Z is constant and the diagram becomes 4/Z, vs. B/Z,. Thus on a PER
diagram, unlike a Harker diagram, the data distribution is due to only the relative variation
in 4 and B. Stated another way, on a PER diagram the data from a cogenetic suite of
samples are distributed along a trend with a slope equal to the bulk 4 : Bratio in the minerals
lost or gained from the parental magma. ‘

In the case of the GAD, intersample variation is attributed to fractional crystallization
and therefore the conserved denominator variable should be an incompatible element.
Calculations by Ernst et al. (1988) and Ernst [Chapter 11 in Russell & Stanley (1990a)] show
that even if an element is slightly compatible such that its bulk distribution. coefficient
reaches 0-1, the error produced on PER diagrams is insignificant. With this criterion, any of
the incompatible elements identified in Table 4 could be used for the denominator element

T ——
e S A




440 RICHARD E. ERNST AND KEITH BELL

in the PER analysis. Each analysis will be done using more than one choice of denominator
element, to preclude biased trends attributable to. the use of any one element.

Simple numerator-type Pearce element ratio (PER) diagrams

Simple numerator-type PER diagrams (4/Z vs. B/Z) were used to determine the bulk
composition of the mineral assemblage which was lost (fractionated out of the system) or
concentrated as cumulates during fractionation of the parental magma (Fig. 8 and Table 5).
‘Ba and La were each used as the constant denominator variable, Z; use of either leads to the
same conclusions. La was analyzed for a representative subset (one-third) of the samples and
Ba was analyzed for all samples. For the PER diagrams in Fig. 8, the ordinate: (y-axis)
numerator is Si and the abscissa (x-axis) numerator is cycled through all the major elements.
Si was chosen for comparison with all other elements because it is the most abundant cation,
and because it is a component of most of the major mineral phases whlch could conceivably
be fractionated from the GAD magma.

TABLE §

Average chemical composition of the mineral assemblage responsible for inter-sample variation,
as determined using Pearce element ratios

A/* . . AI
A (wt. %) SAN T (wt.%) S(A")
Units 1 and 2

Sio, 44-42 0-41 4208 032
TiO, 3-60 026 3-64 020
ALO, 2065 031 20-20 026
FeO 882 . 043 9-66 037
Fe,O, 2:66 0-15 313 020
MgO 769 ’ 0-33 9:12 024
CaO 912 0-23 9-50 - 017
Na,O 2-89 009 2:52 006
K,O 056 0-06 —0-56 004
P,Os ~0-63} 0-08 —109 008
MnO 016 0-01 0-15 001
Total 100-00 100-00
Fe, 05 12-34 071 1303 061

Z§=La : Z=Ba

n§=>51 n=163

Unit 1

Si0, 4461 043 - 40-83 048
TiO, 3-68 030 3-86 032
AlLL,O,; 20-28 033 1933 041
FeO 9-07 0-43 . 1025 0-50
Fe, 04 267 015 402 032
MgO 7-87 036 10-22 0-38
CaO 891 024 892 0-26
Na,O 276 0-10 2:38 0-09
K,O 0-56 0-06 —077 0-07
P,O, —063 0-08 —1-45 013
MnO 016 0-01 019 001
Total 100-00 100-00
Fe, 037 1269 071 13-84 084

Z=La Z=Ba

n=45 n=121
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. TABLE 5 (Continued)

A'* A’
A (wt. %) S(ADt we. %) S(A")
Unit 2 - '
Si0, 5687 207 4770 1462
TiO, - =423 123 —-10-02 161
Al,O, 30-63 2:16 3075 . 166
" FeO _ —1693 472 —41-29 ’ 660
Fe,0, —582 . 1063 - —11-28 ..1-83
MgO " —653 165 —11-52 1-86
CaO 2:97 0:66 12-60 1-50
Na,O 6-98 078 657 060
K,0 254 030 2:39 026
P,0, —2-96 0-66 —575 093
MnO - =034 010 —073 012
Total 100-00 ) 100-00 .
Fe,05p - =2464 687 —54-32 8-69
Z=1a Z=Ba
n=6 n=42

* Compositions determined from- Pearce element ratio (PER) dia-
grams of the form Si/Z vs, A/ Z, where Z (the conserved element) equals
either La or Ba, Si is silicon, and 4 is cycled in turn through all the other
‘major elements (see Fig. 8). From each plot of Si/Z vs. 4/Z, the best-
fitting slope was determined using the ‘reduced major axis’ method
(York, 1966). This slope equals A/.87. Bold italic variables are in absolute
units (e.g., moles, grams). Non-bold variables are in fractional units (e. -
wt. %). The refationship between absolute and fractional abundances is
A/8=A, where § refers to the absoliite size of the system (e.g., Russell &
Stanley, 1990b). For each element, A’ =100 x (4/S7)/SUM, where SUM"
can be defined as follows:

(For Unit 1 and combined Unit 1 flus Unit 2 data) .

SUM =Si/Si+ Tx/S1+Al/St+Fe2 Sl+Fe3+/St+Mg/St+ Ca/Si
+ Na/Si-+Mn/S:. ™

(For Unit 2 data) ™

SUM= St/S1+AI/St+Ca/St+Na/Sz—+—K/S1

t S(A’) is the staridard deviation of A’ calculated from -analytical
uncertainty using error propagation equations (e.g., Kretz, 1985).

1 Negative values for A’ result from variation opposite to that of Si’.

§ Both La and Ba were used as the conserved denominator ele-
ment, Z.

The Si content in Unit 1 rocks correlates positively with that of all other elements except
for K and P. The most highly correlated trends in Fig. 8 are those in which the abscissa
numerator is AL, Mg, Ca, and Na. This requires fractionation of minerals rich in Si, Al, Mg,
Ca and Na. In Unit 2 rocks (Table 5) the elements Al, Ca, Na, and K, hosted in feldspar, all
show a slight positive correlation with Si. Fe, Mg, and Mn (hosted in mafic silicates) as well
as P (hosted in apatite) exhibit'a weak negative correlation with Si.
~ In those plots (see Fig. 8 and Table 5) where Ti, Fe?*, Fe3*, Mn, and P are the abscissa
numerator variables, the slope defined by the Unit 2 data differs from that defined by the

“bulk of the Unit 1 data. This suggests that the minerals containing Ti, Fe, Mn, and P

fractionated in different proportions in Unit 1 compared with Unit 2.

