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CYCLIC GROWTH IN ATLANTIC REGION CONTINENTAL CRUST; A.M. Goodwin, Department
of Geology, University of Toronto, Toronto, Canada M5S 1A1
The four continents of the Atlantic region -- Europe, North America with
Greenland, South America, and Africa with Arabi a and Madagascar -- contain
large Precambrain platforms which, together with adjoining Phanerozoic mobile
belts, give evidence of cyclic continental growth, involving regular ca. 400
Ma-long cycles.
Precambrain continental platforms comprise both exposed shields and
buried basement.
Recently compiled maps serve to provide the areal
proportions by eon and era of exposed and buried rocks in the Precambrian
platforms of the Atlantic region (Table 1).
Because the basis of
classification is radiometric dating, rocks assigned to an era include both
Thus areal
newly formed rocks and reworked (metamorphosed) older crust.
proportions by era reflect accumulated orogenic hi story, the younger eras
gaining at the expense of the older. In fact significant survival of older
crust e.g. Archean (14%) and Early Proterozoic (22%), requires enduring
cratonization during continental growth, attributable to deep sub-shield
tectospheric roots (1).
The proportions by era (and eon) (A,B,C,D in Table 1) of exposed
Precambrian crust only in the combined continents of the Atlantic region are
roughly equal with A (33%) being the highest and B (21%) the lowest.
Considered by continent, divisions C and D are significantly high in North
America, B in South America, and A in Africa; A and B are unusually low
respectively in North America and Africa.
However, considering entire
platforms (exposed & buried Precambrian crust) the youngest era (A)
predominates as expressed in D:C:B:A = 1 : 1.6 : 1.3 : 3.3. Geologically
this expresses 1) widespread· Pan-African influence in Africa and South
America, and 2) the presence of large Late Proterozoic-Phanerozoic-filled
basins in Europe (Moscow Syneclise) and Africa (Taoudeni and Congo).
Considering relative sizes by continent of Precambrian platforms and
adjoining Phanerozoic mobile belts (Table 2), the European platform is the
smallest and the African platform the largest (x3.7). Phanerozoic belts of
Europe (Hercynides-Caledonides-Alpides) are the largest, and of Africa
(Cape-Mauritanides-Atlas) the smallest. In all continents except Europe the
Precambrian plat form is substantially 1arger than the adjoining Phanerozoic
mobile belts. The combined continental crust by continent is, in increasing
order of size, South America, Europe, Africa, North America.
Thus each
continent is an aggregate of partly covered interior Precambrian platform of
designated composition and peripheral Phanerozoic mobile belts.
Gastil (2) established that abundant global igneous and metamorphic
dates, corresponding to periods of orogeny, are about 210 Ma in length, and
alternate with like periods of mineral date scarcity (tectonic quiessence)
for a mean 417 Ma-long cyclic distribution pattern extending back to 2600
Ma. This pattern corresponds to long cycles in Earth•s orogenic history, the
peaks in the number of radiometric ages coresponding to terminal events of
the major crustal processes.
Post-1960 dating, extending back to 3.8 Ga,
supports the validity of Gastil •s main peaks of mineral dates marking global
orogenies and accelerated crustal growth.
The main culminations occur
approximately at 2.6, 1.8, 1.0 and 0.6 Ga, which respectivly demarcate
Archean eon (D), and Early-(C), Mid-(B) , and Late-Proterozoic (A) eras;
others are dated at 3.5, 3.0 and 2.2 Ga. In close accord, Cahen et al. (3)
select the following dates as chronological milestones in the evolution of
Africa, the continent with the largest Precambrian platform (Table 2), each
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date marking the approximate age of comparatively widespread events: 3.5,
2.9, 2.5, 2.1, 1.75, 1.1 and 0.57 Ga.
Culminations of the same crustal processes are also reflected in the
post-Archean paleomagnetic record by 11 hairpin 11 turns which mark sudden
reversals in the sense of polar motion of continental plates (4). Worsley et
al. (5) summarize a 11 non-random 11 crustal model to account for long-term
tectonic cyclicity. Plate motion is attributed, accordingly, to a thermal
instability mechanism ( 6) resulting from the repeated assembly of
supercontinents (Pangea) that never completely disperse. A pattern of plate
tectonic cycles, each cycle of about 400 Ma duration, is recognized back to
2000 Ma.
The popular 11 random 11 plate motion model (7), however, advocates
that Mesozoic Pangea represents assemblage of continental fragments dispersed
from a still-earlier supercontinent centred on the Pacific Ocean, and now
marked by the central Pacific residual geoid high. Le Pichon and Huchon (8)
in turn, interpret evidence pertaining to the geoid and supercontinent in
terms of a weak coupling of a separate steady-state lower mantle, which is
responsible for the present geoid, to upper mantle convection leading to
hemispheric continental configuration (Pangea) which ends when excessive
heating of the upper mantle due to the insulating continental cap leads to
continental dispersal, the complete cycle from one supercontinent to the next
being in the order of 400 Ma.
Thus whatever model is used, the evidence
points to regular cyclicity in the evolution of continental crust.
Specifically, taken together with the ongoing plate cycle (since 0.2 Ga), the
data on Atlantic region crust provide for a regular cyclic pattern of about
400 Ma duration, a pattern involving 8 cycles back to 3.0 Ga.
The Atlantic region of the collective Europe-Americas-African plates has
experienced repeated horizontal crustal oscillations. Including the modern
Atlantic opening, at least 3 (to 1.0 Ga) and possibly 4 (to 1.4 Ga) coherent
Wilson cycles have been tracked, each involving early divergence with
supracrustal accumulation fo 11 owed by convergence and orogeny over about 400
Ma.
For the most part these particular cycles are readily interpreted in
terms of modern plate tectonic processes i nvo 1vi ng ocean floor consumption
However, whereas certain
with active and passive continental margins.
intercontinental Pan-African belts, e.g. Pharusides, do likewise carry Wilson
cycle signature, others, e.g. Damara-Katanga, Ribeira, Paraguay, are
apparently ensialic in origin and suggest a different tectonic origin.
Mid-Proterozoic (B) crust (cycles 4,5) is characterized by widespread
anorogenic magmatism, aborted rifts and aulacogens together with major mobile
belts
(Grenville,
Rondonian),
some apparently ensialic
(Kibarides,
Espinhaco). Paleomagnetic data suggests a single stable supercontinent (9).
The nature of the operating plate tectonic processes is highly controversial
and uncertain. Early Proterozoic (C) crust (cycles 6,7) features numerous,
commonly asymmetric fold belts which appear, more often than not, to be
superposed on an ensialic basement. Some belts, however, e.g. Coronation,
closely resemble Phanerozoic equivalents.
Still others, e.g. Birrimian,
contain Archean-type greenstone belts. Most belts are severely deformed as a
result of low-angle foreland transport. This tectonic mobility is frequently
followed by intensive and repeated granitoid intrusion, commonly with
ring-structures, generally high-level, often alkaline, and linked to lava
extrusion, all conducive to cratonization. Finally Archean (D) crust (cycle
8+) contains the well known low-to-medium grade granitoid-greenstone belts
and higher grade gneiss-migmatite terrains, commonly granulitic. Up to three
generations of greenstone belts are known in some regions.
Numerous
accretion-differentiation episodes occurred locally in near-continuous
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succession.
Widespread tonalite plutonism led to rapid growth of stable
cratons.
In keeping with its antiquity and uniqueness the nature of the
formative plate tectonic processes is largely unresolved.
.
In brief, Atlantic region continental crust evolved in successive stages
under the influence of regular, ca. 400 Ma-long tectonic cycles. Data point
to a variety of operative tectonic processes ranging from widespread ocean
floor consumption {Wilson cycle) to entirely ensialic (Ampferer-style
subduction or simple crustal attenuation-compression). Different processes
may have operated concurrently in some or different belts. Resolving this
remains the major challenge.
Table 1.

Areal Proportions by Era of Exposed and Buried Precambrian Crust in
Precambrain Platforms, Atlantic Region.
Precambrian Era and Eon ( %)

Precambrian Platform (1Q3km2)

Proterozoic Era
A. Late
(0.61. 0 Ga)

B. Mid(1.01. 8 Ga)

C. Early D. Archean
Eon
(1. 82.6 Ga)
(+2.6 Ga)

I Exposed Crust Only in Platform
Europe (1,595)

35

17

28

20

North America (5,969)

10

23

37

30

South America (5,366)

33

36

15

16

Africa (10,684)

54

8

18

20

Total Atlantic Region (23,614)

36

19

23

22

II Combined Crust (exposed + buried) in Platform
Europe (7,572)

45

11

20

24

North America (19,470)

4

30

49

17

South America (12,969)

48

28

17

7

Africa (28,381)

75

6

7

12

Total Atlantic Region (68,392)

46

18

22

14
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Table 2.

Relative Sizes by Continent of 1) Precambrian platforms 2)
adjoining Phanerozoic mobile belts, and 3) combined continental
crust.

Continent

Precambrian
Platform
Size
(103Km2)

Europe
North America
South America
Africa
Total

7,572
19,470
12,969
28,381
68,392

Ratio
1
2.6
1.7
3.7
9.0

Phanerozoic
Mobile Belts
Size
(103Km2)
15,846
13,122
4,152
1,396
34,516

Combined
Continental Crust

Ratio
1
0.8
0.3
0.1
2.2

Size
( 103Km2)
23,418
32,592
17,121
29,777
102,908

Ratio
1
1.4
0.7
1.3
4.4
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PETROGENESIS OF CALCIC PLAGIOCLASE MEGACRYSTS IN ARCHEAN ROCKS;
W. C. Phinney, D. A. Morrison, SN4/NASA Johnson Space Center, Houston, TX
77058 and D. E. Maczuga, LEMSCO, 2400 NASA Road 1, Houston, TX 77058.
Anorthositic c001plexes with large (up to 20 em across) equidimensional
plagioclase grains of highly calcic composition (An80-90) occur in nearly all
Archean cratons. Simi 1ar pl agi ocl ase occurs as megacrysts in many Archean
sills, dikes, and volcanic flows. In the Canadian Shield these units occur
throughout the Archean portions of the entire sh~eld and are particularly
common as dikes over an area of a few 100,000 km in Ontario and Manitoba
during a period of at least 100 my (between 2.6 and 2.8 by) in many different
rock types and metamorphic grades.
In Ontario megacrysts occur in the
Matachewan dikes (1) which intrude tonalitic gneisses, greenstones, and
granites. In Manitoba low grade greenstone belts that contain anorthosites
can be traced into equivalent units in high grade granulite terrain that
contains similar anorthosite (2). In addition, large inclusions of anorthosites of potentially Archean age occur in younger Precambrian intrusions of
northeastern Minnesota and central Wisconsin (3). In summary, these occurrences indicate a collTTlon, widespread, long-term igneous process in the
Archean at crustal to sub-crustal levels.
Because the anorthositic complexes are clearly crystal segregations and
the megacrysts in the sills, dikes, and flows are generally not in equilibrium with their matrices, the nature of the melt from which the calcic
plagioclase formed has remained elusive. Attempts to determine the melt composition through REE distribution coefficients are hindered by the fact that
REE concentrations, especially the heavy REE, are quite low in plagioclase
and may be significantly enriched (see Fig. 1) by alteration, contamination,
and recrystallization, all of which are common in Archean anorthosites. For
the very few megacrysts that appear relatively fresh and from attempts to
subtract contaminants or alteration from suites of plagioclase, the most
recent REE distribution coefficients for plagioclase-basalt equilibrium
indicate a parent melt with a somewhat light depleted REE pattern at about
10-20X chondrites, similar to the range of REE patterns of the less fractionated tholeiites in Archean greenstone belts. In essentially all intrusive
anorthositic complexes the original mafic material has been completely, or
almost c001pletely, recrystallized generally to amphiboles or mixtures of
amphibole and chlorite thereby eliminating any opportunity to use distribution coefficients with any mineral other than plagioclase.
The plagioclase generally occurs in three modes: as inclusions in mafic
intrusions at various stages of fractionation (4), as crystal segregations in
anorthosite complexes (5), or as megacrysts in fractionated sills, dikes, and
flows (6). Most occurrences suggest that the plagioclase was formed elsewhere before being transported to its present location. Generally, the large
plagioclase grains are quite uniform in composition at An80 to An85, although
individual grains may differ in a single thin section. However, in many
dikes, sills, and flows there are many grains with very thin rims of a much
lower An content approaching that of the matrix plagioclase (see Table 1).
This relationship holds regardless of the grain size of the matrix whether it
be very fine-grained basalt or medium-grained gabbro. In the Bird River area
of SE Manitoba An85 megacrysts occur in matrices that are coarse-grained and
contain homogeneous plagioclase that may be An35 in one unit and An85 in
another. In a few of the occurrences, however, the bulk of the large plagioclase grains may be homogeneous at An80 to An85 but their outer rims are complexly zoned. In the Bird River area there are discrete steps in the zoning
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of these outer rims with the steps being at An 73-75, An55-57, An38-40, and
An23-25. The number and sequence of steps varies from grain to grain, even
between adjacent grains, thereby suggesting a complex set of infusions of
interstitial melt or significant stepwise changes in fugacities of volatiles.
The evidence seems to be quite clear that occurrences of these types of
calcic plagioclases require:
1) pending of a relatively undifferentiated
Archean tholeiitic melt at some depth, 2) isothermal crystallization of
large, equidimensional homogeneous plagioclase crystals, 3} separation of the
plagioclase crystals from any other crystalline phases, 4} further fractionation of melt, 5} transport of various combinations of individual plagioclase
crystals and clusters of crystals by variously fractionated melts, and 6)
It is quite
emplacement as various types of igneous intrusions or flows.
possible that intrusions of this type could deposit their plagioclase crystals as anorthosite while most of the melt continues to shallower or surface
levels or, alternatively, the melt could crystallize as gabbros amongst the
previously formed plagioclase to form an anorthositic complex.
The major remaining question is the location of plagioclase crystal
formation when the melt is first ponded.
The most likely location for
ponding is at a density barrier that could trap rising melts in a stratified
density sequence. Such possible density barriers could occur at the crustmantle boundary or at changes in metamorphic mineral assemblages in the lower
crust.
As the ponded melt cools and crystallizes, the high density mafic
phases would sink to become parts of the uppermost mantle or lower crust and
the lower density plagioclase, being less dense than essentially all mafic
melts at these depths, would float or remaian in suspension in the melt. As
the melt density decreased during differentiation, or fractures developed
from tensional stresses during doming, rifting, or other tectonic processes,
the melts would rise with entrained plagioclase as crysts, clots, or anorthosite fragments to form flows, sills, or dikes containing megacrysts, complexes of anorthositic rocks, or inclusions of anorthosite.
References
(1) Ernst, R. E. (1982) Ontario Geol. Surv. Misc. Pap. 106, p. 53-56.
( 2) Hubregtse, J. J. M. W. (1980) Manitoba Geol. Surv. Geol. Pap. GP 80-3,
p. 1-15.
(3) Morrison, D. A. et al. (1983) Geol. Soc. Amer. Bull., 94, p. 206-221.
( 4) Phinney, W. C. et al. (1983) Lunar and Planetary Sci. XIV, p. 606-607.
( 5) Ashwal, et al. (1983} Contrib. Mineral. Petrol., 82, p. 259-273.
( 6) Green, N. L. (1975) Can. Jour. Earth Sci., 12, p. 1770-1784.
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Figure 1. REE patterns for plagioclase
megacrysts from flows and sills at Utik
Lake, Manitoba.
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SOME EXAMPLES OF DEEP STRUCTURE OF THE ARCHEAN FROM GEOPHYSICS;
S.B. Smithson, R.A. Johnson and W.R. Pierson, Department of Geology and
Geophysics, Program for Crustal Studies, University of Wyoming, Laramie,
Wyoming 82071
The development of Archean crust remains as one of the significant
problems in earth science, and a major unknown concerning Archean terrains
is the nature of the deep crust. The character of crust beneath granulite
terrains is especially fascinating because granulites are generally
interpreted to represent a deep crustal section.
Some of the oldest Archean crust in North America is found in the
Precambrian of Minnesota, which has dates of 3.6-3.8 b.y. (1). Here the
ancient Minnesota Valley gneiss terrain is bounded on the north by the Great
Lakes tectonic zone (2) and a series of late Archean greenstone belts. The
Great Lakes tectonic zone was presumed to be a steeply dipping Archean
border but COCORP crustal reflection data (3,4) shows a gently dipping
reflection beneatn the zone. Because some of the best crustal reflectors
may be fault zones along which mylonites have formed within the ductile
regime (5,6), the reflection could be caused by a mylonitic thrust fault.
It could equally well be interpreted as a mylonitic listric normal fault,
especially since younger rocks lie on older across the fault. However, the
indication of a major recumbent fold above the fault reflection (4) suggests
that this event is coming from a thrust fault; mylonitization along the
fault zone is the postulated cause of the strong, multicyclic-reflection
(6). Magnetic data from this area can be best modeled with a magnetized
wedge of older Archean rocks (granulitic gneisses) underlying the younger
Archean greenstone terrain (Fig. 1). The dip of the boundary based on
magnetic modeling is the same as the dip of the postulated thrust-fault
reflection. Thus several lines of evidence indicate that the younger
Archean greenstone belt terrain is thrust above the ancient Minnesota Valley
gneiss terrain, presumably as the greenstone belt was accreted to the gneiss
terrain, so that the dipping reflection represents a suture zone. This
dipping reflection, however, with a thickness of about 1-2 km, seems
remarkably simple to represent an Archean suture. Its apparent simplicity
may just be a function of resolution in the seismic survey and the postulated suture may be more geologically extensive and broader.
Other dipping events beneath the greenstone terrain may also be reflections from thrusts. Thus by at least late Archean time, a horizontal tectonic regime was dominant. This may reflect the operation of
plate-tectonics mechanisms, and if greenstone belts are formed around island
arcs, then their presence is more evidence for early plate tectonics.
Seismic data from underneath the granulite-facies Minnesota gneiss
terrain shows abundant reflections between 3 and 6 s, or about 9 to 20 km.
These are arcuate or dipping multicyclic events indicative of layering.
Flat events continue to 10 s or more than 30 km. The gneisses consist of
granodioritic to tonalitic gneisses with mafic layers or schlieren and garnets (7). Foliation in the gneiss generally dips moderately. Although the
layered sequences underlying the gneiss could be mylonites their arcuate
geometry and general geologic setting suggest that these events are caused
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by layered gneisses that could represent a supracrustal sequence (although
with transposed layering). This indicates that no mafic residuum from anatexis closely underlies the gneiss unless it is highly heterogeneous. The
significance of layering may rather be to indicate a large-scale migmatite
terrain. This reflection data furnishes important information concerning
what underlies a granulite terrain. The rocks appear to be a heterogeneous,
layered, deformed sequence of rocks with moderately dipping foliation.
Seismic data is available from two areas within the Archean Wyoming
province, the Wind River Mountains which are comprised of some of the oldest
rocks of the Wyoming province, and the Laramie Range. The COCORP Wind River
lines that imaged the Laramide Wind River thrust fault crossed the flank of
a greenstone belt at South Pass (8). Except for one strong event at 2.5 s,
the seismic section does not show many reflections from the upper crust.
This is somewhat surprising because of the different velocity contrasts
expected from within the greenstone belt rocks; however, the explanation for
this might be the steep dips that are present near the surface.
The crust beneath the Wind River Mountains produces discontinuous but
strong reflections all through the crust and complex arcuate events at 8 s
on line lA (10). Interpretation of these events on the basis of fold structures exposed up-plunge in the hanging-wall block of the Wind River uplift
suggests that the deep crust is not significantly different from the folded
high grade metamorphic rocks intruded by granites exposed in the core of the
range. Furthermore, Smithson et al. (1980) suggest that a crustal thickness
of 35-40 km was attained by 3 b.y. based on the interpretation of complex
fold structure. Constraints on deep crustal development may best be determined from the reflection data.
A Proterozoic suture zone in southeastern Wyoming marks the border between the Archean Wyoming province (which includes the basement rocks of the
Wind River Mountains) and 1.7 b.y. crust to the south (10). The suture zone
consists of a steeply dipping mylonite zone from 1 to 7 km wide (10). This
area has been the site of extensive geophysical studies including acquisition of seismic reflection and gravity data by the University of Wyoming
(11,12) and COCORP seismic lines (13). These data have provided constraints
on the interpretation of surficial geological features as well as deep
crustal structure. Most of the seismc data comes from the Proterozoic
terrain south of the suture zone. Gravity interpretation indicated that
charnockitic syenite associated with the Laramie anorthosite complex was
underlain at several kilometers depth by mafic rock (14), and later seismic
work showed refractions coming from a high-velocity (mafic) zone. Both
seismic reflection interpretation (11,13) and gravity interpretation suggest
that the Laramie anorthosite itself is about 6 km thick. Reflections from
depths of 4 to 18 km are found beneath the vast 1.4 b.y. Sherman granite and
indicate the presence of heterogeneities that could represent features such
as xenoliths or the base (or far below the base) of the batholith (11).
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Many ambiguities still exist in the interpretation of deep crustal
reflections. Complexities are illustrated by a zone of reflections
resembling an unconformity on COCORP line 5. When this data is migrated to
move dipping events into proper geometric position, the reflections then
form the shape of a dipping saucer. This could come from a layered mafic
intrusion (15), and modeling, which is generally the only check on a deep
crustal reflection interpretation, indicates that this is a plausible
conclusion (16, Fig. 4, p. 96).
The shear zone marking the Proterozoic suture may have been detected by
the COCORP reflection survey which suggests that it dips about 50° southeast
(13). Although Moho depths were picked from the COCORP data, the seismic
data are highly ambiguous and unreliable on this question. Gravity data,
however, indicates a change in crustal structure across the
Archean-Proterozoic suture (12). The gravity field decreases to the
southeast at the suture zone (Fig. 2) and the interpretation of this observation is that the crust thickens to the south and/or crustal density
decreases to the south (12). Because of Laramide effects, some longwavelength thickening of the crust occurs to the south, but an abrupt change
in crustal thickness or change in crustal density or both occurs at the
boundary and has apparently persisted since middle Proterozoic time (12).
The southern Proterozoic province is believed to consist of deeply eroded
roots of a migrating chain of island arcs and a continental margin that
evolved from an Early Proterozoic Atlantic-type passive margin to a convergent margin in the Middle Proterozoic with the accretion of island arc
terrains (10). This is somewhat similar to the early Paleozoic history of
the Appalachians.
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Figure 1. Interpretation of seismic sections showing structural
relationships between different terrains in Minnesota Archean
separated by a mylonitic thrust zone.
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Figure 2. Gravity profiles (A) over Proterozoic suture (Cheyenne
belt) in southeastern Wyoming. Profiles are from three different
areas and show a general decrease in gravity across the Cheyenne
belt. Gravity model B explains the decrease in gravity solely on
the basis of a change in crustal thickness and gravity model C combines a change in crustal density with a small change in crustal
thickness as an alternative interpretation (After Johnson et al.,
1984).
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VARYING ROCK RESPONSES AS AN INDICATOR OF CHANGES IN CO - H o
2
FLUID COMPOSITION; C.R.L. Friend, Dept. of Geology & Physical Sctences,
Oxford Polytechnic, Headington, Oxon. OX3 OBP. U.K.
The formation of the late Archaean charnockite zone of southern
India has been ascribed to dehydration recrystallisation due to an influx
of co (1 2). PT conditions for the metamorphism have been calculated at
2
about 750 3C and 7.5 Kbar. The composition of the volatile species
presently contained in fluid inclusions in the rocks changes across the
transition zone. They are co dominated in the granulite facies and H o2
2
rich in amphibolite facies rocks. Additionally they demonstrate a
decrease in pressure northwards away from the granulite facies (3). At
the time of charnockite formation it has been estimated that activity of
water was less than 0.35 (3). The charnockite is superimposed across an
anactectic granite, the Closepet granite, but in places sheets of granite
cut the charnockite (4). This led to the hypothesis that the two events
were contemporaneous and that anatexis had occurred as a result of the
increase in water activity in front of the influx of co (5).
2
A study of the transitional zone was carried out at Kabbaldurga
(Fig. 1) and it was recognised that the paths taken by the fluids could
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Fig. 1. Location of Kabbaldurga (K) and the charnockite zone (stipple).
White
gneiss; black~ Sargur supracrustal rocks; paired dots=
Dharwar Super group.
E
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be identified (6). In the charnockite terrain to the south, fluid
migration appears to have been pervasive (cf. 7), the rocks having
completely inverted to granulite facies assemblages (3), though some
areas have been subjected to Proterozoic retrogression. However, at the
transition zone it is clear that co migration was, at least initially,
2
channelled (cf 7). The channels are picked out as brownish hypersthenebearing veins superimposed over the structure of grey amphlbolite facies
gneisses and pinkish granites (2,4,5). This channelled migration was
controlled either by the fabric of the rocks, foliation surfaces and
lithological layering, or by structural features. Development along
shear zones is common and a rectilinear network of veins, often oblique
to the fabric of the rocks suggests that active stress patterns were
controlling fluid movements along microfractures.
It was reasoned that since there is evidence of the movement of co ,
2
as a result of dehydration effects upon the rocks, it may be possible to
find a sequence of change laterally along a pathway (6). It is evident
that the charnockite veins die out laterally (2,5) and by looking at the
detailed structure of the veins a complete progression was recorded (6).
Briefly this sequence passes from completely recrystallized charnockite
into incipient charnockite, where there is occasionally, relics of the
original structure, and then into a pathway along which only minor
modification of the texture has taken place before passing into a
reddened vein in the country rock. In this latter portion of the pathway
it was concluded that the release of water by dehydration reactions had
so modified the composition of the invading fluid that it was no longer
capable of causing hydrates to breakdown, the reddening simply reflecting
the passage of fluid.
The ingress of co is considered to have taken place into what
2
initially was a closed system so that water flushed out from lower levels
accumulated in front of the co advance and locally may have become
2 melting to occur in the amphibolite
ponded (8) causing local partial
facies rocks. Subsequently channelled CO created the network of
charnockitic veins superimposed over the ~ounty rock fabric and structure
(fig 2), which includes local zones of anatexis. Lateral change along
the veins is explained by inhomogeneity in the fluid composition in the
rock which locally may have had the ability to buffer the incoming fluids
whilst elsewhere the system was flooded (cf 7).
At Kabbaldurga the passage of fluids may be attributed to channelled
flow. However, important information may be gained which may help in
understanding the flow regime in the totally inverted granulite facies
rocks to the south where they appear to have suffered pervasive flow. In
certain parts of Kabbaldurga quarry there are areas of totally inverted
charnockite around which are arranged network arrays of charnockite veins
(fig 2). In these areas the decrease in intensity of charnockite
formation along the length of the pathway is evident over several metres.
Between the veins cells of amphibolite facies rocks remain which decrease
in size towards the area of charnockite (fig 2). In the areas of solid
charnockite it would appear that pervasive flow of co has occurred.
2
However, the evidence from the networks would suggest that two separate
processes are going on. co has free access along the channels which are
2
structurally held open, and the mafic phases are dehydrated to
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Fig. 2. Schematic plan of a segment of a charnockite area and
surrounding network of veins (black), showing cells of amphibolite facies
countryrock remaining (dashes = gneiss; crosses = granite). Scale bar =
1m.