Multi-element numerator-type Pearce element ratio (PER) diagrams

The more complicated numerators used in Fig. 9 are designed to test for fractionation of
specific minerals (Ernst et al., 1988; Stanley & Russell, 1989). Best-fit slopes were calculated
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using both Ba and La as the conserved denominator element (Fig. 9; Table 6). The
numerators are designed to discriminate betwcen minerals having ideal stoichiometric
compositions and should adequately model the behaviour of those minerals responsible for
fractionation in the GAD. For example, the numerator variables in Figs. 9A and 9B are
designed for clinopyroxene of the diopside-hedenbergite solid solution series, but these
numerators should also adequately reflect the behaviour of augite.

The relative roles of plagioclase and augite (cpx) fractionation can be assessed from Figs.
9A and 9B. In both diagrams, the data from samples of Unit 1 parallel the plagioclase
mineral vector and there is only slight variation parallel to the augite (cpx) mineral vector. In
Fig. 9A, the variation along the plagioclase vector is ~ 500 units whereas that along the
augite (cpx) vector is about 50 units (note the unequal x- and y-axis scales). This data
distribution demonstrates that the magnitude of plagioclase fractionation exceeds that of
augite. Data from Unit 2 have a slope (Table 6)indicating opposite behaviour of plagioclase
and augite. According to Fig. 9, as augite was being removed from the melt, plagioclase was
being concentrated (as cumulates) in the same melt volume. The inverse interpretation is also
allowed by the data—as plagioclase was removed, augite was being concentrated.

The relative contributions of plagioclase, olivine, and orthopyroxene fractionation can be
assessed from Figs. 9C and 9D. In Fig. 9D, data from both Unit 1 and 2 rocks parallel the
olivine vector more closely than the orthopyroxene vector, indicating fractionation of
olivine but not of orthopyroxene. This compositional evidence is consistent with the virtual
absence of orthopyroxene as a modal phase in the GAD. Thus in Fig. 9C the orthopyroxene
vector can be ignored and the data trend can be entirely attributed to plagioclase and olivine

~

TABLE 6

Proportions of minerals removed and added during fractionation, determined using Pearce
element ratios with multi-element numerators

A* A’
A (mol %) S(A)} (mol %) S(A")
Units 1 and 2 )
Plagioclase 5954 123 5178 091
Augite ' 560 0-66 740 0-58
Olivine 27-57 1-93 3143 1-49
Ilmenite 568 062 6-80 0-86
Apatite —0-671 2:08 —1-03 1-50
Titanomagnetite 1-61 0-19. 2-58 032
K-Feldspar 280 0-29 —-254 020
An-number 6223 577 0L ..6636 7 572
mg-number 7823 150" 7200 1-91
Z§=La = .Z=Ba
' Eoeoe n=163
Plagioclase 5791 . 135 4596 122
Augite _ 573 0 O0T4 &350 0-81
Olivine 2867 T 220 3493 226 .
Imenite 595 073 687 137+
Apatite —0-69 2-26 1-33 211
Titanomagnetite 174 022 . 374 062
K-Feldspar 2:95 031 —3-26 03t
An-number 62:89 661 6720 9-43
mg-number 7732 1-61 69-50 2:54
Z=la Z=Ba

n=45 n=121

axi
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TABLE 6 (Continued)

CA'* . A

A ' _ (mol %) S(AT  (mol%) S(A")

Unit 2 .
Plagioclase : 87-64 - 075 8818 ' 1-05
Augite —1691 393 -4321 457
Olivine ' -2279 281 —53-88 644
Imenite —2:57 109 - -—11-80 661
Apatite . ' —9-57 607 519 1005
Titanomagnetite - —~2-87 071 —755 338
K-Feldspar ' 1236 - 086 . 11-82 1-20
An-number 41-84 4-89 4869 1082
mg-number 5927 426 42:82 13-48

Z=la Z=Ba

n==6 n=42

* Compositions determined from Pearce element ratio diagrams.of the form A4/Z

vs.B/Z,where Z (the conserved element) equals either La or Ba, and A4 and B are linear
- combinations of major elements designed to represent specific minerals [Fig. 9 and
Ernst et al. (1988)]. The best-fit slope through the data equals 4/B, where A and B are
the absolute abundances.of A and B. Using the variables plotted in Fig, 9, best-fitting
slopes can be directly determined for Cpx/Pl, Ol/PL, llm| Mt, Mt/Fez"' Mg/ Fet+,
Ap/An, and 4b/An. (Titanomagnetite, Mt, is modelled with a composition of Usps,.)
Other relationships can be calculated from these as follows:
Hlim/Pl~[llm/ Mt] x [Mt/Fe* ] x [1/{1+Mg/Fe**}] x [ {2} x {Ol/ Pl + Cpx/ PI]
Ap/Pl=[Ap/An] x [1/{1+ Ab/An} ] ~[Ap/{An+54p] x [1/{1+ Ab/An]
Mt/PI~[Mt/Fe* T x [1/{1 +Mg/Fe**}] x [{2} {o1/ P} +Cpx/Pl]
Kfs/PI=[K1/[Al/2+ Na/2—K[2] .
- An-number=100x [1/{1+ Ab/An}]
- mg-number =100 x [1—{1/(1+Mg/Fe)}].
For this analysis it is assumed that the Mg/Fe ratio of olivine and augite are the same.
For each mineral, 4’ =100 x(4/P!)/SUM, where SUM can be defined as follows:
(For Unit 1 and combined Unit 1 and 2 data)
SUM =PI/ Pl+ Cpx/Pl+ 01/Pl+ Mt/PI+ Iim/ P!
«(For Unit 2 data)

SUM=PI/PI+K/PI. '

1 8(A’)is the standard dev1at10n of A’ calculated from analytical uncertainty usmg
error propagation equations (e.g, Kretz, 1985).

1 Negative values for A’ result from inverse variation with Si.

§ Both La and Ba were used as the conserved denominator element, Z.

fractionation. Unit 1 data follow a trend intermediate between the olivine and plagioclase
reference vectors, indicating fractionation of both phases. Calculations of the relative

contributions of olivine and plagioclase fractionation (Table 6), show that nearly twice as’

much plagioclase as olivine was fractionated from the original parent magma. Data from

Unit 2 samples follow a negative slope, suggesting plagioclase loss and olivine accumulation -

(or vice versa—olivine loss and plagioclase accumulation).

Figures 9A-D show plagioclase behaving in a contrary manner to both olivine and augite
in Unit 2 rocks. As plagioclase is less dense than olivine and augite, a possible explanation

(further elaborated below) may be density-controlled segregation..
Figures 9A and 9B show augite fractionation had little control on the compos1t10n of Unit

1 rocks. Consequently, the augite mineral vector is ignored and (noting the unequal x- and y--

axis scales) Figure 9F shows that the variation in both Units 1 and 2 is controlled to a much
greater extent by plagioclase fractionation than by that of apatite. ' '

The role of iron—titanium oxides is assessed in Figs. 9E and 91. In designing appropriate
complex numerators a composition of Usps, was assigned to the titanomagnetites, and
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ilmenite was assumed to be pure ilmenite, Ilm, ,,, similar to the analyzed compositions of

. titanomagnetite and ilmenite in the GAD rocks, The data in Figs. 9E and 91 define a trend

with a slope between the slopes of the ilmenite and titanomagnetite (Usps,) reference
vectors, indicating that both ilmenite and titanomagnetite were fractionated from the
parental liquid in approximately sub—equal‘proportions.' : :

 Normalized Pearce element ratios (PERs)

. Chemical compositions of different cogenetic samples are more simply related when
converted from fractional to absolute amounts (i.e., from intensive to extensive variables).
This is achieved by dividing analyses by the composition of a conserved element and thereby
producing a Pearce element ratio (PER). Subtraction of PERs is meaningful. Let us consider

fractionating element A, conserved element Z and the size of the system, S at two different
states, ‘0’ and 4'; ' : ‘

APER =Ai/Zi_A0/Zo = [Al/sl]/[Zl/S;] - [Ao/So]/[Zo/So] = [At—AOJ/ZO

provided Z is conserved. _ .
Differences between- PERs are more meaningful than differences between wt.% abund-
ances. . :
- A(fractional)= 4, — Ao=A;/S;— A4,/S,.

It is also useful to scale PERs to a convenient referencg value, such as the composition of the
parental magma, e.g,, at state 0. . ‘

APERy=[201[4)/Z;— Ao/Z]= A/Si~ Ao =[A,— 4, /S,

provided Z is conserved. . . :

Pearce element ratios provide a purely chemical definition of cumulates and fractionates.
Samples with a PER larger than that of the parent have been enriched in a mineral phase and
therefore are by definition, cumulates, Similarly, samples with a PER smaller than that of the
parent have lost material through fractionation and are therefore fractionates. PER,, from
rocks thoughout the GAD are compared below, -

In Fig. 10A CIPW normative abundances are plotted against across-dyke position of the
dyke at traverse 7. In Figs. 10B and 11, CIPW normative data are transformed into
normalized Pearce element ratios (NPERs). Various choices of incompatible clements, Ba,
Zr, Y, and K (Table 4) were tested. All gave essentially the same normalized PER values but
this paper displays only the results using Ba (Fig. 10) and a multi-element denominator
consisting of Ba, Zr, Y, and K (Fig. 11). : ‘

The normalized PER for the parental magma (circled in Fig. 10) equals NPER,,,,=57%.
A Unit 2 sample in Fig. 10 with NPER,,,,=15% can be'derived from the parental magma by
fractionation of 40% (~ 57-1 5%) plagioclase, cotresponding to about 3/4 (40%/57%) of the
potentially available plagioclase in the Pparent. Similar calculations, using the normalized
PERs for each CIPW mineral phase, allow an estimate 'to be made of the amount of any
mineral lost from the parental magma to produce any sample of Unit 1 or 2. Figure 10 shows
that rocks of Unit 2 (at traverse 7) could have been derived by removal of about 40%
plagioclase, 13% olivine, and 5% ilmenite from the parental magma. Formation of Unit 2
magma from the parental magma requires essentially no loss of alkali feldspar (CIPW
orthoclase), augite (CIPW diopside), titanomagnetite (CIPW magnetite), or apatite.

The irregular pattern in Unit 1 suggests that the magma was heterogeneous and was
probably emplaced in discrete pulses, consistent with field evidence for multiple pulses of
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Unit 1a and 1b (Fig. 4). The large spikes inwards from each margin on most plotsin Fig. 10B

- are indicative of cumulates. The amount of accumulation is given by subtraction of

normalized PERs from that of the parental magma (circled). These spikes indicate a 10%

excess (over the amount in the parental magma) of plagioclase, 6% of augite, 7% of olivine,
» . and 3% of ilmenite, and also a small excess of titanomagnetite and apatite. The cumulate

locations differ between plots. Plagioclase and olivine cumulates are located near the

cumulates are located near the boundary between Units 1 and 2.

Compoesitional asymmetry across Unit 2 is suggested at traverse 7. Normative plagioclase .
and orthoclase increase towards the south side whereas olivine, diopside (representing
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F1G. 10. A comparison of CIPW normative abundances at tfaverse 7 with the same data converted into PERs. (A)
CIPW normative abundance (wt. %) vs. position across the dyke. (B) PERs of CIPW normative abundances. CIPW

_abundances were normalized by Ba,/Ba, where Ba is considered a conserved element and Bag is from the chilled
_ margin sample (circled data point) considered to represent the parental composition. Short vertical solid lines locate

the boundary between Units 1 and 2.

il

augite), ilmenite, and perhaps magnetite (representing titanomagnetite) increase towards the
north side. The average Fo-number of olivine increases from Fo,g to Fo,,, across Unit 2
from south to north. The asymmetry observed in Unit 2 rocks is also possibly present in
rocks of Unit 1b [Fig. 10 and Ernst (1989)].

Such a distribution can be explained by density-controiled segregation of crystals in a
melt within a non-vertical dyke-conduit (Komar, 1972; Platten & Watterson, 1987; Cadman
et al., 1990). At traverse 7, the dyke dips 70-80°S (Ernst, 1989) and less dense phases could
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incompatible elements and the results were averagcd as follows (using plagioclase as an example):

' Normallzed

PER =Plag[Ko/K +Zro/Zr +Y,/Y +Bay/Ba].

Values used for K,, Zr,, Y,, and Ba0 are 6400, 81, 23, and 624 ppm, respectively. Thc thick bar locates Unit 2
whereas the horizontal bracket gives the full dyke width and schematically locates the mini-dykes. The mini-dyke
data from traversc 4 include samples from a mini-dyke cutting the interior of the main dyke. The arrowheads on the
vertical axes locate the estimated parental composition. Circles were used for traverses 2, 4, 6, and 11, triangles for
traverses 8 and 12, and diamonds for traverse 9. Dots were used to locate data from all other traverses.
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accumulate on the ‘hanging wall’ (south) side, whereas more dense phases concentrate on the
‘foot wall’ (north) side. Figure 10 shows that although the mafic minerals accumulated
towards the north wall, the PER-plagioclase pattern is flat, which means that plagioclase did
not actually ‘move’ with respect to the residual liquid. This surprising result is not apparent
from the non-PER diagram and illustrates the utility of the PER approach for quantitative
petrology. There are several other asymmetric features presumably related to the dip of the
dyke at traverse 7. The Unit 1b zone is narrower, the compositional gradient between Units

1b and 2 is sharper and the synformal foliation of Unit 2 is steeper on the south side than on
the north side (Fig. 2).