orthopyroxene + a new biotite. The dehydration of the cells would appear
to be a process which is controlled on a local scale by the rate of
breakdown of hydrates along the walls of the main CO channel. Clearly a
H2 0 is low in the channel, thus a gradient exists between the channel and
tfie cell, where~ H o is high. It is thus possible that fluid flow in
2
the charnockites to the south was also channelled and not necessarily
pervasive.
1) Janardhan, A.S., Newton, R.C. & Smith, J.V. 1979.
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A MODEL FOR THE BIOLOGICAL PRECIPITATION OF PRECAMBRIAN
IRON-FORMATION; Gene L. LaBerge, Geology Department, University of Wisconsin
Oshkosh, Oshkosh, WI 54901
As the major chemical sedimentary rock formed in the Archean and Early
Proterozoic, iron-formation has been widely used as a basis for geochemical
inferences about the chemistry of the early atmosphere and oceans. However,
the present mineralogy of iron-formation probably better reflects diagenetic
and metamorphic modifications rather than chemical attributes of the early
atmosphere and oceans. On the other hand, the existence of iron-formation
sequences, which may contain thousands of cubic miles of chemically precipitated iron and silica, probably does reflect on the nature of the early
atmosphere and oceans. In this discussion I am restricting the term ironformation to rocks containing roughly equal proportions of silica and iron
minerals.
Today, under an oxygenated atmosphere and consequent oxygenated ocean,
the extreme insolubility of ferric iron precludes attaining significant concentrations in a water column. Therefore, widespread cherty iron-formations
do not form. A relatively oxygen-deficient atmosphere seems necessary to
allow sufficient ferrous iron in solution to produce widespread iron
precipitation. However, an oxygen-deficient atmosphere, with its associated
reducing water column and load of ferrous iron, poses the problem of a
mechanism in the Proterozoic and Archean to precipitate the iron. This
would be accomplished most readily by oxidizing the relatively soluble
ferrous iron to an insoluble ferric hydrate, which textural evidence and
geochemical models suggest is the main precipitate.
Because iron-formations range in age from 3,800 Ga to about 1,900 Ga,
and were formed in a wide variety of geological settings, it is not unreasonable to suggest that their precipitation was controlled by local conditions.
These conditions would include local oxidizing conditions developed in different basins at different times and local availability of iron in these
basins. The fact that the major Proterozoic iron-formations range from about
2,500 Ga for the Hamersley Range of Western Australia to about 1,900 Ga for
the Lake Superior region suggests that iron-formation deposition was controlled mainly by local basin chemistry, and that atmospheric influence was
minor. Furthermore, the widespread occurrence of iron-formations in the
Archean also points to local basin control. While it is possible to produce a locally reducing environment with an oxygenated atmosphere today, I
know of no way to produce a locally oxidizing environment with an oxygendeficient atmosphere except by biological activity. Therefore, precipitation
of the iron would be most readily accomplished by biological activity.
The precipitation of silica, the other major ingredient in ironformations, is especially problemmatical, including disagreement on whether
it is primary or secondary. While most workers assume that the chert is a
primary precipitate, some (1, 2) suggest that it is a replacement of earlier
calcite. Textural relations, including syneresis cracks (3), suggest that
the silica is a primary precipitate. However, the mechanism of precipitation
is not resolved. Although most Phanerozoic cherts are considered to be
biologically precipitated (by diatoms, radiolaria and sponges), Precambrian
cherts are generally considered to be inorganically precipitated because
Precambrian silica-secreting organisms have not been recognized. The
typical, ubiquitous association of iron and silica in iron-formations suggests that the precipitation of the two must be related, even though the
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chemistry of silica is very different from that of iron. I propose to show
evidence that the silica as well as the iron in iron-formations was
precipitated biologically.
One of the characteristic features of iron-formation cherts is the widespread occurrence of spheroidal structures about 30 urn in diameter that
consist of a central 20 urn sphere surrounded by a variable number of 5 urn
spheroids (4). In most cases, the spheroids are revealed by a fine hematite
"dust" that outlines the structures. Although the spheroids are not present
in every layer, they are present in every Proterozoic and Archean ironformation which has not been excessively metamorphosed and sheared that I
have examined. As pointed out by LaBerge (4), the structures are remarkably
similar in size and morphology to the organic-walled microfossil Eosphaera
tyleri, and I suggest that the spheroids are best interpreted as relict
forms of that organism. If so, the details of these structures may have

Sketch of hypothetical situation of what an accumulation of
EosDhaera tyleri might look like.

Photomicrograph of jasper with Eosphaera-like
structures showing their abundance.
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significant implications on the precipitation of iron-formation. First, the
fact that these structures are abundantly preserved ~spheroids in the
cherty layers suggests that they had some rigidity, and were not simply an
organic sheath, because a vast majority of organic matter in iron-formation
does not retain its organic structure. Many jasper layers are virtually
composed of spheroidal structures. Microscopically, the textural pattern of
the Eosphaera-like structures suggests that the layers formed by accumulation
of the spheroids. The fact that the spheroids appear to have had rigidity
and to have formed the siliceous layers suggests that Eosphaera may have had
a siliceous test. Similarly, the presence of similar structures within
siliceous granules seems to attest to the durability of the spheroids. In
addition, all Eosphaera-like structures are typically preserved by a fine
hematite 11 dust 11 that colors the jasper red. The dust, then, may represent
fine ferric hydrate that adhered abiotically to the organic walls of
Eosphaera, or alternatively, it may indicate that Eosphaera was photosynthetic and the ferric hydrate accumulated on the membrane where oxygen was
expelled (such as in modern Volvox), or it may be similar to the way the
chemotrophic bacterium Leptothrix encases itself in a sheath of ferric
hydrate. These two observations in the jaspers lead to the tentative interpretation that Eosphaera may have been a photosynthetic organism with
siliceous frustules. If this interpretation is correct, it is significant
regarding iron-formation and early life because these spheroids are present
in Archean iron-formations including some from the 3,500 Ga old Pilbara
block of Western Australia. Furthermore, the abundance of Eosphaera-like
structures in laminated (deep water) jaspers may indicate that it was planktonic rather than benthic in life-style.
Several authors (4, 5, 6, 7) have reported that siderite in relatively
unmetamorphosed iron-formations occurs as prominent spherical grains about
30 urn in diameter. Microprobe examination of spherical siderites in
Proterozoic iron-formation from the Gunflint district of Ontario reveals that
they are double-walled structures remarkably similar to Eosphaera tyleri.

Comparison of double-walled spherical siderite (left)
and Eosphaera tyleri (right). Siderite is white in
the electron m1crograph. Photos are approximately the
same scale.
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These double-walled, spherical siderite grains are interpreted to have
formed by diagenetic alteration of primary hematite-coated varieties.
Bacterial degradation of organic matter in the anoxic zone on the basin floor
may have produced C02 and utilized ferric hydrate as an electron donor which
reduced the iron to the ferrous state. The ferrous iron and C02 combined to
form siderite "pseudomorphs" after hematite-pigmented forms involving progressive replacement of the silica. Siderite is a major mineral in some
iron-formations, however, it appears to be primarily of early diagenetic
origin, because siderite is part of the sedimentary fabric of the rock. The
conversion of primary ferric hydrate to siderite is often incomplete,
because hematite and siderite may co-exist in iron-formations. Perhaps this
may be due to the amount of associated organic matter that was available for
bacterial degradation on the basin floor. The net result seems to have been
a primary precipitate containing a mixture of ferric and ferrous minerals
in a metastable association.
Magnetite is the most abundant iron mineral in metamorphosed ironformations, and I suggest that the hematite and siderite react to produce
magnetite, which appears to be the equilibrium phase at elevated temperatures. In contrast to hematite and siderite, which were involved in the
depositional fabric, magnetite typically forms crystal aggregates and veins
that tend to obliterate primary features (6). Furthermore, Han (8) showed
that much of the magnetite forms as overgrowths on earlier, rhombohedral
hematite crystals. It may be appropriate to note here that these diagenetic
(?) hematite crystals, which resemble monoclinic selenite crystals, may have
been misidentified as pseudomorphs after gypsum (2, 9). If so, this may
lead to erroneous interpretations about the oxygen content of the Precambrian
atmosphere and oceans.
I suggest that the iron in iron-fo~mations was precipitated as a ferric
hydrate product by photosynthetic oxidation of iron in the photic zone.
Presumably a variety of organisms were involved in the process, including
planktonic iron-stripping bacteria such as Leptothrix and Metallogenium,
which precipitated ferric hydrate in their sheaths from ferrous iron in the
water. While some of the iron accumulated on the Eosphaera-like structures,
most of it evidently formed as minute ferric hydrate particles that settled
in the water column. The silica may have been precipitated largely as
frustules of silica-secreting organisms, particularly Eosphaera tyleri.
Thus, the "sediment rain" consisted of Eosphaera, ferric hydrate, and other
organic materials, which accumulated on the bas1n floor. Incipient layering
of iron and silica may have been produced by a relatively constant "rain of
ferric hydrate punctuated by periodic "blooms" of siliceous organisms. In
the organic-rich ooze, anaerobic decay and chemoautotrophic bacteria may have
flourished, giving off waste co 2 and ferrous iron. These products reacted
to form siderite, which may have been nucleated by the ferric hydrate on
the Eosphaera or elsewhere. The notorious lack of sulfide minerals in cherty
iron-formations suggests that sulfate was scarce in the basins, and that it
did not serve as an oxygen source for organic delay. Continued accumulation
of iron on the upper part of the siliceous layer, coupled with diagenetic
formation of siderite would produce a marked density contrast between silica
and ferruginous "grains". The layering would then be enhanced by currents
separating the ferruginous and silica "grains". During periods of higher
energy bottom currents, this laminated material might have been broken up
to form granule-bearing units in shallower water as discussed by LaBerge (3).
Subsequent metamorphism of the metastable siderite-hematite-chert rock would
11
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result in widespread development of magnetite and/or iron-silicates.
OXYGEN-DEFICIENT ATMOSPHERE
Oxygen from+photosynthetic orga~isms
converts Fe 2 to insoluble ferr1c
hydrate, which rains_down with
organic matter and s1l1ceous tests.
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Anaerobic bacteria in bottom mud
decompose organic tissue utilizing
oxygen from+~erric hydrate. Thls
and C0 2 wh1ch comb1ne
produces Fe
to form siderite.