REGIONAL VARIATION

Most of the patterns observed in traverse 7 (Fig. 10) apply to the dyke as a whole (Fig. 11).
Overall, PER abundances of plagioclase and olivine (but not augite) tend to decrease
towards the interior, indicating fractional loss of these minerals (Fig. 11). Unit 2 rocks are the
most depleted, but interior Unit 1 rocks are also, on average, slightly depleted. The Mg:Fe
ratios of olivine and augite also decrease from the dyke margin inwards (Ernst, 1989), also
indicating that interior rocks are more evolved. "

.Although Unit 2 tends to vary smoothly from one sample to the next, Unit 1 rocks from
most traverses, particularly, 1, 6, 7, 10, 11, and 14, show irregular profiles marked by abrupt
‘jumps’, which suggest both multiple intrusion and local cumulates. :

Alony-d vke trends.in Unit I

The scatter in the compositions of olivine, augite, and feldspar precludes identification of
along-dyke trends (Ernst, 1989). However, Unit 1 samples along the dyke within 30 m of the
margin (but excluding those from mini-dykes) exhibit a weak increase in incompatible
element abundance towards the northeast.along the dyke (Ernst, 1989). Ba and La are given
as examples in Fig. 12. Many samples between 10 and 30 m away from the margin are
probably cumulates (on chemical criteria) and hence are not representative of liquid
compositions. The remaining samples from within 10 m of the margin, mostly non-
cumulates, indicate an increase in incompatible element content towards the northeast
corresponding to ~30% crystallization. The PER-plagioclase of the same samples (Fig. 11)
shows an erratic decrease from 60-70% to 40% from the southwest end of the dyke towards
the northeast.

The increase in incompatible element abundance and decrease in PER-plagioclase
abundance towards the northeast can be interpreted in terms of a northeast~-moving magma
evolving en route by side-wall fractionation (e.g., Irving, 1980). In other words, as minerals
erystallize on the walls, the residual northeast-moving magma in the interior becomes
progressively more evolved (Irving, 1980; Platten & Watterson, 1987; Cadman et al., 1990).

Along-dyke variation in the mini-dykes is more scattered, perhaps indicating that the
mini-dykes were not exclusively fed by the chilled margin magma, but were, in places, fed by
a more evolved Unit 1 magma from the dyke interior. ‘

Along-dyke trends in Unit 2 data

The composition of Unit 2 also varies systematically along the dyke. FeO, MgO, and
TiO, contents decrease towards the northeast, whereas Al,Oj content increases towards the
northeast; these trends are statistically significant (Etnst et al., 1987; Ernst, 1989). Such

Ba
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patterns are consistent with a decrease in the proportion of mafic silicates (olivine, augite,
and Fe-Ti oxides) to plagioclase towards the northeast (Ernst, 1989). Figure 11 displays an
SSW to NNE increase in the PER abundance of plagioclase from 15% to almost 30%,and a

. corresponding minimal decrease in olivine, augite, and titanomagnetite and ilmenite (Ernst,
1989). No along-dyke gradient can be demonstrated in Unit 2 mineral compositions because .

of the large range of variation in each individual sample (Ernst, 1989).
The observed compositional pattern may correspond to a genuine horizontal gradient in
mineral abundances or to an oblique section through the dyke such that a vertical zonation

- appears as a longitudinal gradient. Because only one section through the dyke is exposed, it

is difficult to choose between these two models. The possibility of a deeper exposure level at
the southwest end of the dyke is discussed below.

Mass-balance conszderatzons

Itis poss1b1e to use the graphs in Fig. 11 to make rough mass-balance calculations of the
‘mineral budget’ for the GAD as a whole. Estimates can be made for each mineral type as to
whether fractional loss.in some part of the GAD is balanced by mineral accumulation in
other parts of the GAD. Strictly speaking, this ‘mineral budget’ apphes only to the present
level of exposure of the GAD. Nevertheless, this exercise yields some insights into the overall
crystallization history of the dyke. This analysis employs normalized PER diagrams, which
means that the data are normalized by conserved element abundance and the parental
magma composition. , '
PERy(A)=Z((4/Z)

where A is the mineral (e.g., CIPW plagioclase), Z is an 1ncompat1b1e element, and Z, is the
mcompanble element abundancé of the parental magma (approximated by the chilled
margin composition at traverse 7). Only the parental magma composition will total 100%;
all other samples will. have differing totals depending on absolute mineral loss of
accumulation relative to the parent. N\

The average composition of Unit 1 can be approx1mated by averaging over the PER"

values for all Unit 1 samples. Although Unit 1 profiles are fairly irregular (Fig. 11), the
average PER values for all samples are 48% (+26%; 2 S.D.) plagioclase, 11% (+12%)
olivine, and 7% (43%) augite; these values are similar to the estimate of the parental
magma abundances of about 57%, 17%, and 9% respectively. (The balance to 100%
consists of ilmenite, titanomagnetite, and apatite.) Therefore, Unit 1 rocks show an overall
quantitative balance between mineral losses (through fractionation) and gains'(as cumula-
tes), implying closed-system behaviour. However, the relationship between Units 1 and 2 is
dramatically different. The average Unit 2 abundances are 22% (+8%) plagioclase, 3%
(+4%) olivine, and 5% (2 3%) augite. Derivation of Unit 2 from a parental Unit 1 magma
requires substantial loss of available plagioclase [60% =100x(57—22)/57] and olivine
[80% =100 x (17 —3)/17] components and less loss of titanomagnetite and ilmenite (Ernst,
1989). The loss of such minerals is not balanced by any corresponding cumulates anywhere
along the present exposure level of the dyke. Either these fractionated minerals were carried
to deeper exposure levels, or, alternatively, Unit 2 magma was generated elsewhere.