Sketch of the proposed model for the biological precipitation
of Precambrian iron-formations.
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ARCHEAN SEDIMENTARY STYLES AND EARLY CRUSTAL EVOLUTION; Donald R.
Lowe, Department of Geology, Louisiana State University, Baton Rouge, LA 70803
Preserved Archean sedimentary rocks accumulated in at least three major
depositional settings represented by sedimentary units (I) in early, pre-3.0
Ga-old greenstone belts, (II) on late Archean cratons formed from the early
Archean greenstone belts, and (III) in late Archean, post-3.0 Ga-old
greenstone belts.
(I) The principal volcanic sequences of early Archean greenstone belts in
the Barberton Mountain Land, South Africa, and the eastern Pilbara Block,
Western Australia, contain sedimentary units deposited on low-relief, anorogenic but rapidly subsiding, shallow-water platforms constructed largely of
mafic and ultramafic volcanic rocks (1). The primary sediment types included
fresh or only slightly reworked pyroclastic debris; orthochemical precipitates
including carbonate, evaporites, and silica; and biogenic deposits now represented by black carbonaceous chert, banded chert, and stromatolitic units (1,
2, 3). Terrigenous deposits, such as sandstone and shale derived by weathering
and erosion of older rocks, are rare. Algoma-type iron formation, volcanogenic
massive sulfide deposits, and turbidites, all of which usually form under
deeper-water conditions, are also poorly developed. Detrital modes of clastic
units are dominated by volcanic and intraformational sedimentary components
and essentially lack coarse alpha-quartz, potash feldspar, and metamorphic
and plutonic rock fragments. These units reflect sedimentation on large,
shallow-water simatic platforms far removed from sources of sialic detritus.
The upper, sedimentary parts of these early Archean greenstone belt
sequences are made up largely of detrital units reflecting orogenesis and deep
erosion (4). The debris includes material eroded from both the underlying
greenstone belt sequence and quartzose intrusive and metamorphic rocks. Deposition took place in environments ranging from alluvial to deep-sea (4).
These units mark the regional transition from simatic platforms to continents.
(II) Following early Archean cratonization, the South African Kaapvaal
and Australian Pilbara cratons were subject to deep erosion and, in late
Archean time, were the sites of deposition of thick sedimentary and volcanic
sequences. These include the Fortescue Group on the Pilbara Block and the
Pongola and Witwatersrand Supergroups and succeeding units in South Africa.
Although volcanism was widespread during the accumulation of many of these
sequences, the sedimentary rocks clearly reflect deposition on relatively
stable blocks of continental crust. They directly overlie the eroded plutonic
and greenstone belt basement of early Archean age, are much less deformed and
metamorphosed than underlying greenstone belt rocks, have not been extensively
intruded by granitoid plutonic rocks, and contain large amounts of cratonderived arkosic and quartzitic debris.
(III) Late Archean, post-3.0 Ga greenstone belts in Canada and much of
the Yilgarn Block, Western Australia, include sedimentary units in the volcanic part of the sequence that differ significantly from those in the older
belts (1). Coarse terrigenous clastic units occur throughout the volcanic section instead of just at the top, as in older belts. These units are made up of
conglomerate, sandstone, and shale derived largely by erosion of the greenstone belt sequence itself but contain detritus eroded from penecontemporaneous intrusions and older sialic basement. Deposition was mainly by subaqueous
sediment gravity flows, including turbidity currents and debris flows.
Shallow-water deposits in the volcanic sections accumulated mainly around
high-standing felsic volcanic cones. Carbonaceous cherts, banded cherts, and
evaporites are rare, whereas volcanogenic sulfide deposits and Algoma-type
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iron formation are widespread. Deposition took place under subaqueous, in
large part deep-water, tectonically unstable conditions (1).
As in the older belts, the uppermost clastic units at the top of the
greenstone belt sequence reflect orogenesis. They were deposited in an
association of environments ranging from alluvial to deep-sea (5).
The sedimentology of these Archean sedimentary systems bears strongly on
interpretations of the character and evolution of the Archean crust. (A) The
preserved early Archean greenstone belts formed as large, high-standing, anorogenic simatic blocks that were not underlain by or adjacent to significantly older continental crust. They underwent cratonization which age relationships of associated plutonic rocks suggest proceeded more-or-less concurrently with deposition of the greenstone belt sequences (6, 7).
(B) The cratons formed from these early Archean greenstone belts served
as sites for the deposition of late Archean volcanic and shallow-water shelf
sequences. These deposits are generally similar to cratonic sediments that
are abundant in younger sequences and are clearly distinct from greenstone
belt sediments.
(C) In contrast to the early Archean belts, late Archean greenstone belts
represent largely subaqueous and tectonically active depositional sites (1).
Both radiometric dating and included detrital sediments indicate that they
formed in close association with significantly older sialic blocks. These
belts also underwent cratonization more-or-less concurrently with accumulation
of the greenstone belt sequences to form stable continental blocks that hosted
the subsequent deposition of early Proterozoic shelf sediments. The co-existence in the late Archean of (a) large, stable cratons in South Africa and the
Pilbara, Western Australia, and (b) younger greenstone belts in Canada, the
Yilgarn, and elsewhere emphasizes the clear sedimentological and tectonic
contrasts between these terranes. These contrasts argue strongly against suggestions that greenstone belts developed upon blocks of continental crust.
These results suggest that the Archean was characterized by at least two
diachronous styles of crustal evolution. Early Archean cratons evolved from
anorogenic shallow-water simatic platforms, perhaps resembling modern oceanic
islands formed over hot spots. These platforms show no evidence of an association with significantly older continental blocks. Late Archean greenstone
belts, perhaps analogous to modern magmatic arcs, developed adjacent to but
not entirely upon older sialic blocks.
REFERENCES: (1) Lowe, D. R. (1982) Precambrian Research, 17, p. 1-29.
(2) Lowe, D. R., and Knauth, L. P. (1977) Jour. Geology, 85, p. 699-723.
(3) Barley, M. E., Dunlop, J. S. R., Glover, J. E., and Groves, D. I. (1979)
Earth Planet. Sci. Letters, 43, p. 74-84; (4) Eriksson, K. A. (1978) Canada
Soc. Petrol. Geol. Mem. 5, p. 287-311. (5) Walker, R. G. (1978) Can. Jour.
Earth Sci., 15, p. 1213-1218. (6) de Laeter, J. R., Libby, W. G., and Trendall
A. F. (1981) Geol. Soc. Western Aust., Spec. Pub. 7, p. 145-158. (7) Barton,
J. M., Jr., Robb, L. J., Anhaeusser, C. R., and van Nierop, D. A. (1983)
Spec. Pub. Geol. Soc. S. Africa, 9, p. 63-72.
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Pb ISOTOPIC EVIDENCE FOR EARLY ARCHAEAN CRUST IN SOUTH
GREENLAND.
Paul N. Taylor(*) & Feiko Kalsbeek(+).
* Department of Earth Sciences, University of Oxford, U.K.
+ The Geological Survey of Greenland (GGU),
0ster Voldgade 10, Copenhagen, Denmark.
Early Archaean crust has been positively identified
in the Godthaab district of West Greenland - the Am,tsoq
gneisses, the Isua supracrustals, and the Akilia association
- and on the other side of the Davis Straits in the Saglek
area of Labrador- the Uivak gneisses etc .. These rock-units
have all been directly sampled and dated by a variety of
methods.
An indirect method of detecting unexposed ancient crust
using Pb isotopic analyses of younger igneous rocks exposed
at surface was pioneered by Moorbath & Welke (1) in their
study of Tertiary basalts on Skye, N.W.Scotland. Ancient Udepleted Lewisian basement is recognizable as the source of
very distinctive unradiogenic contaminant Pb in the basalts.
The early Archaean Amttsoq gneisses have a still more
distinctive, less radiogenic Pb, and that characteristic has
been employed in studies of the late Archaean gneisses of
West Greenland - the NCk gneisses of the Godthaab district,
and their temporal equivalents in areas to the north and
south of Godthaab - to test for the presence of Amftsoq
gneiss at depth (2). Contamination of late Archaean rocks
with Amttsoq-derived Pb has been detected as far south as
Sermilik. The Nordland-Sukkertoppen granulites show no
evidence of contamination with Amftsoq-type Pb; nor do the
quartzo-feldspathic gneisses at Majorqap Qava in the
Fiskenaesset area- the southern limit of that study. Thus
Sermilik was identified as the southern limit of inferred
early Archaean crust in West Greenland, and the mouth of
Godthaabsfjord as the north-western limit.
Over the last few years we have carried out a substantial
programme of Pb isotope geochemistry on late Archaean and
early Proterozoic rock-units in the southern part of the
Archaean craton and the Ketilidian <Proterozoic) mobile belt
be 1 t. Tab 1 e 1 pre· sent s age data and mc•de 1 """' l_oa lt.le·s. fc•r· e·.ac h
of the r·ock-uni ts studied. By cc•rnpar·i ::.on ~.ti th the· mc•de·l ~ 1
values for most other late Archaean - early Proterozoic rock
-units, the mode·l ~· valt..les repcor·ted in table· 1 ar·e·
ubiquitously low, a characteristic feature of rock-units
derived from, or contaminated by, ancient U-depleted crust
in which Pb isotopic evolution has been severely retarded.
Fig. 1 i llustr·at.es the ~lariat ions irt mcode·l ........ ~.•.alLlE' (,tith
time predicted by Zartman & Doe 'Plumbotectonics' (3) for
rock-units derived from their model lower crust, upper
crust, mantle, and orogene sources. Note the very low model
~~
values for derivation of Pb from the lower crust during
late Archaean and early Proterozoic times. The low model ~ 1
values for even the oldest of the analysed rock-units in
South Greenland - the gneisses around Ivigtut - imply that
this area has been the site for several episodes of
reworking of older, U-depleted continental crust.
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Table 1.
Age· ( ~1a. )

Rock-unit

Locality

Gne i sse·s
Ivigtut
Gre~.· bande·d gn.
Kungmiut
White· or·t hc•gn.
Kungmiut
Gneisses
'v'e·st er 1 and
I vi ang i ussat Gne· i s~.e~.
Gne i sse·s
Tornarssuk
Torssut
MD3 dolerite
Ketilidian BZ Kaerne granite
(*)

3110±65
2985±115
2769±110
2784±5:3
2734±130
2791 ±7[1
ca. 215(1 (.;.;.)

1775±25 (*)

7.19
7.47
7.25
7.21
7.14
6.90
6.57 - 6.87
7.19

Age determined by Rb-Sr whole-rock isochron method.
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Fig.1. Plot of age & model~' values for the South
Greenland rock-units (Table 1.). Plumbotectonics
sources (3) would give magmas with age & apparent~
characteristics specified by the four curves in
the diagram.
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Second·stage {crustal) source characteristics for Pb isotope evolution of South Greenland
Precambrian igneous rocks

(assuming

JJ 1

7.5 )

6

2

0

2.5

2.0

4.0 Ga.

3.5

3.0

Fig.2. Possible age & ~ characteristics of the source
materials for South Greenland rock-units with low model
~' values.
Constraints on the origin of Pb in the Torssut MD Dyke
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Fig.3. Pb isotope evolution diagram for the Torssut MD3
dolerite dyke, and its country rocks - Vesterland gneisses.

26

EARLY ARCHAEAN IN SOUTH GREENLAND.
Taylor,P.N. & Kalsbeek,F.
Fig. 2 illustrates possible two-stage model solutions for
the isotopic evolution of the initial Pb of some of the
South Greenland rock-units, assuming that the lowest viable
first stage~ value would be ~7.5. This assumption yields
minimum estimates for the age of the source of crustal Pb
in the rock-units concerned. nws the· ~311[1 M.a. Ivigtut
gneisses must have a source of crustal Pb at least as old as
~3300 Ma.,
and the ~2150 Ma. Torssut MD3 dolerite dyke must
have acquired its Pb from crust at 1 e·ast ~3000 t1a. old. In
fact the source of crustal Pb in the Torssut dyke is likely
to be significantly older than that minimum of ~3000 Ma.
for two reasons:
(i) No continental crust :suffers total U-depletion to give
~~ values of 0 : finite~~ values require older source ages.
(ii) Since Tors:sut is a dolerite dyke, it inevitably has a
juvenile <~2150 mA.> mantle-derived component of Pb: this
requires that its source of crustal contaminant Pb must have
t 1 -J.l 1 characteris-tics plotting be·lc'lo.' . . . tc' the· r~ight c,f
the cur·ve· for Tor:ssut in fig. 2. (4)
The country rock gneisses to the Torssut dyke had Pb already
too radiogenic at ~2780 Ma. to provide the contaminant Pb
required to account for the Torssut dyke compositions. This
point is i 11 ustrated in fig. 3, in which it i ::. al ::.c, ::.f·":'(•.lt"t
that Pb of a :similar character to that of the Am,tsoq
gneisses is a very plausible contaminant (4).
Despite extensive studies of gneisses from the southern part
of the West Greenland craton, we have yet to discover any
direct evidence for the presence of early Archaean rocks
at the present :surface. However, we consider that the Pb
isotopic data discussed above is strong indirect evidence
indicating the occurrence of early Archaean U-depleted crust
at depth beneath southern West Greenland.
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AGE AND ORIGIN OF GNEISSES SOUTH OF AMERALIK, BETWEEN
KANGIMUT-SANGMISSOQ AND QASIGIANGUIT.
Jones,N.W., Moorbath,S. & Taylor,P.N.
Department of Earth Sciences, University of Oxford, U.K.
Gneisses which crop out along the southern coast of Ameralik
between Kangimut-sangmissoq and Qasigianguit have been the
subject of long-standing controversy cocerning their
relationship to the early Archaean Amttsoq gneisses of the
Godthaab district.
On the basis of field observations, it has been argued that
gneisses at Kangimut-sangmissoq and Qasigianguit are
correlatives of the early Archaean Amitsoq gneisses.
However, we believe that isotopic data on the K-s-Q gneisses
are incompatible either with the direct correlation of K-s-Q
and Am!tsoq gneisses or with the proposition that the K-s-Q
gneisses could have been substantially derived from Amttsoq
gneisses by magmatic or metamorphic reworking during a later
tectonothermal event.
Fig.l shows a Sm-Nd isochron diagram on which are plotted
the whole-rock analyses of six samples of the K-s-0 gneisses
and eleven samples of Amitsoq gneisses. The K-s-Q gneisses
define a 2825±125 Ma.isochron, withE NdCI) of +2.2 units.
The Amftsoq gneisses define a 3627±48 Ma. isochron, with
E Nd(l) of +1.7 units. The Sm-Nd isotopic data for the two
rock-units are clearly quite distinct and do not permit any
simple genetic relationship between the gneiss suites. The
positive £ NdCI) value demonstrates the lack of any
identifiable component of ancient continental crustal Nd in
the K-s-Q gneisses.
Fig.2 shows a Rb-Sr whole-rock isochron diagram for six
samples of K-s-Q gneisses. These define a 2770±185 Ma.
isochron, with an initial 87 Sr/86 Sr ratio of 0.70195±54.
The K-s-Q gneisses are generally very depleted with respect
to Rb. The six samples analysed for this work are those with
the highest Rb concentrations. The Sr isotope evolution
diagram
(fig.3) shows the bulk-earth evolution line
terminating at 8, the average Amttsoq gneiss growth line,
and the growth lines for the K-s-Q gneisses with the least
and most radiogenic Sr. Average Amttsoq gneiss at present
erosion level had Sr far more radiogenic than K-s-Q gneisses
at ca.2770 Ma. Such Amttsoq gneisses could not be the parent
material from which K-s-Q gneisses were formed. Indeed,
almost all analysed Amttsoq gneisses would have had 87 Sr/
86 Sr ratios greater than ca.0.70195 at ca.2770 Ma. Models
requiring very severe early Archaean Rb-depletion, followed
by late Archaean re-introduction of Rb could be proposed to
explain K-s-Q gneiss Sr isotope evolution in order to permit
an early Archaean crustal residence age for the protoliths
of the K-s-Q gneisses. However, such models cannot be made
consistent with requirements for the Nd and Pb isotopic
evolution, and they should therefore be discounted.
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Fig.4 is a Pb-Pb diagram in which the whole-rock isotopic
analyses of eighteen K-s-Q gneisses are plotted. The Pb
isotope data are interpreted within the framework of the
crustal contamination model presented by Taylor et al. (1)
for NOk gneisses emplaced into or through Amttsoq gneisses.
ANO is the single-stage growth curve for a system with a~ 1
value of 7.48. A is the model initial Pb of Am,tsoq gneisses
at c a. 3 7 0 0 Ma. , and N the mode· 1 i n i t i a 1 P b C• f c a. 2 9 0 0 Ma.
old NOk gneisses which did not suffer contamination due to
interaction with Amttsoq gneisses. NO is the present-day
isochron line occupied by uncontaminated NOk gneisses. In
the Godthaab district most of the late Archaean intrusive
rocks show clear Pb isotopic evidence of interaction with
Amttsoq gneisses, i.e. their Pb isotopic analyses plot below
NO. The K-s-Q gneisses also show such evidence for
contamination with Amttsoq-type Pb, although very few show
severe contamination effects, and most have a very large
proportion of their initial Pb from a juvenile source at ca.
2770 Ma.
i.e. they are generally less contaminated than
most NOk gneisses.
Two K-s-Q gneisses plot close to the extension of the
present-day array of Am,tsoq gneiss Pb data CAD in fig.4.),
but much closer to 0 than the analysed Amttsoq gneisses from
the Godthaab district, which occupy the lower third of AD.
It is highly improbable that these two samples actually
represent Amttsoq gneisses : they would be very unusual in
having suffered much less severe U-depletion than any
analysed Amttsoq gneisses from the Godthaab district.
Consequently it is very unlikely that these two samples
should be interpreted differently from other K-s-Q samples.
We conclude that the K-s-Q gneisses represent an addition of
substantially juvenile mantle-derived material to the
Ar·c haean c rat ort of Wes.t Gr·e·en 1 .Slnd dt.~r· i rt~;J 1 ate· Ar·c h.Sle·.=.n
times. Some of the parent magmas have undergone interaction
with older crust, as indicated by the Pb isotope evidence
for contamination with Am,tsoq-derived Pb. However, the
positive £ NdCI) value for the K-s-Q gneisses firmly rules
out any significant material contribution from the Amttsoq
gneisses to the K-s-Q gneisses.
Reference.
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REGIONAL VARIATION IN THE AHITSOQ GNEISSES RELATED TO CRUSTAL
LEVELS Dl'RING LATE ARCHTAN GRANULITE FA~IES HETAHORPHIS~, SOUTHERN WEST
GREENLAND. A.P. NUTMAN , D. BRIDGWATER , V.R. McGREGOR , 1 Department of
Earth Sciences, HUN, St. John's, Nfld., Canada. 2 Geological Museum,
Copenhagen, Denmark. 3 Atammik, Greenland.
INTRODTJCTION: Regional mapping by the Geological Survey of Greenland
has shown that large areas of southern West Greenland preserve middle to
late Archean granulite facies assemblages (Chronology, Table 1). From
mineralogical and textural evidence further large areas were affected by
granulite facies metamorphism but were subsequently retrogressed under
amphiholi te facies conditions prior to the intrusion of the c. 2550 ~la
Qorqut granite complex (McGregor et al., this volume). In Godth~bsfjord
(Fig. 1) however, the rocks appear to have been only metamorphosed under
amnhiholite facies conditions in the mid and late Archean.
Table 1.

Relevant events in the regional chronology.

3) Intrusion of post-tectonic Q8rqut granite complex, 2550

~Ia

7) Deformation, retrogression of granulite facies rocks under amphibolite
facies conditions ( A
on Fig. 1) and intrusion of granitoid sheets,

2700-2fi00

~1a

6) Granulite facies metamorphism
in north, c. 3000 ~1a.

(

[G] on Fig.

1),

In south, c. 2800 Ma,

5) Intrusion of the Nnk gneisses. 2900-3050 Ma.

4) Deposition of Malene supracrustal rocks.
3) Intrusion of the Ameralik dykes.
2) Intrusion of the Am!tsoq gneisses (predominantly 3750-3700 Ma tonalites)
accompanied and followed by deformation, metamorphism and granite sheet
injection. 3750-3400 Ma.
1) Deposition of a supracrustal sequence, represented by the Akilia

association and the I sua supracrustal belt.

3800 t1a.

Airborne radiometric surveying (Secher, 1977, ~ pers. comms.) shows
there is considerable areal variation in oray (combined K-ll-Th-Rb)
radioactivity, which persists even after 'stripping' of anomalous
concentrations associated with descrete potassic granitoids of various ages,
such as the Oorqut granite complex. This leads to a relatively simple
regional pattern for radioactivity: Terranes that have never experienced
granulite facies metamornhism are more radioactive than those that have
(Fig. 1).
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Sampled area
Qorqu t granite
Low radioactivity - amph.
High radioactivity - amph.
Low radioactivity - gran.

Figure 1. Radioactivity/metamorphic facies zones of studx area. [G] affected by 3000-2800 Ha granulite facies metamorphism [A] - affected
by 3000-2800 Ma amphibolite facies metamorphism. A - amphibolite facies
metamorphic conditions between 2800-2550 ~1a.
The northwestern terrane (Nordlandet) underwent granulite facies
metamorphism at c. 3000-2900 ~1a, as opposed to at c. 2800 ~1a for the
granulite rocks in the southeast (e.g. Taylor et al., 1980)
This paper
com::nares the southern [G] and the [A] zones (Fig. 1) to see if variation
in content of radioactive minerals can be related to the c. 2800 Ma
granulite facies event. :his is done by examining Amttsoq grey gneisses,
mostly derived from tonalites, from three localities: (1) Kangimut
sangmissoq [G] , low radioactivity, (7) Akugdlerssuaq [Al , high radioactivity and (3) Isukasia [A] , moderate to low radioactivity (Fig. 1),
FIELD RELATIONS: Late Archean ductile deformation accompanied
retrogression of granulite facies rocks ([G) followed by A ). Most
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obvious are 'straight zones' up to 1 km wide with a steeply dipping LS
fabric with amphibolite facies assemblages, and more or less contemporaneous non-cylindrical southerly-plunging folds with wavelengths of up to
15 km. In areas of low deformation granulite facies rocks are patchily
retrogressed, with amphibolite facies assemblages mimicking textures
developed under granulite facies metamorphism. These textures are
obliterated or strongly modified in the zones of strong deformation
described above. Granitoid sheets intruded during formation of these
structures are between 2700 and 2600 Ma old (McGregor et al., 1983), giving
the time of retrogression. The boundaries between the regions of different
metamorphic history (Fig. 1) are complicated on a 10 to 20 km scale due to
the folding, and in some places the boundary between the southeastern
granulite facies terrane and the amphibolite facies terranes of
Godth~bsfjord could be a tectonic break.
This could explain why well
preserved, type Am!tsoq gneisses of outer Ameralik are found juxtaposed
with granulite facies rocks slightly further into the fjord (Fig. 1).
However, the zonal facies arrangement appears valid on the regional scale

c:ookm).

It is likely that 2700-2600 Ma deformation juxtaposed regions that
were at different crustal levels during the c. 2800 Ma granulite facies
event, so that 2800 ~1a granulte facies rocks outcropping in the south were
probably overlain by amphibolite facies terranes equivalent to those
found in Godth~bsfjord. Rb-Sr data on retrogressed granulites to the north
of Godth~bsfjord (Garde et al., in press) shows that c. 3000 Ma gneisses
there were 'reset' under amphibolite facies conditions at c. 2850 Ma. This
suggests that during the c. 2800 t1a granulite facies event in the south,
that c. 3000 Ma granulite facies terrane to the north was not at great
depth, and formed a metastable granulite facies block in the middle-crustal
level amphibolite facies terranes.
The character of the quartzofeldspathic components of the three areas
sampled in this study is outlined below.
Kangimut sangmissoq: The dominant lithology here is buff-coloured, medium
to coarse-grained, somewhat inhomogeneous to nebulitic tonalitic gneisses
that contain remnants of plagioclase-phyric amphibolite dykes that
lithologically and geochemically resemble poorly-preserved Ameralik dykes
from the type area, 10 km to the west. The gneisses contain granulite
facies assemblages but show widespread retrogression under amphibolite
facies conditions. The Kangimut sangmissoq rocks are part of a large raft
intruded first by massive tonalites that resemble main phases of the NQk
gneisses s.s., emplaced between 3050 and 2900 Ha (Baadsgaard ~McGregor,
1981), and then by 2700-2600 ~1a (post granulite facies) granitoid sheets
(Roberts, 1979; HcGregor et al., 1983), The Kanigmut sangmissoq gneisses
are interpreted as containing an appreciable component of Am1tsoq gneisses
U1cGregor et al., this volume). Isotopic data on these rocks, when
considered in isolation, do not conclusively show that these rocks are
early Archean (S, Hoorbath, P. Taylor &H. Baadsgaard pers. comms. &
Collerson et al., this volume),
Akugdlerssuaq: The gneiss complex is dominated by amphibolite facies
schlieric and nebulitic gneisses with disrupted amphibolite dykes (with
discordances only rarely preserved), and containing enclaves of banded
amphibolite and banded iron formation (ALilia association)
These are cut
by coarse-grained granite and pegmatite sheets, that in places can be hard
to distinguish from, and grade into, in situ neosome. The complex was then
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cut by sharp-margined sheets of tonalitic to granitic compos1t1on, and was
further deformed under amphibolite facies conditions (Nutman, 1982). The
gneisses are interpreted as containing an Amttsoq component, that was
affected by two episodes of late Archean migmatisation. Rb-Sr and Pb-Pb
isotopic studies from this and adjacent areas show that the isotopic
systematics of Am1tsoq gneisses was strongly disturbed in the late Archean
and that the grey sheets are 2700-2600 Ma old (Robertson, 1983; S. Robertson
~ M. Brewer, pers. comms; Bridgwater, Nutman Fr Larsen, unpublished data).
Isukasia: The gneisses consist of 3750-3700 Ma tonalites veined by c. 3600
Ma granite sheets and comparatively rare c. 3400 Ma pegmatite dykes (Nutman
et al., 1983; Baadsgaard et al., in prep.), In the late Archean there was
heterogeneous deformation, but no significant migmatisation. The Am1tsoq
gneisses of this area widely preserve their early Archean characters, whilst
in the other areas discussed above late Archean tectonometamorphic overprinting and migmatisation have obliterated their early Archean characters.
GEOCHHUSTRY: This study considers grey gneisses that have undergone
different metamorphic histories. From field work the samples are identified
as derived from >3600 Ma tonalitic and banded Am1tsoq grey gneisses. However from the point of view of element migration discussed here, this age
identification is unimportant since similar features are developed in
polymetamorphic suites of Nuk gneisses at localities adjacent to those
chosen for this study.
There is marked variation seen in the composition of these rocks in
areas of different metamorphic history (Table 2)
For example
Akugdlerssuaq, where metamorphic grade was not above amphibolite facies
and which forms part of the belt of high radioactivity (Fig. 1), there is
a gain of LREE, Th, Rb, Pb, and K relative to both rocks from the low
radioactivity, granulite facies terrane (e.g., Kangimut sangmissoq) and the
well preserved, low radioactivity, amphibolite facies terrane to the north
(e.g. Isukasia),
Table 2. Significant regional variation in composition of Amitsoq grey
gneisses (expressed as average abundance - more than 15 samples per group).

Isukasia [A] , moderate radioactivity
Akugdlerssuaq [A] , high radioactivity
Kangimut sangmissoq (G) low radioactivity

K0
2
1. 61
2.36
0.57

Rb

Pb

Th

Ce

85
104
9

17
22
8

4
11

37
141
29

1

There seems to be a good correspondence between metamorphic history and
regional variation of radioactivity and geochemistry. It is suggested that
the amphibolite facies, high radioactivity zone represented by Akugdlerssuaq
could be an enriched zone, containing LIL elements expelled from underlying
granulite facies terrane, represented here by Kangimut sangmissoq. The
amphibolite facies, low radioactivity rocks of Isukasia are interpreted as a
part of a crustal level above the enriched zone, not significantly
metasomatised and intruded by granitoids during the granulite facies
metamorphism at depth. Accepting this explanation implies redistribution
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of LIL elements on the scale of several kilometres during granulite facies
metamorphism. In a heterogeneous, polyphase gneiss complex, this must have
involved isotopic mixing between lithologies of different ages and origins,
leading to modification of the isotopic signatures of the units (McGregor
et al. ~ Collerson et al., this volume)
It is apparent that enrichment
of LIL elements in the gneisses from the enriched zone (Akugdlerssuaq) could
in part be introduced via the injected granitic and pegmatitic sheets, that
form at the most 10% of the gneisses complex at Akugdlerssuaq, and at other
comparable localities such as Nordafar (see Collerson et al., this volume).
However, the likely reason for concentration of these sheets is their
derivation as either melts or hydrous fluids from the area undergoing
granulite facies metamorphism (Bridgwater et al., in press; Schi¢tte
et al., in press).
DISCUSSION: The regional variation of Am!tsoq gneiss compositions
combined with structural interpretations suggest that the c. 2800 Ma crust
of the region was stratified, with granulite facies terrane at depth, (e.g.,
Kangimut sangmissoq) overlain by enriched amphibolite facies containing LIL
elements expelled from the granulite facies terranes (e.g., Akugdlerssuaq)
and capped by non-enriched, relatively undisturbed amphibolite facies
terrane (e.g., Isukasia). Such stratification has also been discussed for
other areas (e.g. Newton et al., 1981; Condie et al., 1982; Schi¢tte et al.,
in press). Development of such a layer cake structure with a zone rich in
LIL elements imposes important controls on subsequent anatexis and
granitoid generation.
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Introduction. Relicts of continental crust formed more than 3400 Ma
ago are preserved fortuitously in most cratons. They provide the most direct
information about crust and mantle evolutionary processes during the first
billion years of Earth history. In view of their polymetamorphic character,
these terranes are commonly affected by subsequent tectonothermal events. Hence,
their isotope systematics may be severely disturbed as a result of bulk chemical
change or local isotopic homogenization. This leads to equivocal age and
source information for different components within these terranes "(see for
example, [ 1-3]). In this paper we present Sr and Nd isotopic data for early
Archean gneisses from the North Atlantic Craton in west Greenland and northern
Labrador which have been affected by younger metamorphic events.
Regional Geological Setting.
( 1) West Greenland. The early Archean Amitsoq gneisses of southern \<Jest
Greenland were first identified around the mouth of Ameralik Fjord, ca. 15
km south of Nuuk (Godthaab). In this area, both field and isotopic data document
the existence of an ancient high-grade gneiss complex [4 -6]. It is important
to note that late Archean tectonothermal events (3100 to 2600 Ma) in this
area were characterized by amphibolite facies rather than granulite facies
metamorphic conditions, and that little migmatization occurred during this
time interval. To the south and east, late Archean metamorphic grade reached
granulite facies at 2900- 2800 Ma, and mid-Archean tonalitic gneisses (correlated
with 3050-2900 Ma Nuk gneisses in Godthaabsfjord) as well as later Archean
granitoid gneisses, are volumetrically important. However, field studies
suggest that an early component (Amitsoq gneiss) is present within these
polyphase gneisses [7]. Relevant aspects of the regional geology are discussed
in detail by McGregor et al., [ 7] and Nutman et al., [ 8]. Isotopic data for
the gneisses are discussed in the context of three regional geologic field
divisions:
(i) Amitsoq gneisses from type area (northwestern Buksefjorden and outer
Ameralik). In this area there is evidence of ca. 3600 Ma granulite facies
metamorphism [9].
ii) Amitsoq gneisses (from Nordafar) which are continuous with those in the
type area but are strongly affected by late Archean granitoid injection and
variable metasomatic alteration. The late granites probably formed as a result
of granulite facies metamorphism at depth.
iii) Gneisses further to the south and east (at Kangimut sangmissog, Tinissag
and Ikerasakisup akornga) which preserve field characteristics of Amitsoq
gneisses but were metamorphosed under granulite facies conditions at ca. 2900
to 2800 Ma and subsequently experienced patchy retrogression under amphibolite
facies conditions. These units are not structurally continuous with the type
Amitsoq gneisses to the northwest.
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(2) Northern Labrador
The Uivak 1 gneisses and the interleaved Nulliak (supracrustal) assemblage
in northern Labrador are of similar age and character to rocks described
above from west Greenland [10-13]. Large areas of northern Labrador show
variable effects of late Archean (ca. 2800 to 2900 Ma) granulite facies metamorphism. Early Archean relationships are best preserved on Big Island, Cape
Uivak and the area immediately to the west and southwest, where late Archean
metamorphic grade did not exceed amphibolite facies conditions. This is shown
by Sr and U-Pb isotopic data presented in [ 14 & 15] . A striking feature
of the early Archean Uivak 1 gneisses affected by the late Archean granulite
facies event is the obliteration of early Archean fabrics by garnet and orthopyroxene porphyroblasts. This results in the development of a characteristic
"bleb by texture" [ 11] in the quartzofeldspathic gneisses. Development of
this texture is associated with pervasive migmatization by granitic material. The
resulting nebulitic assemblage constitutes the Kiyuktok gneisses [11]. Rocks
similar to the Kiyuktok gneisses (albeit, generally strongly deformed) were
recognized in west Greenland in 1984 [ 7]. The Kiyuktok gneisses, together
with the Amitsoq gneisses discussed above, are interpreted to represent different
evolutionary stages (and perhaps crustal levels) in the chemical and metamorphic
differentiation of the gneiss complex in the North Atlantic Craton ca. 2800
to 2900 Ma ago.
Isotopic Data
Nd and Sr isotopic data are presented in Figures 1 to
5. The following data presentation for each area is arranged in order of
increasing severity of late Archean "reworking".
(1) Type Amitsog gneisses. Sr isotopic data presented by Moorbath et al.,
[ 5] for mixed populations of Ami tsoq gneiss~s yielded ages ranging between
3670 and 3612 Ma (recalculated using 1.42x1o-ll a-1 as the 87Rb decay constant).
Initial 87sr;86sr ratios Cisr) for these populations ranged between 0. 7001
and 0. 7015. Nd isotopic data for samples from the same area are shown in
Figure 1. The data show a significant degree of scatter about the reference
3650 Ma isochron (calculated assuming that the INd had a positive ENd). The
05106

o Qorqut granite
Undifferentiated
Nuk Gneiss

05102

Reworked

Amitsoq Gneiss

Figure 1.

05094

05090
010
147

012

014

1

Sm/ ~Nd

range in ENd(O) for the samples (ca. -28.5 to -56.4) reflects extreme fractio-

)

REWORKING OF ARCHEAN GNEISSES

39

COLLERSON ET AL.,

nation in 147smfl44Nd ratios and demonstrates their primitive character. TcHURNd
model ages range from ca. 3300 to 3680 Ma. Similar Sr and Nd isotopic variations
are observed in the best preserved Uivak I gneisses [14,16-19].
(2) Uivak fneisses. Nd isotopic data for the Uivak I gneisses exhibit a range
of 14/sm/ 44Nd values between 0.0612 and 0.1197, corresponding to E:Nd(O)
of -63.1 to -35.4. TcHURNd model ages range from g. 3300 to 3620 Ma. When
regressed together with data for the early Archean Nulliak assemblage the
total population yields an isochron with a slope equivalent to an age of
3665+/-104 Ma and an INd of ENd +2.5-/+1 [14 & 19]. U-Pb ion probe results
for Uivak 1 zircon cores yield Concordia intercept and 207pbj206pb ages ranging
from ca. 3600 to 3900 Ma [2].
( 3) N;i-dafar. Sr isotopic data for a varied suite of 8 samples of Amitsoq
gneiss from this area yield a poorly correlated isochron (Fig. 2) equivalent
to an age of 3001 +193/-153 Ma with an Isr of 0.7021 -20/+17 (regressed using
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Figure 4
the method of Cameron et al., [17] and assuming partial isotopic homogenization
at 1800 Ma). Nd isotopic data for three Nordafar gneisses (Fig. 1) lie within
the scatter for the type Amitsoq gneisses. These samples yield TurSr model
ages between ca. 3400 and 3200 Ma.
(4) Kiyuktok ~eisses. Sr and Nd isotopic data for these rocks are discussed
in [11, 14, 19-21]. The nebulitic reworked components of the Kiyuktok gneisses
comprise varying proportions of old and new components. They have high Isr's
(ca. 0. 7055 to 0. 7081) and relatively unradiogenic Pb isotopic compositions
which reflect involvement of pre-existing crust in their formation. Nd isotopic
data for the Kiyuktok gneisses (Fig. 1) plot either within the Ui vak 1 -
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Amitsoq gneiss field or above this field, with more enriched radiogenic 143Nd
compositions.
( 5) Ikerasaki tsup akornga. Sr isotopic data for felsic gneisses from this
area are shown in Figure 3. They are moderately well correlated and define
an isochron with slope equivalent to an age 2837+585/-315 Ma and an Isr of
0. 7024-21/+12. The large uncertainty in age results from limited dispersion
in 87Rbj86sr within the suite. Nd isotopic data for specimen (430), the gneiss
from this area which ~ives the oldest TuRSr model age (3284 Ma), is plotted
in Figure 1. The TcHURNd model age of this gneiss is 2755 Ma.
(6) Tinissag • Gneisses from Tinissaq show greater dispersion in their 87Rbj86sr
ratios than those from Ikerasakitsup akornga and define an isochron with
slope equivalent to an age of 2858+214/-163 Ma and an Isr of 0. 7020-2/+2
(Fig. 4). When Rb-Sr isotopic data for the Tinissaq and Ikerasakitsup akornga
populations are regressed as a regional population using the Mcintyre et
al., [22] method they define a Model 2 isochron equivalent to an age of 2906+/-136
Ma with an Isr of 0. 7020-/+3 (MSI.JD = 10). Using the Cameron et al., [ 17]
method the age is 2903+115/-103 Ma and the Isr is 0. 7020-/+2. Nd isotopic
data for a single specimen of felsic gneiss from Tinissaq ( 425) are shown
in Figure 1. This specimen has a slightly more fractionated REE pattern
( E Nd(O) = -31.9) than the specimen from Ikerasakitsup akornga and yields
a TcHURNd model age of 2821 Ma.
(7) Kangimut sangmissog. Sr isotopic data for felsic gneisses from this locality
(Fig. 5) are poorly correlated and define a Mclnytre et al. , [ 22] Model 4
isochron equivalent to an age of 2768+/-264 Ma with an Isr of 0. 7017-/+5
(MSWD=79). The Cameron et al., [17] treatment for the same data is also shown
in Figure 5. The large uncertainty in the age reflects the influence of the
large population with 87Rbj86sr ratios less than 0.1. This depletion in Rb
relative to Sr is a characteristic feature of gneisses from this locality. Nd
isotopic data for two felsic gneisses are shown in Figure 1. They are less
fractionated than the gneisses from the other localities and have ENd(O)
values of -24.6 and -20.5 respectively. TcHURNd model ages for these samples
(viz., 2625 and 2508 Ma respectively) are significantly lower than model
ages displayed by the other felsic gneisses. Also presented in Figure 1
are Sm-Nd isotopic data for a ca. 2900 to 3000 Ma Nuk gneiss from Kangimut
sangmissoq, which has an TcHURN~odel age of 2773 Ma.
Discussion The different groups of felsic gneisses described above are
considered to represent different stages in evolution of late Archean crust
in the North Atlantic Craton. Sr and Nd isotopic data for most of the gneisses
yield equivocal information regarding the crustal prehistory of the gneiss
complex. This is particularly true when different groups- are studied in isolation. Only the type Amitsoq and Uivak 1 gneisses preserve unequivocal Sr
and Nd isotopic evidence of the antiquity of their protoliths. The Kiyuktok
gneisses and some of the Nordafar gneisses preserve information about their
crustal history in their Sm-Nd isotope systematics (see Fig. 1). However,
the Rb-Sr isotopic evolution of the Nordafar gneisses differs from that of
the Kiyuktok gneisses and yields no information concerning a possible crustal
pre-history (cf. data for the Kiyuktok gneisses, [11 & 21]. This contrasting
pattern is interpreted to reflect either variation in metamorphic grade of
the early Archean protoliths of these rocks or variable enrichment in Rb
during the ca. 2900 Ma metamorphic events (see Nutman et al., [ 8]. Gneisses
at Ikerasakitsup akornga and Tinissaq have similar Isr's to those at Nordafar
( cf. Figs 2 to 4). However, unlike the Nordafar gneisses, their Nd isotope
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systematics show no evidence that they contain an older crustal component. Most
of the Kangimut sangmissoq gneisses are significantly more depleted in Rb
relative to Sr than felsic gneisses from the other areas and are characterized
by less highly fractionated REE patterns. Nd isotopic data for these gneisses
also show no evidence of an older crustal component.
When combined, the Nd isotopic data for Ikerasakitsup akornga, Tinissaq
and Kangimut sangmissoq define a remarkably well correlated array (Fig. 1)
with a slope equivalent to an age of ca. 3300 Ma and an extremely depleted
£ Nd (+5.9). On face value this might be interpreted as having "real age
significance". However, one of the samples from Kangimut sangmissoq which
plots on this line is a ca. 3000 Ma Nuk gneiss also affected by the granulite
facies event. This array is therefore interpreted as a pseudoisochron; probably
a mixing line without any geochronological significance. The Sm-Nd isotopic
systematics of samples which fall on this array, together with the Nordafar
and Kiyuktok gneisses, are interpreted to have developed during the ca. 2800
to 2900 Ma tectonothermal event. The data appear to reflect mixing between
isotopically evolved Uivak and Amitsoq crust ( £Nd
-8 to -12 at ca. 2900
Ma) and a juvenile-like component, possibly derived from a depleted mantle
source with£ Nd of +4 to +6 at ca. 2900 Ma. The nature of this juvenile component
or the mechanism by which the interaction occurs has not yet been established.
The model is depicted graphically in Figure 6. Nd isotopic data for Tertiary
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basalts flanking, and formed during the opening of Davis Strait, when Labrador
was separated from west Greenland clearly have been derived from depleted
mantle source regions. The Baffin Bay data, combined with the postulated
evolutionary vector for the mantle source region of the early Archean suites,
demonstrates that the mantle beneath the North Atlantic Craton would have
had the appropriate depleted character at ca. 2900 Ma required by the postulated
mlxlng process.
A similar model was suggested by Coller son and McCulloch
[ 14] for the Kiyuktok gneiss and is strengthened by the data presented for
the west Greenland gneisses.
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INTRUSIONS OF MIXED ORIGIN MIGMATISING EARLY ARCHAEAN
CRUST IN NORTHERN LABRADOR, CANADA. Lo Schiette and
D. Bridgwater, Geologiek Museum, 0$tervoldgade 5-7, 1350
K0benhavn Ko, Denmark.
In the Saglek-Hebron area of northern Labrador, Canada,
old-Archaean (~3.6 Ga) gnei~se~ and eupracrustals are migmati~d by late-Archaean granites and trondhjemites.
A simplified chronological scheme of the geological evolution in the area compared to Godthaabs~fjord, Wes-t Greenland is·
ehown in Table 1. In the early Archaean the evolution of the
·Labradorian Uivak continent has much in common with the evolution of the Greenlandic Amitsoq continent. In the later Archaean, however, remelting and reworking of the already existing
continent plays a more important role in Labrador, than is described from the type area of the Amit$oq gneiss~s between
Godthaaberfjord and Ameralik ( 1). Conversely the equivalent of
the ca. 3000 Ma Nuk gneiss (s.s.) which i~ dominated by rock~
formBd from protoliths with a short crustal history, has only
Table 1.
Simplified geological table of events for the Archaean
of the Saglek-Hebron area and outer Godthaabsfjord.
Saglek-J!ebron:
o Ui vak continent established (incl. rafts of
Nulliak supracrustal•).