MODELLING OF MINERAL CHEMISTRY

A plot of olivine composition (expressed as Fo-number) vs. whole-rock Ba abundarice
yields useful information about the evolution of the GAD magma. The data in Fig. 13 show
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FiG. 13. Plot of whole-rock Ba concentrations and olivine compositions. Each sample is labelled by its traverse

number. The circled numbers mark the degree of fractionation (percent liquid crystallized). All samples represent

liquid compositiens except for three cumulate samples which are all located near the parental magma composition

(0% crystallized) and thus exert no control over the location of the fitted line. Cross indicates average +28.D.
' analytical uncertainty in the data.

an increase in the Ba content as olivine becomes increasingly iron rich. The same pattern is.

observed using other.incompatible elements instead of Ba. Given that Ba behaved as an
incompatible element during crystallization of the GAD parental magma, the circled
numbers in Fig. 13 chart the degree of (Rayleigh) fractional crystallization as a function of
olivine composition. The Ba content of the chilled margin sample from traverse 7,
considered to be a reasonable estimate of the Ba content of the parental magma, is labelled 0
(i.e. 0% crystallized) in Fig. 13. ’

By monitoring the degree of fractionation using Ba, Unit 1 olivine chemistry can be
correlated with 0-50% fractional crystallization of the assumed parental magma. An
additional 20% of fractional crystallization correlates with olivines of Unit 2. Olivine
chemistry can therefore be calibrated in terms of the percentage of the parental magma that
has crystallized. The covariation of olivine mineral chemistry with that of augite and also
with feldspar (Figs. 14A and 14B) implies that the composition of the main mineral phases
can be calibrated in terms of the degrees of crystallization of the parent magma.

Other bodies, such as Skaergaard and Kiglapait, have olivines with compositional ranges
comparable with those of the GAD. Coexisting augites, however, are distinctly more iron
rich in both of these complexes than those of the GAD (Fig. 15). The high Fe content of
Skaergaard olivines has been attributed to re-equilibration with an Fe-rich intercumulus

1l
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amounts. Each sample is labelled by its traverse number. Orthoclase analyses from evolved Unit 1 rocks were not used in computing feldspar
' ' averages. Cross indicates average +2.S.D. dispersion about sample averages. :
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F1G. 15. Comparison of olivine—calcic clinopyroxene compositions from the GAD with those of other gabbroic
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bodies. Some uncertainty results from differences in the way the En-number of calcic clinopyroxene was calculated.

In some studies Fe total was used, whereas in other cases, Fe2* was used. The resulting differences in En-number fall
~ within the 4+-2.8.D. spread of the data as given by the cross. :

liquid (Naslund, 1984), but this is considered unlikely during the evolution of the GAD
because such an Fe-rich intercumulus liquid would need to have (a) affected olivines to a
greater degree than augites, (b) had access to all parts of the dyke (both Unit 1 and 2), and (c)
caused greater iron enrichment towards the dyke interior.

The data in Fig. 14 can be attributed to variation in equilibrium temperatures. The Mg/Fe
distribution between coexisting olivine and augite can be used as a geothermometer (Powell

- & Powell, 1974), taking into account the uncertainties noted by Wood (1976) and Parsons

(1981). Preliminary isotherms were constructed using available experimental . and natural
data (Fig. 14). The 1200°C and 550 °C isotherms were constructed using Ol: Cpx equilibrium
data and the 800°C isotherm was defined using combined Opx:Cpx and Opx: Ol equilib-

rium data. On the basis of these isotherms it appears that the Unit 1 data fall between the

1200°C and 800°C isotherms and that Unit 2 samples equilibrated at a temperature below
800°C, perhaps as low as 550°C. Comparison with relevant liquidus and solidus temper-
atures from Hawaiian tholeiitic lavas (Carmichael et al.,- 1974) and the Klokken
Gabbro-Syenite Complex, southern Greenland (Parsons, 1981) suggests that thermal
equilibrium was attained late in the cooling history of Units 1 and 2. The GAD data in F ig.
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14 were based on average values from several olivine or augite grains spread over a few
centimetres. That compositional differences between grains often exceed the. variation
(zonation) within individual grains (Table 2)indicates that the patters in Fig. 14 is primarily
controlled by the temperature of crystallization and not by subsequent re-equilibration.

The Fe-Ti oxides provide yet another way of evaluating the cooling history of the GAD
magma. Oxygen fugacities and equilibrium temperatures were obtained for the GAD using
coexisting titanomagnetite and ilmenite compositions (Buddington & Lindsley, 1964;
Spencer & Lindsley, 1981) according to the method of Ghiorso & Sack (1991), using the
computer program supplied by M. S. Ghiorso. Analyses of composite grains of titanomagne-
tite and patches of ilmenite (probably produced by. subsolidus exsolution) from 10 samples
indicate a positive correlation between f,, and T, with an average temperature between 675
and 750°C and fp, of between 107 '7 and 107 '° bars. Unit 1 and 2 data separate to higher
and lower temperatures, respectively. The Fe-Ti oxide temperatures probably record
exsolution of ilmenite patches from originally homogeneous titanomagnetite grains. As
compositional equilibrium was reached among the Fe-Ti oxides it appears that f;, followed
the quartz—fayalite-magnetite (QFM) buffer curve considered typical of most terrestrial
basalts [Basaltic Volcanism Study Project (BVSP, 1981, pp. 371-5].

ORIGIN OF THE PARENTAL MAGMA

We have shown earlier that all parts of the dyke can be derived by liquid-crystal
fractionation from a common parental magma similar in composition to a chilled margin
sample from traverse 7. The mg-number [molar 100 x Mg/(Mg+ Fe)], and Mg, Nj, and Cr
contents of this parental magma (Table 3) are too low for the magma to have been in
equilibrium with mantle olivines (e.g., BVSP, 1981, pp. 409-32) and therefore the parental
magma cannot be considered a primary mantle melt.

Rocks of the GAD exhibit a small positive Eu anomaly superimposed on an otherwise
smooth, straight, and consistently light REE-enriched pattern (Fig. 16). The REE patterns
are sub-parallel, have a chondnte-normallzed (cn) stope (La/Yb),,, of 8:5+1-0 (2S.D.) and
the abundances vary by more than a factor of three. La,, ranges between 40 and 120 and
Yb,, between 5 and 15. If the parental magma was produced by mainly olivine fractionation
from the primary mantle magma (a model consistent with the low mg-number, Ni, and Cr
values) then the REE slope of the parental magma should match that of the primary melt
(Cox et al., 1979; Hanson, 1980). A light REE-enriched pattern (Fig. 16) is consistent with
low degrees (a few percent) of partial melting of a garnet lherzolite mantle with garnet left as
a residual phase (e.g., Gast, 1968), or partial meltmg of a metasomatized mantle (e.g., Nielson
& Noller, 1987).

The REE data from the GAD, including those from chilled margins and mini-dykes,
exhibit a slight positive Eu anomaly, ie., Eu/BEu*>1 (Fig. 16), a result that could be
explained by accumulation of the plagioclase phenocrysts observed in all chilled margin and
mini-dyke samples. However, the textural observations demonstrate that plagioclase
phenocrysts in at least one case must have grown in sity; a mini-dyke cutting Unit 1 rocks at
traverse 4 contains no plagioclase phenocrysts in the most chilled portion, but inwards from
the chill plagioclase phenocrysts appear and increase in both size and abundance as the
groundmass grain size increases. Phenocrysts which grew in situ cannot cause an Eu
anomaly.

Values for ‘excess’ plagioclase in the chilled samples can be calculated from the Eu
anomaly and compared with observed phenocryst abundances (Table 7). If the calculated
excess of plagioclase exceeds the observed abundance of plagioclase phenocrysts, then the
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suite of 53 samples. cn—chondrite-normalized. Inset shows the range of REE data. The average 2 S.D. analytical
uncertainty for La/Yb (cn) is 1 and for La (cn) is 5. Both Unit 1 and 2 data are plotted. (C) La vs. Eu anomaly
(Eu/Eu*). Eu* is Eu value interpolated from values of adjacent trivalent REEs. Inset shows range of REE data,

Unit 2 data are enclosed by a line. The average 2 S.D. analytical uncertainty for La is 1-5, and for Eu/Eu* is 0-1.
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observed Eu anomaly is at least partially characteristic of the magma and not due to
plagioclase accumulation. Using a reasonable range of values for K, of Eu and Eu* (Drake
& Weill, 1975; Cox et al., 1979), calculations show that at least 13 and perhaps 46 wt.%
plagioclase enrichment is implied by the range in the size of Eu anomaly in chilled margin
samples, an amount significantly larger than the observed abundance of plagioclase
phenocrysts, which is typically ~5+1 vol.%. The plagioclase also shows no evidence of
resorption. It can therefore be concluded that the positive Eu anomaly in chilled margin and
mini-dyke samples is not due to phenocryst accumulation' in situ, and is probably
characteristic of the parental magma. '

Spidergrams

Normalized - spidergrams from the GAD which i'epresent the .parental compositiori
(Fig. 6) are compared with reference spidergrams from mid-ocean ridge basalt (MORB),

~ ocean island basalt (OIB), crustally contaminated continental flood basalt (CFB), and island

arc basalt (IAB) (Fig. 17). OIB spidergrams (e.g, BVHO-1) as well as crustally un-
contaminated CFB spidergrams (not shown) have a similar concave downward pattern
(Thompson et al., 1984) and both can be considered within-plate basalts (WPBs). Thompson

1000
[~ ) B CFB (crustally
B - contaminated)
¥ IAB
u / A OB
, N '® MORB
100 = I I
— BCR-1 o {1}
" EPi-10 Y
_BHVO-1
0 E
MORB / _ ' ' ' ,
| S Y T T T O Y O O A O

Ba Th Nb La Sr: P Zr Eu Tb Yb
- Rb K Ta Ce Nd  Sm Hf Ti Y Lu

o FIG 17. Comparison of doubly normalized GAD spidergrams (Fig. 6) with those from varioﬁs settings (Thompson

et al., 1983). The vertically hatched data represent the 1 5.D. envelope of the doubly normalized data from the GAD.
The spidergram from each sample has been shifted up or down so that its Y value equals 15. BCR-1is a sample from
the Columbia River Plateau basalts and represents crustally contaminated continental flood basalts (CFB).BHVO-
1 is a basalt from Kilauea, Hawaii, and represents a typical ocean island basalt (OIB) pattern, and MORB is a
typical mid-ocean ridge basalt. EPI-10 is a typical island arc basalt (IAB) from the New Hebrides (Thompson et al.,
1984). BCR-1 and BHVO-1 are also international analytical standards. A smooth line (bold and unlabelled) is
drawn through the GAD data and has the concave downward shape typical of OIBs (Thompson et al., 1984).
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et al (1983) suggested that OIBs and CFBs originate from the same mantle reservoir

although CFBs can be contaminated during passage through continental crust. [Also, see
discussion of Duncan (1987) and Marsh (1987) on the trace element characteristics of CFBs.]
Crustally contaminated CFBs, such as BCR-1, typically exhibit an overall linear spidergram
which is enriched in Ba, Rb, Th, K, and the light REEs, but is unchanged or slightly depleted
in Nb, Ta, P, Zr, Hf, Ti, and Y relative to uncontaminated CFBs (Thompson et al., 1984).
Island arc basalts (e.g., EPI-10) have a distinctive Nb-Ta trough (Thompson et al., 1934),
whereas MORBs are characterized by a pattern of decreasing abundance towards the left
side of the spidergram. The GAD spidergrams have different shapes from those for
contaminated CFBs or MORBs. Rocks of the GAD have a slight Nb trough but no Ta
anomaly and are thus unlike IABs. The average spidergram from the GAD is most similar to
that of WPBs (i.e., OIBs and uncontaminated CFBs), a conclusion similar to that based on
various discriminant diagrams. Non-cumulate GAD samples plot in WPB fields on the
F1-F2-diagram based on major clements (Pearce, 1976), the log Zr vs. log Zr/Y diagram
(Pearce.& Norry, 1979), and the ternary Ti-Zr-Y diagram (Pearce & Cann, 1973). The
parental magma of the GAD must have been unusually rich in Ti, as many non-cumulate
samples also plot out of the defined fields on the ternary Ti—Zr-Y diagram towards the Ti
corner. High-Ti whole-rock: compositions are also consistent with the observation that
augites, biotites, and titanomagnetites from the GAD are all Ti-rich varieties (Ernst, 1989).

The conclusion that the GAD has chemistry appropriate to a ‘within-plate’ setting is
consistent with its location within the Superior Province of the Canadian Shield and its
inferred coeval relationship with the intracontinental Keweenawan rift volcanism of the
Lake Superior Basin. The fit of the GAD spidergrams to an'idealized OIB pattern (Fig. 17)is
only approximate. The positive Ba, K, P,and Euand negative Zr, Hf anomalies present in all
samples and the positive Ti and Sr anomalies in Unit 1 samples characterize the parental
magma. These anomalies may have been acquired by assimilation or fractionation during
magma migration through the lithosphere or may be inherited during partial melting of
anomalous mantle. A ‘

DISCUSSION
Regional variation in the depth of exposure

In Unit 2 rocks, the ratio of plagioclase to mafic minerals decreases from the southwest
end of the dyke towards the mid-length region. This statistically significant along-dyke
variation can be explained by an oblique exposure through a vertically zoned dyke, the more
dense mineral phases being concentrated at a deeper exposure level towards the southwest
(Ernst et al., 1987). Although the GAD remains unmetamorphosed along its entire length,
the regional variation in the host rock metamorphic grade is consistent with the shallowest
level of exposure being located at mid-length along the GAD (Ernst & Halls, 1983). Host
rocks from the mid-length region of the dyke do not exceed greenschist facies (Fraser et al.,
1978), whereas towards both the southwest and northeast ends of the dyke, the host rock
reaches lower amphibolite facies. The coincidence between the least metamorphosed
portions of the Archean rocks of the Abitibi belt and the proposed shallowest parts of the
GAD suggests that differential uplift of the Abitibi belt occurred after emplacement of the
GAD at 1141 Ma, perhaps in association with the Grenville orogeny.