Godthaabrljord:
Amitsoq continent established (incl. rafts o! Isua/
Akilia supracrustala),

Saglek dyke swarm.

Ameralik dyke swarm.

Deposition of Upernavik
11Upraerus tala·•

Deposition of Malene
·supracrustals.

Intrusion of Lister
Intrusion of anorthosite
o gneiss, restricted extent. followed by wide spread Muk
gneisses.
Tectonic intercalation of
gneisses and Upernavik
supracrustals.
Wide spread granulite
facies metamorphism,
partial melting of continent. Granitic-trendhjemi tic migmatising
sheets.

Tectonic intercalation of
gneisses, anorthosites and
Malene supracrustals.
Granulite facies
metamorphism.

Emplacement of discrete
Emplacement of Qarusuk dykes.
pink-grey granitic sheets. (Wide spread granite sheeting
in inner Godthaabsfjord).
Formation of post-tectonic Formation of post~ectonie
o K-!eldspar rich granite.
Qorqut granite.
Data from (2-5)
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got a very restricted extent.
Late-Archaean sheets which migmatise the old-Archaean
rock~, are intruded during the waning stages of high-grade metamorphifB!l:. Different crustal levelff of the late-Archaean mig'Dlatite complex are 3'€en at the present level of erosion, due to
po!Ft-Arehaean faulting of the Saglek-Hebron area. In the deepen crustal levels; the migmatising sheets: crystallised in gran.uli te facies. At intermediate levels, the granulite facies conditions; had ceased at the time of intrusion, and migmati~ation
i~ locally related to retrogression. At the highest crustal levels represented, the migmatising sheets cut gneisses which did
not reach granulite facie& during the late-Archaeano
The sheets are leucocratic with very restricted amounts of
mafic minerals ( opx and gar in granulite facie::r, biot and occasional gar in amphibolite facies). K20/Na 2o ratios ~how a large
s;pread, even within one intrusion. Absolute contents of REE are
generally low (fig. 1), with prominent positive Eu-anomalies;.,.
LREE are in most cases highly enriched relative to HREE, that
is- (Ge/Yb )N 50-2'50. A garnet-bearing K-feldspar rich pegmat.i te
(fig o 1), however, shows' a concave REE-pattern.
TheS"e REE-patterns are difficult to explain in terms of
B'imple magma differentiation from trondhjemite to granite
(which would mainly be a matter of plagiocla~e fractionation),
and we interpret the variable K20/Na 2o ratios as, due to alkali
exchange with fluid$ within the sheets· and the aurrounding
gneisses'• We suggest that REE and other trace elements usually
considered immobile were involved in this int.erchange. The
main factor controlling REE distribution in thes'e fluid-rich
environments is thought to be the stability of the main REE
bearing phases (allanite, z-ircon, apatite and garnet). Eu could
always: eaEily be accomodated by the very feldspathic rock itself whilst allanite grown in the Uivak gneiss adjacent to
•igmatising sheet:s, auggerls LREE enrichment by interchange
across the eontacto· The concave REE-pattern displayed by one
sample' in fig. 1 is: accounted for by HREE incorporation in
garnet;
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Provis-ional Sm-Nd isrotopic measurements- of' the migmatis;ing
sheets- show :n:egative, though numerically small eNd (2800 Ma)valueSF, ranging from -2 t.o -4. Since eNd ( 2800 Ma)-valuee for
li:rivak gneiss,es- and Nulliak su.pracrustalfl' are strongly negative
(-5 t:o -10), thiS' aruggests a mixed origin for the migmatis-ing
sheets with both crus-tal and mantle like components o~ If REE
exchange with the surrounding rocks- took place, the Uivak
gneiss-es- (and Nulliak supracrustal!!') would have been contaminated with an abnormally radiogenic Nd in the late Archaean,
in which case previouf!'ly reported (6) pos;itive eNd (3665 Ma)values- of Uivak gneisses could be an artifact and not necessarilly indicative of derivation from a depleted mantle a'Ource.
Pb-Pb :results· also indicate that upper crustal levels'
were contaminated with Pb of abnormal isot.opic composition during the late-Archaean migmatisation. In fig. 2 granulite and
amphibolite facies Uivak gneisses reveal a difference in Pbradioge:m.ei ty which iS" not explicable in terms· o:f U-los-s from
granulite grade areas-. at 2800 Ma. If U-loss and partial isotopic homogenisation were the only disturbing factors, the only
systematic variation b~etween amphibolite and granulite facies
rocks- would fall along a line with 2800 Ma slope. From figo 2
it cam: be seen that amphibolite facies rocks have radiogenic
Pb with an abnormally high 207 Pb/206Pb-ratio (that is radiogenic Pb developed before 2800 Ma). If Uivak gneisses do not
have different his-tories- between the early Archaean and the
late-Archaean high-grade metam,orphism on different sides: of
the facies houndaries-, the easiest explanation is: that amphibolite facieS'- gneisseS' were contaminated with radiogenic Pb
at 2800 Ma.
The grani tic-trondhj-emi tic migmatising sheets have suitable Pb-compoS'i tions· :for being the contaminating agents. (Direct evidence of Pb mobility is seen in local galena mineralisations of probable late-Archaean age in the area).
The main conclusion is that granitic-trondhjemitic sheets
and their related fluid phases acted as vehicles. for ·element
'-..
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from one crustal level tcr. another. This c~used isotopic anomalies in the Pb-Pb and possib1y als:o the Sm-Nd systems. Both isotopic systems indicate a mixed origin for the
migmati~ing sheets, with crustal as well as mantle components"
From their general geochemistry and mineralogy the mosr-t probable origin o:f" the migmatising sheets was melting o:f sialic
crus:t. The mantle component may either have been introduced
by fluid metasomatism directly from the mantle, or alternatively by derivation from adjacent Upernavik supracrustals if
these had a short crustal history.·
transpo~t
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SIGNIFICANCE Of THE Sm-Nd ISOTOPIC SYSTEMATICS OF THE AKILIA
ASSOCIATION;
G. Gruau~, A. Nutman~~, and B.M. Jahn~, ~CAESS-CNRS, Universite
de Rennes, Institut de Geologie (France), ~~Geological Survey of Greenland,
Copenhagen, (Danmark)
Sm-Nd isotopic analyses were carried out on fourteen samples of basic
to ultrabasic metavolcanics from several enclaves of the Amitsoq gneisses
(T

~

3,700 Ma). Field observations suggest that all the analyzed rocks

belong to the pre-Amitsoq Akilia Association. Consequently, a minimum age
of 3,700 Ma is postulated for the emplacement of their protoliths.
When all the data points are put together in a conventional isochron
diagram, no clear isochron relationship can be discerned. However, they seem·
to fall within a band broadly corresponding to an age of 3,600 Ma (Fig. 1).
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The isotopic results are difficult to interpret satisfactorily. We
offer in the following two contrasting interpretations : (1) data scatter
as a result of open system behavior ; (2) data scatter due to a melange of
data sets defining tow distinct isochrons.
(1) Open System Interpretation : Disturbance of Sm-Nd systems in high
grade metamorphic terrains has been documented (1,2). The basic-ultrabasic
enclaves of the Akilia Association have undergone very complicated
metamorphic history (3,4,5). At least two prograde (3,600 Ma, 2,800 Ma)
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and one retrograde (2,550 Ma) metamorphic episodes have been recognized (6,
7). The 3,600 Ma metamorphism has clearly affected the area from where the
present samples were collected. Although it is not certain that the Sm-Nd
systems of the studied samples have been opened, isotopic disturbance in
these repeatedly metamorphosed enclaves is likely. Furthermore, because
the data array seems to be parallel to the reference isochron of 3,600 Ma,
it appears that the hypothesized open system might be concurrent with the
3,600 Ma granulite facies metamorphism (7). Accordingly, the scattering of
data points (Fig. 1) could be due to incomplete rehomogenization of Nd
isotopes during the granulite facies metamorphism. Alternatively, the
scattering might represent additional disturbances during later metamorphic
episodes.
(2) Two-Isochron Interpretation : Assuming no post-magmatic isotopic
disturbances have occurred, the present data sets could be resolved into
two well-defined isochrons : (1) T

= 3,887

~

65 Ma, ENd(T)

=+

4.2

±

0.4,

(Fig. 2) ; (2) T = 3,112 ± 154 Ma, ENd(T) = + 1.0 ± 0.9, (Fig. 3). In other
words, the scattering of data points shown in Fig. 1 was a result of mixed
populations representing a set of Akilia rocks and a set of post-Amitsoq
Malene metavolcanics respectively.
Fig. 2
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The grouping in Figs. 2 and 3 was made by visual judgement and is
certainly subject to debate. Two sets of arguments could, however, support
this interpretation. First, the Akilia association and the younger Malene
Supracrustals are known to have very similar lithologies (3,8). Both have
been severely deformed and folded during later tectono-metamorphic episodes,
and are now intimately juxtaposed (9). Recognition of the two supracrustal
sequences in such highly deformed areas may not be easy. Hence it is possible
that samples of different sequences have been collected and analyzed. Second,
the two "isochron" ages correspond reasonably, may it be accidently, to the
anticipated events for the volcanisms of the Akilia Association (T
Ma) and the Malene Supracrustals (T

~

~

3,800

3,100 Ma, 4).

At present, we have no preference over the two alternative
interpretations. Should the second interpretation be proven correct, both
the age (3,887

±

65 Ma) and the high positive €Nd value (+ 4) would be

very significant in the understanding of the early chemical evolution of the
terrestrial mantle. High positive eNd values (+ 2 to + 3.5) have also been
reported for several units of the Isua Belt (T

~

3,800 Ma, 10). All these

data suggest that at least some parts of early mantle have been highly
depleted and isolated soon following the accretion and very early
differentiation of the Earth about 4,500 Ma ago.
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ARCHEAN METAMORPHIC SEQUENCE AND SURFACES, KANGERDLUGSSUAQ FJORD, EAST
GREENLAND. M.A. KAYS, Dept. of Geol., Univ. Oregon, Eugene, OR 97403
Introduction: The characteristics of Archean metamorphic surfaces and
fabrics of a mapped sequence of rocks older than ca. 3000 Ma [1] provide information basic to an understanding of the structural evolution and metamorphic history in Kangerdlugssuaq Fjord, east Greenland. This information and
the additional results of petrologic and geochemical studies [2] have culminated in an extended chronology (Table 1) of Archean plutonic, metamorphic, and
tectonic events for Kangerdlugssuaq Fjord [3,4]. This paper considers the
basis for the chronology and especially the nature of the metamorphic fabrics
and surfaces in the Archean sequence. The surfaces may prove to be mappable
outside Kangerdlugssuaq Fjord, and if so, they will be helpful in extending
the events that they represent to other Archean sequences in east Greenland.
The surfaces will become especially important reference planes if the absolute
ages of their metamorphic assemblages can be determined in at least one location. Once an isochron is obtained, the dynamothermal age of the regionally
identifiable metamorphic surface is determined everywhere it can be mapped.
Pre-3000 Ma Gneisses: The reconnaissance mapping (1:500,000) over the
greater area of Kangerdlugssuaq Fjord [5], and the more detailed mapping (1:
20,000) of this study (Fig. 1) along Watkins Fjord indicate that there are
two distinct generations of granitoid gneisses. The distinction between the
two is mainly structural. The older gneisses are banded migmatitic rocks containing thin biotite-rich and/or hornblende-rich parts that are presumably
supracrustal in origin, veined and fragmented by quartz-feldspar-rich layers.
The supracrustal bands occur frequently as faded, "ghost-like" remnants
tightly folded together with the bands and layers of quartz-feldspar.
Supracrustal Sequence: The supracrustal rocks of this study are in
apparent tectonic contact with the older gneisses, and both these rock groups
are intruded by the ca. 3000 Ma calc alkaline gneiss suite. The mapped character of the supracrustal sequence is that of very narrow and deformed, elongate
belts that are gradationally xenolithic in the ca. 3000 Ma gneisses, and whose
outcrop patterns are partly the result of folding (Fig. 1). Elongate belts of
character similar to those of the supracrustal rocks in Kangerdlugssuaq Fjord
extend south nearly 300 km to Angmagssalik [5].
Metaclastic rocks are abundant in the belts of the map area. The common
types are biotite-bearing quartz-f.eldspar schists, micaceous quartzites,
garnet-biotite schists, and quartz-sillimanite-biotite schists (±cordierite±
garnet). Amphibolites are nearly as abundant as the metaclastic rocks; hornblende and plagioclase are finely banded on a mm scale and locally have gradational relations with garnet-biotite schists. Thin bands of iron-silicatebearing quartzites or metacherts have persistent interlayered association with
the amphibolites. The main iron-silicate in the quartzites is almandine, but
hornblende is commonly present, there are subordinate iron-ores, and there is
rare occurrence of hypersthene and fayalite.
Ultramafic Rocks: Elongate, pod-like ultramafic bodies of variable dimensions commonly measured in m, but up to 0.5 km long and 100 m thick, are widespread in the supracrustal sequence. Although greatly modified by later deformation, discordant contact relationships with the older gneisses and suprac~
tal rocks provide evidence that the ultramafic rocks are remnants of elongate
dikes/sills. Mapped metamorphic surfaces, structures, and fabrics in the supracrust and older gneiss show that intrusion of ultramafic liquid was earlier
than regional metamorphism/deformation common to all these rocks. The ultramafic rocks are largely amphibole-bearing peridotites with olivine, orthopyrox-
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ene or clinopyroxene (but not both), green hercynitic, brown, and iron-chrome
spinels, talc and chlorite.
3000 Ma Gneisses: The younger gneisses from which the 2980±20 Ma Pb-Pb
isochron [1] was obtained are polyphase intrusive rocks with compositional
range tonalite to granodiorite, adamellite and granite [2]. These gneisses
are the most voluminous Archean rocks in the area, and intrude supracrustal
belt rocks and migmatiticgneisses. Directional fabrics of the rocks are
strong but of variable character, and many rocks are foliated.
Significance of Fsp-Stage and Fgn-Stage Folds: Archean surfaces folded
by Fsp-stage folds are (1) Sbgn migmatitic banding in the older gneisses; (2)
Suml compositional banding generally at a high angle to and frequently transposed by (3) Scl metamorphic cleavage in the ultramafic rocks; (4) Ssp metamorphic foliation and nearly parallel compositional banding in the supracrustal rocks. Fsp-stage folds are not found in the 3000 Ma gneisses (Table 1).
Strong deformation during and following intrusion of the younger gneisses
developed in them penetrative fabrics Sgn and nearly parallel trends with Ssp,
Scl, and Sbgn surfaces of the intruded rocks. Nevertheless, evidence is preserved for angular intrusive discordance just at the contacts between intrusive and intruded rocks. The gneisses with Sgn fabrics are folded by only
the Fgn-stage folds which also affect the Fsp-stage folds and all the Fspfolded metamorphic and migmatitic surfaces (Table 1).
The Sbgn Surface and its Relation to Ssp: The surface of earliest generation in this region may be the Sbgn surface of migmatitic banding. The
field characters of these gneisses and their hornblende-rich dikes have been
favorably compared with those of the Amitsoq gneisses and Ameralik dikes of
west Greenland [5,6]. Biotite-rich and/or hornblende-rich bands now only mm
thick are clearly fragmentary remnants of some pre-existing, presumably
supracrustal rocks, and constitute the neosome. The Sbgn and Ssp surfaces are
both affected by Fsp-stage and Fgn-stage folds. However, on northwest Kraemers Island the Ssp and Sbgn surfaces of supracrustal belt biotite-garnet
schist and migmatite gneiss, respectively, are discordant: here, near their
contact, discrete and streamlined, lenticular bodies of schist are enclosed
by gneiss and their respective surfaces share Fgn-stage folds. The interpretation is that the discordance is tectonic and that the lenticular schist
bodies are tectonic slivers formed as a result of thrust faulting during the
later stages in the development of a fold nappe. According to such a model
the Sbgn surface must be older than tectonic juxtaposition but the relative
age of it with respect to the surface Ssp cannot be determined.
The Ssp Surface in Supracrustal Belt Rocks: The prominent penetrative
fabric Ssp in the supracru~tal belt rocks consists of planar orientations of
the minerals biotite, hornblende, platy quartz, and feldspar. The Ssp schistosity is parallel or subparallel to compositional banding which consists of
alternating layers of quartz, or quartz-feldspar, or feldspar and segregations of a variety of Fe-Mg-Al-silicates including sillimanite. Because they
have essentially the same orientation, and there is no consistent evidence
for transposition of one by the other, schistosity and compositional banding
are not distinguished and both are referred to as Ssp foliation. The parallel
growth of planar minerals and their segregation into roughly parallel bands
were in response to syntectonic recrystallization possibly along axial planar
surfaces at an earlier stage in the development of the previously described
nappe structure. Subsequently, minerals of Ssp-stage fabrics were folded about
Fsp-stage hinges during some later stage of the development of the fold nappe
but earlier than or during tectonic juxtaposition with the migmatite gneisses.
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Maximum metamorphism associated with the Ssp surface in pelitic and semipelitic rocks is constrained only in terms of the divariant association of sillimanite-biotite-quartz above the breakdown temperature of muscovite-quartz in
the upper amphibolite facies. This is because the assemblages of the supracrustal rocks are polymetamorphic and recrystallization following development
of Ssp assemblages overlapped their stability field while preserving Ssp
assemblages and fabrics.
Scl and other Surfaces in Ultramafic Rocks: Observations from many locations indicate that there are three kinds of fabrics recognizable in the ultramafic rocks: (1) compositional layering Suml in which occasional ironchrome-oxide-rich bands alternate with olivine-richer and pyroxene-richer
bands that are frequently several em to tens of em thick; (2) metamorphic
cleavage Scl which transposes and frequently obliterates the earlier compositional layering; (3) reaction selvages Surs which conform generally to the
pod-like shape of the bodies and are several em to tens of em thick separating the ultramafic rocks from the adjacent gneisses and gneiss-intruded contact with supracrustal rocks. The evidence is good that the order given here
is also the order in which the fabrics were acquired. There is also field evidence from northwest Kraemers Island that perfectly parallel Scl cleavage and
Ssp foliation are equivalent in ultramafic and supracrustal rocks, respectively, and are later than the discordant contact between the two rock types.
Assemblages which form the Scl surface correspond regionally to metamorphism
in the T-P field of tremolite-chlorite peridotite [7]. However, the assemblages are polymetamorphic and post-Scl assemblages Surs are at higher grade.
The Sgn Surface: The penetrative foliation Sgn in the ca. 3000 Ma
gneisses consists of flattened-elongated quartz-feldspar, parallel biotite
flakes, and elongated hornblende. The assemblages are consistent with subsolidus recrystallization above the stability of muscovite+quartz but below the
stability of biotite+quartz and hornblende+quartz in rocks of compositional
range tonalite to granite. Sgn fabrics are discordant with and later than Scl,
Ssp, and Sbgn cleavages and foliations.
Post-Sgn Effects: Porphyroblastic minerals of supracrustal rocks incorporate minerals of the Ssp surface and overlap their stability fields. Locally,
the porphyroblastic minerals have measured alignment in outcrop parallel with
Fgn axes locally transposing Ssp foliation in the hinge areas of Fgn folds.
The porphyroblastic assemblages of ultramafic rocks are those of previously
described Surs selvage assemblages. Preferred orientations of the porphyroblastic assemblages aren't obvious, but the Surs selvage surfaces have boudinage elongation parallel to Fgn axes. In the 3000 Ma gneisses, annealed mylonitic flaser structure emphasized by coarse feldspar augen also has elongation
parallel to Fgn axes locally transposing Sgn foliation through Fgn fold
hinges. None of the post-Sgn effects just described is penetrative. Ssp, Scl,
and post-Sgn porphyroblastic assemblages together constitute polymetamorphic
assemblages which at maximum grade are represented by (1) chlorite = orthopyroxene + olivine + green spinel + vapor [8] in peridotites, and by (2) biotite + sillimanite +quartz = cordierite + garnet + K-feldspar +vapor/
liquid [9] in metapelites.
Summary and Conclusions: An effective method of documenting isotopically
disturbed rocks older than the ca. 3000 Ma Pb-Pb isochron obtained for the
voluminous calc alkaline gneisses in Kangerdlugssuaq Fjord is to map the metamorphic surfaces and fabrics of all the Archean rocks. A key to an understanding of Archean chronological relations (Table 1) is the recognition of Fspstage folding that is earlier than formation of the metamorphic surface Sgn
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in the ca. 3000 Ma gneisses. Important features of the earlier metamorphism
are the well preserved, and predominant Ssp and Scl metamorphic surfaces which
record a high grade dynamothermal event older than intrusion of the ca. 3000
Ma gneisses. The interpretation here is that the final high grade metamorphic
event overlapped with the heating associated with emplacement and continuing
deformation (Fgn) of the youngest gneisses. The Sgn fabric in those gneisses
is interpreted to be the result of synkinematic crystallization and/or subsolidus flow at temperatures above about 600°C [10,11] in a recumbent tectonic
regime [12,13]. Flow fabrics equivalent to Sgn are absent in the supracrustal,
ultramafic, and older gneissic rocks because stress as a component of lithostatic pressure effected pervasive movement in only the hot plastic or semiliquid calc alkaline nappes.
References: [1] Leeman, W.P., Dasch, E.J., & Kays, M.A. (1976) Nature 263, p.
469-471. [2] Kays, M.A., McBirney, A.R., & Goles, G.G. (1981) Contrib.--Mfneral. Petrol.~. p. 265-284. [3] Kays, M.A., Dorais, M.J., & Goles, G.G-.--(1983) Geol. Soc. Amer. Ann. Mtgs. ~. p. 609. [4] Kays, M.A. (1984) Trans.
Amer. Geophys. Union (E@S) ~. p. 1128-1129. [5] Bridgwater, D., Davies, F.B.,
Gill, R.C.O., Gorman, B.E., Myers, J.S., Pedersen, S., & Taylor, P.N. (1978)
~· Gronlands geol. Unders. 83, p. 1-17. [6] McGregor, V.R. (1973) Phil.
Trans. R. Soc. Lond. A273, p. 343-358. [7) Jenkins, D.M. (1983) Contrib. Mineral. Petro~83, p. 375-384. [8] Fawcett, J.J., & Yoder, H.S. (1966) Am. Mineral. 51, p. 353-380. [9] Holdaway, M.J., & Lee, S.M. (1977) Contrib. Mine~
Petrol: 63, p. 175-198. [10] Tullis, J., & Yund, R.A. (1977) I· Geophys. Re;.
~. p. 5705-5718. [11] van der Molen, I., & Paterson, M.S. (1970) Contrib.
Mineral. Petrol. 2Q, p. 299-318. [12] Wells, P.R.A. (1979) I· Petrology 20,
p. 187-226. [13] Wells, P.R.A. (1980) Earth Planet. Sci. Lett. 46, p. 253-265.
Table 1. Chronology of Archean events in Kangerdlugssuaq Fjord
7. Isoclinal upright Fgn folding of the ca. 3000 Ma calc alkaline gneiss
suite, Ssp, Scl, Sbgn surfaces; local transposition of Sgn and Ssp foliation through Fgn hinges during final high grade equilibration of Archean
rocks.
6. Extended period of intrusion, sheet-like pulses of calc alkaline mantlederived magma invade tectonically interlayered supracrust and migmatitic
gneisses. Planar and linear penetrative Sgn fabrics by synkinematic or subsolidus flow of plutonic rocks forming flattened-aligned quartz, feldspar,
and biotite±bornblende.
5. Fold nappes form resulting at some early stage in tight recumbent Fsp-stage
folds of Ssp and Sbgn surfaces; at a later stage there is thrusting and
tectonic interleaving of the recumbent folded sequence.
4. Syntectonic regional metamorphism of intermediate baric type forms penetrative Ssp foliation (supracrust) and Scl cleavage (ultramafic rocks).
3. Intrusion of ultramafic magma forming elongate dikes in supracrust and migmatitic gneisses; crystal settling-differentiation of magma forms Suml compositional layers (iron-chrome-oxides, olivine, and pyroxenes).
2. Deposition of supracrustal rocks apparently on granitoid basement gneisses.
Accumulation of sedimentary debris with very aluminous interlayers (to 25
wt % Ali0 3 ) was apparently in a basin of moderate depth with nearby volcanic source which periodically erupted basic magma; associated chemical precipitation of silica forms chert beds with localized iron-oxides-sulfides.
1. Intrusion of granitoid magma into biotite and hornblende-bearing layered
and presumably metamorphosed rocks results in secondary migmatitic layers
in which there is alternating quartz-feldspar and hornblende/biotite
identifiable now as the surface Sbgn.
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METAMORPHOSED ULTRAMAFIC ROCKS IN EAST GREENLAND: M.A. Kays, and M.