Additional circumstantial support for this model is given by the geometry of the GAD. In
its mid-length region the GAD breaks up into en-echelon segments with a maximum offset
of ~1km (Ernst, 1991). En-echelon segmentation is expected to be more pronounced at
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reservorr ) shallower exposure levels (Pollard, 1987), and on this basis the GAD would have the
[Also, see shallowest level of exposure midway along its length. - o
‘?f CFBs.] The postulated variation in exposure level is gradual. Even if the cumulative change in
idergram \ depth. was 10km, this change in depth occurs over several hundred kilometres, and
7 depleted therefore, the average angle of tilting would only be a few degrees. This tilting will have had
al., 1984). an insignificant effect on the flow fabric direction as determined by anisotropy of magnetic
al.,, 1984), . susceptibility data (Ernst, 1990). ‘ ' '
ds the left ) ' - o | o
those for - - » -Genesis of Unit 2 magma
);;?1;{2 Although Units 1 and 2 were derived from the same parental magma, the crystallization
“based on r history of each unit 1s different. Unit 1 behaved as a closed system, such that fract_ional losses
'ds on the frqm the near-margin rocl.cs of Um:t 1 are balanced by mineral accumulation (ie., as
r diagram _ cumulates) within the .1nte.r10r- of Un.lt L. , _
'973) The _ " In contrast, the derivation of Unit 2 rocks frc?m .the parentgl magma 1Ce__qui1_res loss of
-cum'ula to f ‘ approx1mat‘ely hglf the magma volun}e by crystallization of plagioclase, olivine, titanomag-
ds the Ti netite, and ilmenite. The fractionate is not observed anywhere along the present exposure
res e - level of the GAD and must have been efficiently removed. Single crystals or crystal-laden
1t10nl tg at ) plumes may have ‘rained’ down the dyke-conduit, reaching depths below the present
nss;; tig 91)8 : exposure level (Shirley, 1987) and leaving behind an evolved ‘saddle’ [Fahrig (1985); see also
1d an dg'i ts ‘ %isc'uszsion by Kretz et al. (1985)] which corresponds to the magma which crystallized as
. . nit 2. ' ,
sFm of7t h.e ) Alternatively, Unit 2 may have been differentiated from the parent magma elsewhere and
H18 )is ' was injected into the GAD. Injection of Unit 2 can explain various features such as (1).the-
ssent inall sharp change in chemistry at the boundary between Units 1 and 2, (2) the gap in cooling
> parental times between Units 1 and 2 revealed by the paleomagnetic data (Ernst et al,, 1987; Ernst,
on d.urlng r 1989), and (3) the evidence that the parts of the dyke containing Unit 2 rocks are typically
nelting Of. wider than parts which contain only Unit 1.rocks. Possible locations for the Unit 2 magma _
: chamber are along, below, or above the present exposure level of the dyke. An along-dyke
} source can be ruled out because mapping or aeromagnetic data do not allow for any near-
surface chamber of any significant size. It is possible the magma chamber is located within
| the Keweenawan rift at the southwest end of the dyke; but if present it must be at depth
because the exposed Keweenawan rocks are younger (BVSP, 1981, p- 38). The possibility of
southwest ? a source at depth below the dyl.ce camfo.t be t?valuated directl.y, although any .chambcr is
long-dyke ‘ un.hkely to be loca-te.:d at depth in granitic regions, on the basis of acromagnetic data and
the more evidence that granitic p‘luto.ns.extend to depths of 10 km (Schwarz et al., 198f1). A chamber
;outhwes ‘ ) could l?e located at dept!l within greenstone belts. The possibility of an ove_rlymg chamber is
ire length, attractive. Many intrusions are funnel-shaped and narrow downwards into feeder dykes
‘hallowest (Petraske et al., 1978; McBirney, 1984, p.-188; Hall, 1987, p. 106). Examples are the

)83). Host y Jimberlana Intrusion (McClay & Campbell, 1976), the Muskox Intrusion (Smith et al.,
) ' 1967), and the Great Dyke of Zimbabwe (Podmore & Wilson, 1987). '

Elllsgsrte:o‘:lﬂ The synformal distribution of feldspar foliation (Fig 2) requires some downward
1orphosed movement of Unit 2 magma, cither downwards magma injection from an overlying

1tts of the }""" chamber, or simply a minor late-stage drop in magma level, compatible with all the models

ient of the for the onfgm of Uplt 2. o
>GAD. In | ‘. _ 'Magma flow direction recorded in Unit 1 rocks _
wum offset The chemical composition of Unit 1 rocks exhibits a slightly more evolved character

ounced at towards the hortheast end of the GAD, which may be attributed to side-wall fractionation
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(Irving, 1980) of Unit 1 magma moving along a sub-horizontal trajectory towards the
northeast, implying a magma source to the southwest of the dyke. A sub-horizontal
trajectory for magma injection is also supported by magnetic susceptlblhty anisotropy
measurements (Ernst et al., 1987; Ernst, 1990). A similar shallow trajectory of magma
emplacement has been determined for other dyke swarms. In particular, various lines of
evidence including geochemical, textural, anisotropy of magnetic susceptibility, and seismic
studies have demonstrated that although the flow direction of dykes can be highly variable,
it is often sub-horizontal (e.g., Baer & Reches, 1987; Sigurdsson, 1987; Smith, 1987, -
Greenough et al., 1988; Knight & Walker, 1988; Macdonald et al., 1988; Greenough &
Hodych, 1990). Theoretical work by Delaney (1987) and Lister & Kerr (1990) also
demonstrated the feasibility of lateral mafic magma transport over substantial distances.