J. Dorais*, Department of Geology, University of Oregon, Eugene, OR 97403
(*University of Georgia, Athens, GA 30602)

Introduction: Ultramafic rocks have widespread distribution as elongate
pod-like bodies in association with supracrustal belt rocks and granitoid
basement gneisses older than ca. 2900 Ma (Fig. 1) in east Labrador [1,2~ west
Greenland [3,4,5], east Greenland [6,7], and northwest Scotland [8,9]. The
bodies have locally preserved discordant contacts with the supracrustal belt
rocks [5,6,7], and have strong compositional banding with em thick layers enriched in chrome-iron oxides, olivine, pyroxene, or some combination of these
minerals. Some ultramafic bodies also contain layers of gabbro [7,8]. The
ultramafic rocks are not uncommon as xenoliths in Archean gneisses with age
of ca. 2900 Ma or younger; the xenoliths occur with size ranging from a few
em diameter to large rafts more than 100 m long. Analyzed suites of the podlike Archean ultramafic bodies have compositional characteristics similar to
komatiite-tholeiite suites of Archean greenstone belts [8,10,11], or to the
basal parts of layered intrusions and constructional sequences of similar
character [12]. In the indexed localities of Fig. 1 the major period of emplacement of the ultramafic rocks was earlier than the voluminous generation
of calc alkaline magma at ca. 2700-2900 Ma [13,14]. Thus, the occurrence of
the ultramafic rocks may be an important marker in documenting the distribution of Archean rocks older than ca. 2900 Ma in the craton of the North
Atlantic region.
This paper summarizes compositional and mineralogical characteristics of
Archean ultramafic rocks in Kangerdlugssuaq Fjord (Fig. 1): the first provide
information important to understanding the primary character of the rock
suite, whereas the latter provide data necessary to determine conditions of
their equilibration during the latestmetamorphism. Field characteristics and
documentation for the occurrence and probable emplacement history of the ultramafic rocks are given in a companion paper [7]. The two kinds of information will be of value in determining the affinity of the suite to similar
Archean rocks in other areas of the North Atlantic craton.
Whole Rock Compositional Characteristics: Major element oxides of the
ultramafic rocks have decreasing abundance with respect to increasing MgO
contents (Fig. 2). Ni is the only analyzed element that shows strong positive
variation with rising MgO contents; Ni contents rise to nearly 1800 ppm in
MgO-enriched rocks. Cr contents (not plotted) are variable and only a crude
pattern is recognizable with respect to MgO. The highest Cr content measured
is about 5500 ppm in a rock with the highest measured MgO content (34 wt.%);
otherwise, Cr contents range from about 1600 to 3500 ppm rising to the higher
value in rocks of intermediate MgO content (ca. 25 wt.%). The compositions of
amphibolites associated with the ultramafic rocks in the supracrustal belts
are also shown in Fig. 2, but the relationships of the two groups of rocks is
not clear in Kangerdlugssuaq Fjord. REE contents of three ultramafic rocks
from Kangerdlugssuaq Fjord have chondrite normalized plots showing enrichment
in these trace elements similar to komatiites [11], but in strong contrast to
the patterns of depletion recognized in alpine peridotites (refractory mantle
lherzolites, harzburgites, and dunites) [15] shown for comparison (Fig. 2).
Major element oxide variations seem consistent with the observation that
ultramafic rocks in Kangerdlugssuaq Fjord have locally preserved compositional layering identified as the surface Suml [7]. To test the hypothesis that
such layering and compositional variation is consistent with crystal fractionation of basic magma, the plots of Ti02 (wt.%) and Y (ppm) vs Zr (ppm) were
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reproduced by calculated Rayleigh fractionation of olivine, pyroxenes, hornblende and plagioclase (Fig. 3). In the calculations, distribution coeffiients (~=mineral/liquid) were used consistent with crystallization of minerals from basaltic or picritic liquids [16]. The trend lines, when viewed in
comparison with the major element contents of the ultramafic rocks, are consistent with olivine fractionation (±pyroxenes). Irvine [17] has also demonstrated that in basic or picritic melts crystallization follows a predictable
path depending on mineral/melt~ values and magma fo~· Thus, if olivine crystal fractionation was the mechanism responsible for forming the variety of
Kangerdlugssuaq Fjord ultramafic rocks, Al would have been effectively excluded to the melt during the process. During such crystallization and exclusion, Al/Mg+Fe 2 + increases in the melt whereas Mg/Mg+Fe 2 + changes gradually,
the fractionation path changing little with additional separation of the pyroxenes. Ultimately, Al exclusion is drastically altered by separation of the
feldspars. The path of Kangerdlugssuaq Fjord ultramafic rocks seems consistent with such a model (Fig. 3), although it seems doubtful that the stage of
feldspar separation occurred during fractionation of the ultramafic sequences.
Metamorphism and Mineral Chemistry of the Ultramafic Rocks: Diagnostic
assemblages in the polymetamorphic ultramafic rocks at the highest grade are
the previously described Surs assemblages [7] containing olivine+orthopyroxene
+green spinel+chlorite+amphibole. Textural evidence in the field and in thin
section is that there was modification of the Scl assemblage (metamorphic
cleavage) during the last recrystallization episode at ca. 2900 Ma [18]. We
assume here that the assemblage reflects equilibrium recrystallization that
was in part mimetic after the Scl assemblage. Mimetic recrystallization was
perhaps aided because conditions of the final event greatly overlapped those
of the earlier episode and because a penetrative fabric did not form in the
ultramafic or adjacent supracrustal rocks during the final event. The assemblage indicated above is approximately equivalent to the sillimanite zone of
the amphibolite facies just below the boundary with the granulite facies
[19], and is consistent with the assemblage quartz+biotite+sillimanite+cordierite+garnet+Kfeldspar in the metapelites. The two assemblagesin ultramafic
and pelitic rocks, respectively, are consistent with the equilibria (1) chlorite = 2 orthopyroxene+olivine+spinel+vapor, and (2) quartz+sillimanite+biotite = cordierite+garnet+Kfeldspar+liquid/vapor [19,20].
The equilibrium P-T curve for equation (1) calculated recently [21]
gives a temperature of about 770°C at 5 kbars for pure Mg end member thermodynamic data. Recalculation of the curve to include compositions of analyzed
minerals in sample KWF72 (Table 1) gives a temperature of about 25°C lower at
the same pressure. Thus, the effects of Fe-Mg and other substitutions in the
minerals of Surs ultramafic assemblages reflect conditions of equilibration
not greatly different from Mg end member reactions. Results of olivine-spinel
geothermometry in five ultramafic rock samples with an assemblage close to
that of (1) indicate continued re-equilibration during cooling following the
main recrystallization.
Some additional data for the minerals analyzed by electron microprobe in
samples containing green spinel+orthopyroxene+olivine+amphibole±chlorite in
Kangerdlugssuaq Fjord ultramafic rocks are given in Table 1. We also note
that olivines and pyroxenes have nearly identical compositional range andvariation in the five rock samples analyzed. Fo and En contents in olivines and
pyroxenes vary from about 75 to 87 mol %; these compositional variations in
the minerals are consistent with bulk compositional variations of their host
rocks (MgO varies from 20 to 32 wt%). The green spinels are aluminous and Fe~ich, but with variable Cr contents; compositional variations on an atomic
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basis are: YA1 =0.86 to 0.96; YC =0.04 to 0.14; XF =0.39 to 0.58; ~ =0.42 to
0.61. We note too that the ampntboles are colorle~s pargasite and gfeenish
edenitic hornblende. Analyzed chlorite of KWF-72 is clinochlore according to
the nomenclature of Hey [22].
Summary and Conclusions: Studies in a number of localities in the North
Atlantic region including Kangerdlugssuaq Fjord indicate that elongate Archean
ultramafic bodies have intrusive contacts with rocks of supracrustal sequences
that are mostly older than 2800-2900 Ma. Thus, the ultramafic rocks may prove
to be reliable markers that identify Archean crustal sections older than the
voluminous accretionary magmatism at ca. 2700-2900 Ma. In some locations, as
in Kangerdlugssuaq Fjord, the bodies have preserved compositional banding that
is probably related to crystal accumulation or some similar magmatic process.
Such layering provides another reference surface with which to "re-orient"
Archean crust with respect to subsequent deformation and recrystallization.
The surface, such as Suml in Kangerdlugssuaq Fjord, also has the potential to
provide ages of primary Archean rock emplacement earlier than that of accretionary magmatism and earlier than the preceding metamorphism of the supracrustal sequences that contain the bodies. Widespread distribution of the
ultramafic bodies suggests the possibility of an important tectonic event
associated perhaps with dilatational fracturing of the craton. Such an event
would contrast markedly with the tectonic setting that followed and in which
there was massive addition of calc alkaline magma to the Archean cratonic
nucleus. Mineral assemblages of the ultramafic bodies also provide reliable
markers of the temperature conditions of their metamorphic equilibration,
and appear to offer proof in Kangerdlugssuaq Fjord of polymetamorphism compatible with that of the associated supracrustal sequence.
References: [1] Bridgwater, D., Collerson, K.D., Hurst, R.W., and Jesseau, C.W. (1975) Geol. Surv. Canada, Paper 75-1A, p. 287-296. [2] Ermanovics,
I.F., Korstgard, J.A., and Bridgwater, D. (1982) Geol. Surv. Canada, Paper 821B, p. 153-165. [3] McGregor, V.R. (1973) Philos. Trans. R. Soc. London Ser.
A273, p. 343-358. [4] Chadwick, B., and Nutman, A.P. (1979) Precamb. Res. 9,
~99-226. [5] Nutman, A.P., Bridgwater, D., Dimroth, E., Gill, R.C.O., and
Rosing, M. (1983) Rapp. Gr¢nlands geol. Unders., 112, p. 5-22. [6] Kays, M.A.
(1984) Trans. Amer. Geophys. Union (E$S), 65, p. 1128-1129. [7] Kays, M.A.
(1985) Proc. Early Crustal Genesis Lunar Planet. Sci. Con£. (in press). [8]
Sills, J.D., Savage, D., Watson, J.V., and Windley, B.F. (1982) Earth Planet.
Sci. Lett., 58, p. 345-360. [9] Watson, J.V. (1983) in Geology of Scotland,
G.Y. Craig (Ed.), p. 23-47. [10] Arndt, N.T., Naldrett, A.J., and Pyke, D.R.
(1977) J. Petrology, 18, p. 319-169. [11] Arth, J.G., Arndt, N.T., and Naldrett, A.J. (1977) Geology 5, p. 590-594. [12] Pallister, J.S., and Knight, R.
J. (1981) J. Geophys. Res., 86, p. 2673-2697. [13] Moorbath, S., and Taylor,
P.N. (1981) in Precambrian Plate Tectonics, A. Kroner (Ed.), p. 491-525. [14]
Taylor, P.N., Moorbath, S., Goodwin, R., Petrykowski, A.C. (1980) Geochim.
Cosmochim. Acta, 44, p. 1437-1453. [15] Frey, F.A. (1982) in Rare Element Geochemistry, P. Henderson (Ed.), p. 153-203. [16] Pearce, J.A., and Norry, M.J.
(1979) Contrib. Mineral. Petrol., 69, p. 33-47. [17] Irvine, T.N. (1979) in
The Evolution of the Igneous Rocks, H.S. Yoder, Jr. (Ed.), p. 244-306. [18]
Leeman, W.P., Dasch, E.J., and Kays, M.A. (1976) Nature, 263, p. 469-471.
[19] Jenkins, D.M. (1983) Contrib. Mineral. Petrol., 83. p. 375-384. [20]
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Table 1. Chemical analyses of minerals by electron microprobe, Kangerdlugssuaq
Fjord, east Greenland.
KWF72 KWF44 - - - - - KWF27 - - - - - chl
olivine ~ spinel
SEinel
amEh
amEh
amEh olivine ~
NA
NA
48.11
31.83 49.14 45.65 37.53
53.01
37.95 52.74
Si02
54.18 11.02
0.13
2.16 57.33 19.60 10.30 12.38
1.13
2.14
Al20a
0.01
BD
0.11
0.49
0.15
0.10
0.09
0.46
0.10
0.50
Ti02
MgO
28.44
11.76 18.01
39.51 30.49 12.32 29.66 19.00 17.98 38.15
FeO
23.06
7.33
21.04 13.75 22.07
6.29
6.75
8.41 22.71
15.23
NA
BD
NA
NA
7.83
NA
NA
NA
0.05
6.55
Cr20a
NA
NA
NA
0.05
NA
NA
NA
NA
NA
NA
V20s
0.11
0.07
Mn.O
0.25
0.18
0.04
BD
0.10
0.46
0.22
0.08
NA
NA
NiO
NA
NA
NA
NA
NA
NA
0.49
0.47
12.51
CaO
NA
0.05
0.38
NA
0.10 12.35 11.53
0.08
0.27
NA
0.76
0.01
NA
0.01
0.19
0.01
0.05
Na20
0.04
1.49
NA
0.16
BD
NA
BD
0.15
0.03
0.02
0.02
0.32
K20
NJ,
NA
1.54
NA
NA
NA
NA
12.50
1.54
1.64
H20*
99.38
95.77 100.00
Total 99.65 99.81 99.67 100.00 100.00 100.00 100.00
* by difference; NA not analyzed; BD below detection
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GEOLOGY AND TECTONICS OF THE ARCHEAN SUPERIOR
PROVINCE, CANADIAN SHIELD;
K.D. Card, Geological Survey of Canada, 588 Booth St., Ottawa, Ontario, KIA OE4
Although it is the world's largest relatively undisturbed region of Archean
crust, Superior Province is only a remnant of a formerly more extensive craton. It
is transected and surrounded by Early Proterozoic orogens which display
lithological and tectonic zonation consistent with the operation of plate tectonic
processes (Hoffman et al., 1982).
Superior Province has high-grade gneiss regions in the north (Pikwitonei,
Minto) and south (Minnesota River Valley) characterized by granulite facies gneiss
and abundant plutonic rocks. One of these (MRV) has rocks older than 3.5 Ga;
absolute ages of Pikwitonei and Minto rocks are unknown but Minto does have
north-south structural trends distinctive from the dominant east-west structures of
the rest of Superior Province.
Between the northern and southern high-grade gneiss regions are alternating
east-west trending subprovinces whose supracrustal components are dominated by
metavolcanics or by metasediments. Metavolcanic-rich subprovinces (Abitibi,
Wabigoon etc.) are characterized by sinuous, upright, low-grade (subgreenschist to
amphibolite facies) komatiitic, tholeiitic, calc-alkalic and rare alkalic volcanic
sequences with volcanogenic clastic and chemical sediments. Most metavolcanic
belts consist of several lensoid, overlapping volcanic piles each on the order of
100 km in maximum dimension and approximately 10 km thick. Each volcanic pile
comprises several volcanic cycles consisting of a lower komatiitic-tholeiitic basalt
sequence, a middle tholeiitic basalt-andesite-dacite sequence, and an upper calcalkalic dacite-rhyolite-andesite-basalt sequence. Chemical (iron formation, chert)
and clastic (wacke, conglomerate) sediments occur within and between the volcanic
cycles and, to a limited extent, as marginal aprons about the volcanic edifices. In
terms of rock types, sequences, and overall configuration, Archean metavolcanic
belts are most closely analogous to modern island arcs (Goodwin, 1977).
The intervening metasedimentary belts (Quetico, Pontiac, etc.) consist
mainly of turbiditic wacke and pelite metamorphosed at grades ranging from low
greenschist at belt margins to upper amphibolite, and locally granulite, in belt
interiors. Metasedimentary subprovinces have a deceptively simple "straight"
structural aspect due to strongly developed foliation, subhorizontal isoclinal folds,
and gently plunging lineation. These, however, are late structures overprinted on
earlier complex recumbent folds and dome and basin structures. Although data are
lacking on their age, it is possible that the metasediments are broadly correlative
with the adjacent metavolcanic sequences. Hence, they may represent dominantly
volcanogenic detritus deposited in inter-arc sedimentary basins.
Plutonic rocks are particularly abundant in Superior Province; several
subprovinces (Berens River, Winnipeg River, etc.) consist almost exclusively of
felsic and intermediate plutons and orthogneiss. Plutonic rocks in the volcanoplutonic subprovinces include tonalitic gneiss, synvolcanic quartz diorite,
trondhjemite and granodiorite plutons, younger granodiorite batholiths, and still
younger granitic and syenitic intrusions. Peraluminous S-type granites are common
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in the high-grade migmatitic parts of the metasedimentary subprovinces. Some
early plutonic units may represent pre-volcanic sialic basement, but unconformable
relationships can rarely be demonstrated. For the most part, the earliest plutonic
rocks intrude the supracrustal rocks and commonly contain abundant, locallyderived xenoliths. The tonalitic and mafic gneisses are characterized by domal
structures, in part attributable to diapirism and in part to polyphase deformation
involving thrusting and recumbent folding.
U-Pb zircon dates demonstrate that volcanic, plutonic, deformational and
metamorphic events of relatively brief duration were essentially synchronous over
large parts of Superior Province but that there are detectable differences in ages
of events from one area to another (Krogh et al., 1982). In the north (Uchi,
Sachigo) major volcanism and plutonism occurred between 3.0 and 2.8 Ga and again
between 2.75 and 2.7 Ga. Major deformation and metamorphism at about 2.73 to
2.7 Ga were accompanied and followed by plutonism. In the south (Abitibi, Wawa,
Wabigoon) major volcanism and plutonism occurred at about 2.75 to 2.79 Ga. Here,
deformation and metamorphism of the supracrustal sequences at about 2.68 to
2.7 Ga were accompanied and followed by plutonism at 2.7 to 2.66 Ga.
Dextral transcurrent faults trending EW and NW and sinistral faults trending
NE form subprovince boundaries in part, as do NE and EW trending thrusts. The
most notable product of the thrust faulting, the Kapuskasing structural zone,
exposes granulites considered to represent lower crust brought to surface by
movements on crustal-scale faults that transect the east-west trending
subprovinces (Percival and Card, 1983).
In summary, Superior Province consists mainly of Late Archean rocks with
Middle Archean gneisses in the south, and possibly the north. The Late Archean
supracrustal sequences are of island arc and inter-arc affinity and are cut by
abundant plutonic rocks, including early arc-related intrusions, late synorogenic
intrusions, and post-orogenic plutons that are possibly the product of crustal
melting caused by thermal blanketing of newly-thickened continental crust
combined with high mantle heat flux. The contemporaneity of magmatic and
deformational events along the lengths of the belts is consistent with a subductiondominated tectonic regime for assembly of the Kenoran Orogen. Successive
addition of volcanic arcs accompanied and followed by voluminous plutonism
resulted in crustal thickening and stabilization of the Superior craton prior to uplift
of Kapuskasing granulites, emplacement of the Matachewan diabase dykes, and
Early Proterozoic marginal rifting.
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METAMORPHISM AND PLUTONISM IN THE QUETICO BELT, SUPERIOR
PROVINCE, N.W. ONTARIO
J.A. Percival, Geological Survey of Canada, 588 Booth St., Ottawa, Ontario, K lA OE4
Reconnaissance study of 350 km of strike length of the 1200-km-long
Quetico belt reveals regional patterns of metamorphism and plutonism. Located
between the Wabigoon and Wawa greenstone-granite belts, the Quetico belt
consists of a marginal metasedimentary schist unit and an interior complex of
metasedimentary schist and gneiss and plutonic rocks. Metamorphic grade in
marginal pelitic schists varies from a chlorite-muscovite zone at the outer margin
to a garnet-sillimanite zone toward the interior. Common assemblages of garnetandalusite throughout the marginal unit and in the interior in the Lac La Croix area
indicate low-pressure metamorphism (bathozone 2). Assemblages of staurolitesillimanite and rare kyanite some 60-150 km east of Lac La Croix suggest
bathozone 3 conditions. Mineral assemblages in peraluminous granitoid leucosome
dykes and plutons also vary regionally along strike. Sillimanite, in association with
garnet and muscovite, is common in the west; cordierite is present only to the east.
Leucosome in migmatites is mainly intrusive in the west and locally derived in the
east. These features together suggest a deepening level of erosion from west to
east.
Two large plutonic complexes characterize the interior of the western
Quetico belt: the Vermilion complex of Minnesota and the Quetico Park complex
(1) of Ontario. The Vermilion complex consists mainly of biotite granite and
leucogranite with metasedimentary schist inclusions. A zonation in plutonic rock
types characterizes the Quetico Park complex across its 20-50 km width.
Peraluminous white granite of the Sturgeon Lake batholith (2) occurs in the centre
of the complex and is flanked by older, small (<10-km-wide) plutons of pink
biotite .:t. magnetite leucogranite, rarely with inclusions of monzonite-dioritehornblendite. Small (> 5 km) plugs of diorite-monzonite cut marginal
metasedimentary schists.
The two granite types of the Quetico Park complex have distinctive
mineralogical, textural and chemical characteristics. Biotite leucograni tes are
generally homogeneous, massive medium-grained rocks with less than 5% biotite
and some magnetite. Granites of the Sturgeon Lake batholith are coarse-grained
to pegmatitic, have numerous metasedimentary inclusions and contain some
combinations of garnet, muscovite, sillimanite, cordierite, biotite, apatite,
tourmaline and rare fluorite in addition to quartz and alkali feldspar.
Ferromagnesian minerals have high Fe/Fe+Mg ratios and garnet is spessartine-rich.
Chemically, the Sturgeon Lake rocks are higher in Si02 than biotite leucogranites,
and lower in Ti02, Fe203, FeO, Fe203/FeO, CaO, Na20, Na20/K20, Rb, Sr and
REE. Biotite leucogranite has a fractionated REE pattern with a negative Eu
anomaly (3).
Zircons in both granite types are complex, with cores and overgrowths and
resorbed appearance. Texturally-simple monazite is being used in U-Pb
geochronology.
U-Pb zircon geochronology places constraints on the timing of development
of the Quetico belt. In the Wabigoon metavolcanic belt to the north, volcanism and
early plutonism occurred at 2750-2702 Ma and late plutonism at 2695-2680 Ma (4).
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The Wawa-Shebandowan metavolcanic belt was active at the same time, with
volcanism in the interval 2749-2696 Ma (5) and late plutonism at 2690-2675 (6).
Sediments were deposited in the Quetico basin before intrusion of the Poohbah
Lake complex at ""2700 Ma (7) and were probably derived from adjacent volcanic
highlands.
A composite section through the belt shows steeply inward-dipping margins
and tadpole-shaped plutons derived from a metasedimentary source in the centre
and tonalitic rocks of the greenstone-granite terranes towards the margins. A
back-arc or inter-arc basin environment is postulated to account for early
development of an elongate sedimentary trough characterized by high heat flow
which led to later deep crustal melting and magma rise to high structural level.
Underplating by mafic magmas possibly contributed to heat transfer from the
mantle to the lower crust.
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SPECULATIONS ON NATURE AND EXTENT OF ARCHEAN BASEMENT IN LABRADOR
iS INDICATED B2 SR, NO, AND PB I~OTOPIC SYSTEMATICS OF PROTEROZOIC INTRUSIVES.
Ashwal, J.L. Wooden, and R.F. Emslie
1L.D.
Lunar and Planetary Institute, 3303 NASA Road One, Houston, TX 77058,
2u.s. Geological Surve~, Isotope Geology Branch, 345 Middlefield Road,
Menlo Park, CA 94025, Geological Survey of Canada, 601 Booth St.,
Ottawa, Ont., Canada KIA OE8
Introduction. Sm-Nd and Rb-Sr isotopic compositions of mid-to late
Proterozoic <~ 1.6-1.1 Ga) massif-type anorthosites and mafic intrusives in the
eastern Canadian shield are correlated with geographic location (1,2).
e9mPl§ses in the Grenville province have positive ENd values and initial
Sr/ Sr (I ) generally less than 0.703, suggesting
derivation f~bm depleted mantle. In Labrador, similar complexes close to or
northwest of a line roughly corresponding to the Grenville Front have negative
E values and I
> 0.703. This contrast has been interpreted
asN~eflecting eitR~r enriched mantle under the Nain Province (1), or
contamination of the Nain intrusives with older crustal components (2). Pb
isotopic compositions, however, favor the latter (3). We speculate here on the
possibility of using these Proterozoic intrusives as tracers to characterize the
nature and extent of older basement types in Labrador.
Harp Lake and Mealy Mountains Complexes. Our data base includes Sr, Nd,
and Pb isotopic compositions of 1.6-1.65 Ga anorthosites and related rocks from
the Harp Lake (Nain Province) and Mealy Mountains (Grenville Province)
complexes, and also of later ( ~1.4 Ga) mafic dikes which 2crosscut them (Fig. 1)
(3-6). The anorthosite complexes are large (7000-8000 km) composite
massifs dominated by leucotroctolites and leuconorites, with minor ferrodiorites
and gabbros (4). Both complexes are crosscut by an ENE-trending swarm of
olivine diabase dikes with similar mineralogy and major and minor element
chemistry (5,6). Mealy dikes yield a whole-rock Rb-Sr age of 1380 ±54 Ma
(Fig. 2) (6). Harp and Mealy dikes have been suggested as correlative with
other gabbroic rocks of similar age in Ladrador, including the Shabogamo,
Michael, and Flowers River gabbros, the Seal Lake volcanics, and the Kiglapait
layered intrusion (5,6).
Mealy anorthosites have Isr = 0.7026 - 0.7032 and ENd = +1.2
to +3.0 (computed for 1.65 Ga). Mealy dikes have Is = 0.7025- 0.7028
and E = +3.8 to +5.6 (computed for 1.4 Ga). Botnrare consistent with
deriva~qon from mantle sources depleted with respect to Rb/Sr and Nd/Sm. Pb
isotope data for Mealy anorthosites and dikes form a linear array between the
evolution curves for model mantle (7) and average crust (8). This array is
essentially equivalent to that for Proterozoic carbonatites, which Tilton (9)
interpreted as reflecting depleted mantle.
Harp Lake samples show a much larger variation in isotopic composition
(Figs. 2, 3). The major rock units of the Harp Lake anorthosite complex have
Is between 0.7039 and 0.7066, and E~d between -2.4 and -6.0 (at
1.65 Ga). Harp dikes have I 5 = 0.7032 - 0.7033 and EN = -0.3
1~ 7 -2.! 4 !at 1.4 Ga). The Nd fsotopic data for Harp dikeg show a narrow range of
Sm/ Nd (0.146 - 0.153), but plot along a~ 3.3 Ga reference
line, probably reflecting mixing with an Archean component (Fig. 3). Harp Lake
anorthosites and related rocks show a wide scatter in Pb isotope compositions,
and can be interpreted as reflecting mixing between a depleted Proterozoic
mantle component and an older component with extremely unradiogenic Pb.
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Harp dikes and plagioclase separates therefrom have very low
Pb/ 04 Pb for Proterozoic mantle-derived materials, and must be
interpreted as reflecting contamination with U-depleted crustal material.

2&~ewi~

Possible Contaminants. Although we cannot constrain the precise nature of
the contaminant, its composition must be such that it has essentially no effect
on the major or minor element chemistry of Harp Lake samples, assuming that
Mealy Mountains samples can be considered uncontaminated starting materials.
Harp dikes show no noticeable enrichments in "crustal" components such as
SiO , K 0, Na 0, etc. The most appropriate contaminant
wou~d h&ve sufficiently low Rb/Sr, Sm/Nd, and u;g~ su§g that its isotopic
1~~posi4aons evol~ 07 to 2o4atively low values of
Sr/ Sr,
Nd/ Nd, and
Pb/ Pb by about 1.4 Ga.
The Harp Lake complex, and other Proterozoic intrusives in the Nain
Province of Labrador were emplaced near the boundary between Aphebian (1.7 - 1.8
Ga) gneisses of the Churchill Province, and a belt of Archean gneisses with ages
as old as 3.6 Ga, exposed along the eastern coast of Labrador (Fig. 1) (4,10).
The Aphebian gneisses are considered to be reworked equivalents of late Archean
( ~2.7 Ga) materials similar to those in the Superior Province (11), and the
older Archean gneisses of coastal Labrador have been correlated with the ancient
gneiss terrane of West Greenland (e.g. 10).
Initial Sr and Nd isotopic compositions (at 1.4 Ga) of these gneisses are
compared with those of Harp and Mealy dikes in Fig. 4. Data for the Churchill
and Superior Provinces are McCulloch and Wasserburg's (11) composites for large
areas of these terranes. The wide range in isotopic composition among Uivak
gneisses is a likely consequence of early granulite facies metamorphism which
produced low Rb/Sr and I in some areas (12,13). Among these
possibilities, the most ~Uitable contaminant for the Harp dikes would be
Rb-depleted Uivak gneiss (component B, Fig. 4). Less than 10% of such a
component added to Mealy dikes would produce the isotopic composition of the
Harp dikes, assuming simple two-component mixing (Fig. 4). Although the
Superior and Churchill Province composites would not appear to be appropriate
contaminants, we cannot rule out as a possibility aRb-depleted equivalent of
such material, produced for example, by granulite facies metamorphism (component
C, Fig. 4). This hypothetical component would be a less satisfactory
contaminant in that it would require a larger degree of contamination (15 25%). Pb isotope systematics also favor an ancient gneiss-type contaminant
(Uivak or Amitsoq gneiss) over late-Archean gneisses (Fig. 5).
Discussion. Although it remains speculative, it could be inferred from our
data that the ancient gneiss complex exposed along coastal Labrador extends in
the subsurface, beneath the Harp Lake anorthosite complex, and possibly as far
west as the Labrador Trough, where the 1.45 Ga Shabogamo gabbros also have
negative E values of about -5 (14). Pb isotopic compositions of
these, and ~£her mafic intrusives in Labrador are clearly needed to evaluate
this. It is possible, therefore, that the Archean North Atlantic craton is much
more extensive than indicated by present surface exposures.
In any case, Proterozoic intrusives in the Grenville Province show no
evidence of contamination with Archean crustal components. The Labrador segment
of the Grenville Front, therefore, appears to mark the southern edge of the
Archean craton in eastern North America. It is possible that this feature
coincides with a suture, but if this is the case, it must be older than 1.6 Ga.
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GEOCHEMISTRY OF GRANITOID ROCKS FRCM THE WESTERN SUPERIOR PROVINCE EVIDENCE FOR 2- AND 3-STAGE CRUSTAL EVOLUTION MODELS; G. P. Beakh:>use,
Precambrian Geology Section, cntario Geological SUrvey, 77 Grenville St.,
Toronto, Ontario, M5S 1B 3, Canada and R. H. McNutt, Department of Geology,
McMaster University, Hamilton, cntario, IBS 4M1, Canada.
The SUperior Province is divisible in to subprov inc es that can be
classified as greenstone- tonalite, paragneiss or batholithic terranes and are
distinguished by differences in lithologic propJrtions, metamorphic grade and
structural style [1].
This paper discusses the origin and significance of
contrasting geochemical characteristics of plutonic rocks from the Winnipeg
River subprovince (a batholithic terrane) and the Wabigoon subprovince (a
greenstone-tonalite terrane).
In the ~stern Wabigoon subprovince well preserved, low- to medi un metamorphic grade supracrustal sequences, in ~ich metavolcanic rocks predominate
over metasedimentary rocks, are defonned into arcuate belts which wrap around
elliptical granitoid bath:>liths [2].
This volcanism and plutonism took place
over a restricted time interval between 2700 and 2750 Ma [3, 4, 5].
The
bath:>liths are compJsi te, consisting of; 1) foliated to gneissic, tonalitic
to granodiori tic diapirs and 2) later, massive to foliated diori tic to
granitic plutons [6].
The Aulneau batholith \<aS selected as an example of a greenstone- tonalite
terrane bath:>lith. Ziehlke [7] recognizes 19 phases \ohich can be broadly
grouped in order of decreasing relative age as early mignati tic phases,
hornblenditic and/or bioti tic foliated phases and late massive phases.
Tonalitic to granodioritic compJsitions predaninate and there is a general
trend of decreasing colour index and increasing microcline abundance with
decreasing relative age [7].
The Aulneau batholith displays limited chemical
heterogeneity reflecting relatively unifonn mineralogy. N:>te\IOrthy geochemical characteristics include (averages in brackets); high Na 2 o (5.4%), Sr
(690 ppm) and low K2 0 (1.6%), Rb (54 ppm), Ce (26 ppm), La (14 ppm) andY (2
to 3 ppm).
These characteristics are typical of Early Precarnbr ian ton ali tes
[8] and have been widely interpreted to reflect an origin involving partial
melting of tholeiitic basalt at mantle or lower crustal depths [8, 9, 10, 11,
1 2] •