Relationship to the regional geology

To the southwest of the GAD (Fig. 1), the Lake Superior basin hbsts a thick accumulation ’
of Keweenawan mafic volcanic rocks and dykes with ages ranging between 1110 and
1085 Ma (Davis & Sutcliffe, 1985; Palmer & Davis, 1987; Davis & Paces, 1990). These
Keweenawan rocks are ~ 30 Ma younger in age than the GAD, but are probably related to
the same magmatic event. There are similarities between the chemical composition of the
GAD and Keweenawan volcanics; both tend to be Al rich, have small positive Eu
anomalies and light REE-enriched patterns, suggesting that the magma source for the GAD
was within the Keweenawan rift at the southwest end of the dyke. Some dykes of the Abitibi )
swarm (particularly the Kipling and the GAD) fam over a narrow arc away from the Superior
basin (Fig. 1), suggesting that the dykes matk a ‘failed’ arm associated with Keweenawan
rifting (Burke & Dewey, 1973; Condie et al., 1987; Fahrig, 1987). :

At the northeastern end of the GAD, dykes of the Abitibi swarm fan out from a bulge in
the Grenville Front that separates the Superior and Grenville Provinces (Ranalli & Ernst,
1986). The Grenville Front, northeast of this bulge, is associated with a prominent negative
gravity anomaly. The gravity anomaly may be due to crustal thickening during com- )
pression, and it is possible to conistruct the stress trajectories within the Superior Province
resulting from boundary loads associated with the Grenvillian Orogeny. The strike of the
GAD and related dykes east of the Kapuskasing Structural Zone (KSZ) is everywhere
normal to the direction of minimum compression (Ranalli & Ernst, 1986). The age of the
GAD (1141 Ma; Krogh et al., 1987) roughly coincides with a compressive phase of the
Grenvillian Orogeny (e.g., Gibb et al., 1983; Easton, 1986; Windley, 1986), suggesting that
the GAD and related dykes were emplaced: in response to a stress field associated with )
Grenvillian orogenesis.

The KSZ cuts across the Superior Province between Lake Superior and James Bay
(Fig. 1), and marks a break along which east-verging thrusting occurred in the early
Proterozoic (Percival & McGrath, 1986). The GAD is collinear with the southern boundary )
of the Kapuskasing Structural Zone, suggesting that emplacement of the GAD magma at
1141 Ma may have taken advantage of a pre-existing zone of weakness colhnear with the
southern boundary fault of the KSZ. }

We propose that at 1141 Ma, upwelling asthenosphere began to impinge on the
lithosphere in the Lake Superior region. The earliest effect of the upwelling was emplace-
ment of the Abitibi dyke swarm, which by 1109-1085 Ma was fully expressed as the
Keweenawan rift [isotopic evidence consistent with the upwelling model was presented by
Paces & Bell (1989)]. The location of the Abitibi dykes east of the KSZ was also influenced
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by @ Grenv1lle compression and (2) a pre-existing zone of the weakness along the extension

of the southern boundary zone of the KSZ.

Relatlon to Gardar Provznce rocks

The GAD is strikingly 51m11ar in age, chemistry, and mineralogy to two of the glant dyke
complexes of the Gardar Province of southern Greenland. The GAD can be matched to the
gabbroic phases of both the Tugtutoq Older Giant Dyke Complex and Tugtutoq Younger
Giant Dyke Complex, both emplaced at ~ 1150 Ma (Upton, 1987; Upton & Emeleus, 1987).
The parental magma of these giant dykes represented by chilled margins was an anhydrous
olivine basalt of transitional character with high Ti, P, and Ba features considered to have
been inherited from a primary magma which was derived from the mantle by small degrees
of partial melting involving significant amounts of fluorapatite and phlogopite. Given the
compositional similarity with the GAD, a similar environment of mantle part1a1 melting
could be attributed to the GAD. In a reassembled Laurentia, the GAD is ‘also roughly
collinear with these Gardar Province dykes, providing. a combined length of >2000 km.

CONCLUSIONS

The Great Ab1t1b1 Dyke (GAD) consists of two texturally and compositionally distinct
units which may represent separate magma pulses. Unit 1 was emplaced first (probably.as a
series of multiple intrusions) and in turn was intruded by Unit 2. Unit 2 is characterized by a
feldspar lamination that defines a synformal pattern with axis aligned parallel to the dyke
plane and sub-horizontal plunge. Field observatlons reveal that the dyke generally has a
near-vertical dip.

Unit 1 olivine gabbros contain plagioclase of composition Angg_;50r,_;0, olivine of
Fogo-30, and augite of En,s_ss. Most' Unit 2 samples, on the other hand, contam olivine of
composition Foys_,9, augite of Engo_,5, and feldspar of Angg-oOrs—_go.

Modelling of the chemical data using. Pearce element ratio analysis suggests that the
Great Abitibi Dyke has a relatively simple history of evolition. All parts of the dyke could
have been derived by fractional crystallization of mainly plagioclase and olivine (and augite

“in Unit 2 rocks) from the same parent magma corresponding to chilled-margin chemistry.

Near-margint samples of Unit 1 become slightly more enriched in the incompatible elements

- towards the northeast end of the dyke and Unit 2 rocks become more plagioclase rich and

olivine and augite poor towards the northeast end of Unit 2. The model most consistent with
these data involves a magma source underlying the Keweenawan rift and emplacement of
the parental magma along a sub-horizontal trajectory towards the northeast. Unit 1 rocks

_ represent a range of 0-50% fractional crystallization of the parental magma. Unit 2 is more

evolved and was derived from the parental magma either in situ through settling of crystals
to deeper patts of the dyke or- by differentiation in an external chamber and subsequent
emplacement into the dyke. Longitudinal variation in Unit 2 chemistry may reflect a varied
exposure level. Asymmetrical variation in the bulk composition of Unit 2 and possibly 1b

rocks at traverse 7 is attributed to magma crystallization in an off-vertical dyke conduit.

Trace and major element discriminant diagrams as well as incompatible element
spidergrams reveal that the magma-type of the GAD is a within-plate basalt (WPB) and that
the parental magma is enriched in Ba, K, P, Sr, Eu, and T}, and depleted inZrand Hf relative
to a typical OIB.
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The Great Abitibi Dyke was emplaced at 1141 Ma (Krogh et al., 1987), which is similar in
age to Keweenawan igneous activity, the compressive phase of the Grenville Orogeny, the
intrusion of carbonatites in the vicinity of the KSZ, and emplacement of the Tugtutog
Younger and Older Giant Dyke Complexes in the Gardar Province of southern Greenland.
The GAD was probably emplaced as a consequence of asthenospheric upwelling associated
with the Keweenawan rift, fracturing caused by Grenville compression, and weaknesses
associated with the extension of the southern boundary fault of the KSZ.
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