The Winnipeg River batholithic terrane is underlain principally by
variously defonned and recrystallized plutonic rocks including:. 1) pretectonic, heterogeneous gneissic complexes, 2) pre- to syn-tectonic sodic
plutons and 3) syn- to p:lSt-tectonic p:Jtassic plutons [ 1 3]. The gneissic
complex and sane of the sadie plutons range in age from 28 30 Ma to 316 8 Ma
[14, 15, 16] and are significantly older than Wabigoon subprovince volcanism
and plutonism.
The pJtassic plutons range in age from 2660 to 2700 Ma [15].
Inclusions of supracrustal rocks are predominantly of volcanic origin and
underlie less than 10 percent of the terrane but are widely distributed.
Metamorphic grade is upper anphibolite to granulite facies and e<1idence of in
situ partial melting is common in the supracrustal inclusions and gneissic
complex.
Tw:> distinct geochanical affinities are recognized within the plutonic
rocks of the Winnipeg River subprovince. The heterogeneous gneissic complex
and sadie plutons are predaninantly of tonalitic cornpJsition; they are
characterized by low LIL element abundances, depleted HREE and low initial Sr
is:>topic compJsition and are interpreted to be the product of 10 percent
melting of a mafic garnet granulite of th:>leiitic basalt canpJsition [17,
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18]. ~tassic plutons range in comp:>sition from granodiorite to granite and
are more geochemically evolved than the tonalitic rocks.
For example,
compared to the Aulneau batholith, the I.Dunt Lake p:Jtassic batholith has
higher K2 0 ( 3.8%), Rb (116 ppm), Ce (53 ppm), La (53 ppm) and Y ( 11 ppm) and
lo-wer Na20 (4. 3%) and Sr (415 ppm).
other p:Jtassic plutons in the Winnipeg
River belt (e.g. the Lac du Ebnnet pluton [19]) are even more geochemically
evolved. The initial Sr isotopic comp:>sition of granodioritic {X1ases from
the Iount Lake batholith range from .7022 to .7044 [15].
The following
suggest p:Jtassic plutons are derived from the partial melting of the earlier
tonalites:
1) LIL element mass balance requirements are consistent with derivation
of the p:>tassic plutons by partial (<50%) melting of tonalite. A
tholeiitic basalt s:>urce w:>uld require unrealistically low degrees of
partial melting ( 1-2%).
2) Y abundance in p:Jtassic plutons is highly variable but in general
they are comparable to or greater than abundances in p:>tential source
rocks suggesting that it is unlikely that significant garnet or
amphibole was retained in the source material.
Felsic rocks are more
likely to satisfy this requirement than mafic rocks.
3) The initial Sr isotope ratios of the p:>tassic plutons are similar to
those expected in the older tonalites at the time of p:Jtassic
plutonism [15] and are more radiogenic than 'AOUld be expected for 3. 0
to 3.2 Ga tholeiitic basalt [20].
4) Pods of in situ melt rocks observed in the older tonalites have
geochemical characteristics that resemble those of the p:Jtassic
plutons.
The goochemical diversity of the Winnipeg River terrane can be
interpreted in terms of a 3-stage magma evolution model, the first t'AO stages
of 'lfhich are identical to that prop:Jsed for greenstone-tonalite terranes.
Stage I Partial melting of the mantle to produce tholeiitic basalt
Stage II - Partial melting of tholeiitic basalt to produce magmas of
tonalitic affinity.
Stage III - Partial melting of the bi-modal assemblage formed in stages
I and II to produce the potassic plutons.
Possible implications of this model include: 1) The paucity of p:Jtassic
plutons suggests that a Winnipeg River type basement complex is thin or
absent beneath the Wabigoon subprovince.
2) The lo-wer crust beneath the
Winnipeg River and Wabigoon terranes may be different with the former being
depleted as -well as dehydrated.
3) Sialic microcontinents, parts of 1fhich
are as old as 3. 0-3. 2 Ga, were present in the Superior province prior to
widespread volcanism and plutonism W:tich took place bet-ween 2700 and 2800 Ma.
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LOW CO , FLUID-ABSENT METAMORPHISM IN THE ADIRONDACKS
John W. Valley, ftept. of Geology & Geophysics, The University of Wisconsin,
Madison, WI 53706, USA
2
Granulite facies metamorphism imprinted >20,000 km of the Adirondack
Highlands, N.Y., U.S.A. and has been dated at -1.1 by., (Grenville Orogeny,
1). Peak metamorphic temperature incre~ses from 675°C at the orthopyroxene
isograd to 775°C in the Central Adks. at 7.6±0.5 kbar (2). Low values of
aH o are demonstrated by assemblages of trem + diop + enst + qt; phlog +
qt 2+ enst + Kfs; annite + Kfs + mt + ilm; and unmelted Kfs + plag + qt.
Estimates from mica and amphibole equilibria yield aH o:o.l (3).
2
Three processes can account for low aH o in granulites: (A) co
2
2
infiltration, (B) fractionation of H o into melts, or (C) metamorphism of
2
already "dris rocks. In Adirondack calc-silicates adjacent to anorthosite:
values of o 0 indicate that low P contact metamorphism preceeded granulite
metamorphism, numerous wollastonite occurrences indicate low aco , and the
2
assemblage monticellite + forst + diop + cc + spinel indicates PH
+
0
2
PCO << 7.6 kbar. This is consistent with process (C) where shallow
2

contact metamorphism volatilized marbles and subsequent granulite facies
metamorphism was fluid-absent (4,5). Estimates of f0 in Adirondack
2
charnockites from mt-ilm are uniformly below FMQ and are below the stability
of high fC0 fluids. Simultaneous solution of C-0-H fluid reactions show
2
that at sucfi low f0 and fH 0 there cannot be a free C-0-H fluid and thus
2
metamorphism was fluid
abseftt in these rocks (6). It is not known whether
opx formation in Adk charnockites reflects process (B) or (C), but there is,
at present, no evidence indicating that charnockitization proceeded due to
co infiltration in the Adirondacks.
2
(1) Ashwal, L.D., Wooden, J.L. (1983) Geochim. Cosmochim Acta, 47:1875-1885.
(2) Bohlen, S.R., Valley, J.W., Essene, E.J. (1985) J. Petrol., in press.
(3) Valley, J.W., McLelland, J., Essene, E.J., Lamb, W. (1983) Nature,
301:226-228.
(4) Valley, J.W., O'Neil, J.R. (1984) Contr. Min. Pet., 85:158-173.
(5) Valley, J.W. (1985) The Deep Proterozoic Crust in theN. Atlantic
Provinces, J. Touret (ed.), in press.
(6) Lamb, W., Valley, J.W. (1984) Nature, 312:56-58.
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EARLY ARCHEAN TONALITE GNEISS IN THE UPPER PENINSULA
OF MICHIGAN;
Zell E. Peterman, R. E. Zartman, and P. K. Sims,
U.S. Geological Survey, MS 963 Box 26046 DFC, Denver, CO 80225
1
REGIONAL SETTING.--Early Archean
gneisses are exposed
in
the core of a structura 1 dome near Watersmeet
in the upper
peninsula of Michigan (Fig. 1).
These gneisses are part of an
extensive gneiss terrane in the Lake Superior region [ 1] that
1 i es
immediate 1 y
south of a
Late Archean greenstone-granite
terrane
(the Wawa Vo 1 can i c Belt of Canadian usage).
Other
occurrences of such old rocks in this region are Early Archean
gneisses
in southeastern Minnesota
[2] and Middle Archean
gneisses [3] in central Wisconsin.
The two terranes are joined
along a fundamental
structural feature cal 1ed the Great Lakes
tectonic zone [ 4] that extends from west-central Minnesota to
and possibly beyond the Grenville Front in Canada.
This feature
exerted a sustained influence on the structural evolution of the
region through the Early Proterozoic with the gneiss terrane
generally
exhibiting
greater
mobi 1 i t y
than
the
greenstone-granite terrane during the Penokean orogeny at 1.8 to
1 • 9 Ga.
GEOLOGY.--The gneiss dome near Watersmeet (Fig. 2) contains
a diversity of rock types and tectonic overprints that record a
remarkably 1ong interval spanning near 1 y two b i 1 l ion years of
earth history.
Isotopic dating [5,6] and field studies [7] have
elucidated much of this protracted geologic record.
The oldest
unit
is a
tonal i t i c augen gneiss which
is overlain by a
succession of we 1 1-1 ayered biotite gneiss and schist.
Both of
these units are Ear 1y Archean.
These Ear 1y Archean gneisses
were overlapped by Late Archean volcanic and sedimentary rocks
that
formed during the deve 1 opment of the
vo 1 can i c
be 1 t
immediately to the north.
The Late Archean units are
amph i bo 1 i te and
inter 1 ayered biotite and b i ot i te-hornb 1 ende
gneiss. All of the gneisses are cut by leucogranite dikes that
were emplaced after the gneisses were folded. Collectively, the
Ear 1 y and Late Archean rocks formed the basement on which a
thick succession of sedimentary and volcanic rocks of the Early
Proterozoic
Marquette Range
Supergroup were deposited.
Reactivation of the Archean basement during the Penokean orogeny
led to the development of gneiss domes that rose diapirically to
penetrate the overlying supracrustal rocks.
GEOCHRONOLOGY.-- The isotopic systems in the Archean rocks
were
strongly disturbed during the episode of ductile
deformation that resulted in the formation of the gneiss domes.
Rb-Sr whole-rock systems were open over a
sea 1 e of sever a 1
meters suggesting the presence of f 1 u ids.
Mineral
( P 1-M i -8 i )
data yield good isochrons of about 1,750 Ma, and metamorphically
reconstituted zircon from biotite gn i ess in a duct i 1e-br i t t 1 e
shear zone gives concordant U-Pb ages of 1,757 Ma [5,6].

---------------------------------------------------------------1oNAG Precambrian classification
[8].
Intervals are:
Late

Proterozozic, 570-900 Ma; Middle Proterozoic, 900-1600 Ma; Early
Proterozoic,
1600-2500 Ma; Late Archean, 2500-3000 Ma; Middle
Archean, 3000-3400 Ma; and Early Archean, 3400-3800(?).
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U-Pb zircon systematics
[ 5, 6]
for Archean rocks
in the
Watersmeet dome are shown in Figure 3.
The array for the Early
Archean gneisses is comprised of data for size and magnetic
fractions or zircon from two samp 1es or augen gn i ess and one
samp 1e of biotite gneiss.
Zircons from a 1 1 three samp 1es are
very simi 1ar in shape, crysta 1 face deve 1opment, zoning, and
color.
This array, with some excessive scatter, defines a chord
with intercepts at 3560±40 Ma and 1250±90 Ma.
Three fractions
of zircon 'from a biotite gneiss in the Late Archean amphibolite
sequence give an upper intercept of 2640 Ma but a much younger
lower intercept of about 630 Ma.
Size fractions or zircon From
a leucogranite dike suggest an emplacement age of about 2590 Ma.
The concordant zircon 'from biotite gneiss in a zone or very high
strain in the dome is shown at 1,760 Ma.
The 1ower intercept age or 1250 Ma for the Ear 1y Archean
chord doesn't correspond well to any known event in the region,
Keweenawan igneous activity and rifting at about 1100 Ma being
the c 1osest in time.
This anoma 1 y and the much younger 1ower
intercepts shown by the Late Archean zircons has
1 ed us to
suggest that the disposition or points for the Ear 1 y Archean
zircons is the result or multiple episodes or lead loss in a
Fairly systematic fashion [6].
Episodic loss of lead at 2.7,
1 • 8,
and 0. 5 Ga cou 1 d produce a trajectory on a concordia
diagram which would be nearly
1 inear over the
interval
represented by actua 1 data points.
Subsequent ion microprobe
analyses by Wi 11 iams and others
[9]
of one or the
least
discordant zircon fractions
(Fig.
3)
has shown add i t i ona 1
complexities
in the discordance pattern.
They found domains
within grains t.hat y i e 1 ded near 1 y
concordant resu 1 ts and
extended the age to 3650 Ma.
They a 1 so found overgrowths that
had 'formed at 2600 Ma when the Ear 1 y
Archean gneisses and
over 1 y i ng Late
Archean
supracrusta 1 s
were
deFormed,
metamorphosed,
and intruded by granite.
In this particular
samp 1e, no evidence was round For the Ear 1 y Proterozoic event
suggesting that
its errect on the U-Pb zircon systems was
restricted to zones or except i ona 1 1y high strain such as that
which produced the concordant 1760-Ma zircon.
Archean rocks northwest of the dome are part of the Late
Archean greenstone-granite terrane (Fig.
2).
Zircons From a
biotite gneiss in a bimodal gneiss-amphibolite sequence presumed
to be interlayered marie and felsic volcanic rocks are dated at
2750 Ma,
somewhat older than the similar 2640-Ma sequence
i nro 1ded with the Ear 1 y Archean gneisses
in the dome.
The
Puritan Quartz Monzonite,
the principal
granite
in the
greenstone-granite terrane in this area is dated at 2650 Ma by
Rb-Sr
[10].
Whole-rock
samples
of Early Proterozoic
metagraywackes
immediate 1 y
north of the dome give a Rb-Sr
i sochron age or
1820±50 Ma.
This
is a metamorphic age
representing
resetting attendant with dewatering and
recrystallization or the matrix.
I t is consistent with whole
rock and mineral
isochrons within the dome that reflect
resetting during deFormation related to the doming.
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Figure
I.--Index map
showing
location
of
Fig.
2.
Diagonally
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1 100
Ma
Keweenawan
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rift
system.
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Great
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Figure 2. --5 imp 1 i f i ed
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Archean
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Figure 3.--Concordia
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Watersmeet dome.
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1 ower
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multiple episodes
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lead loss and that 3560
Ma is probably a
minimum age.
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DEVELOPMENT OF ARCHEAN CRUST IN THE WIND RIVER MOUNTAINS, WYOMING;
C.D. Frost, B.R. Frost, M.E. Koesterer, T.P. Hulsebosch, University of
Wyoming, and D. Bridgwater, Copenhagen University.
The Wind River Mountains are a NW-SE trending range composed almost
entirely of high-grade Archean gneisses and granites which were thrust to the
west over Phanerozoic sediments during the Laramide orogeny.

Late Archean

granites make up over 50% of the exposed crust and dominate the southern half
of the range, while older orthogneisses and migmatites form most of the
northern half of the range (Fig.!).

Locally these gneisses contain inclusions

or enclaves of supracrustal rocks, which appear to be the oldest preserved
rocks in the range.

Detailed work in the Medina Mountain area of the central

Wind River Mountains and reconnaissance work throughout much of the northern
part of the range has allowed us to define the sequence of events, described
briefly below, which marked crustal development in this area.
I.

Sequence £!events in the Medina Mountain area
The oldest rocks present in the Medina Mountain area consist of a

supracrustal succession and associated paragneiss-rich migmatites (Fig.2).
The supracrustals are composed of semi-pelitic to pelitic gneisses, and
finely-banded mafic gneisses with rare iron-formation and calc-silicate
layers.

The succession defines a large scale synformal structure that is

Gr- LATE ARCHEAN GRANITES

Milos

5

0

5

10

15

Fig. 1.

Regional Geology of the
Wind River Range, Wyoming.
A= Downs Mountain Area;
B = N. Fork Bull Lake
Creek Area; C =Medina
Mountain Area.
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Explanation
!Mig

Migmatitic Gneiss- Amphibolite Grade
Migmatitic Gneiss- Granulite Grade
Older Orthogneiss

Fog Felsic Orthogneiss
lFggl Felsic Garnet Gneiss
Pelitic Gneiss

Amphibolite

Fig. 2.

Geology of the Medina Mountain Area.

Contact

locally migmatized by sheets and irregular layers of felsic garnet gneiss.
Portions of the felsic garnet gneiss are interpreted to be a partial melt of
the metasediments that formed during the last regional metamorphism of the
area.

Also found in the area are inclusions of metamorphosed peridotites,

pyroxenites, gabbros and leucogabbros.

These rocks seem to have suffered the

same complex metamorphic and intrusive history as the supracrustal rocks but
the age relations between them and the supracrustal rocks are not known.
This sequence of rocks was injected and migmatized by an early set of
granitoid dikes, isoclinally folded and subjected to regional metamorphism.
Following this event thin, porphyritic mafic dikes and volumetrically minor
amounts of tonalite were intruded.

Because these dikes and tonalite sheets

are less strongly deformed and migmatized than the older gneisses they form an
important marker in the geologic evolution of the area.

All of these rocks

were then broken up and migmatized during another intrusive event, which
accompanied the latest granulite facies metamorphism and regional deformation
in the Medina Mountain area.
Late Archean granitoid plutons intrude and locally crosscut the Medina
Mountain sequence.

These late plutons range from granodiorite to granite, are

weakly deformed, and retain igneous textures.

The Bridger batholith to the

north is strongly to weakly foliated and has a metamorphic mineralogy, but
locally retains igneous textures.

The batholith crosscuts older orthogneisses
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and migmatitic gneisses.
II.

Archean Lithologies Elsewhere in the Wind River Range
Blocks and pods of supracrustal rocks are found in orthogneisses in many

areas of the northern and central Wind Rivers, although nowhere are they as
coherent as near Medina Mountain.

Lithologically these rocks are very similar

to the Medina Mountain supracrustals, consisting of fine grained, banded mafic
gneisses thought to be of metavolcanic origin, pelitic and semi-pelitic
metasediments, quartzite, and iron-formation.

As in the Medina Mountain area

metaperiodotites and metagabbros are intimately associated with the
supracrustals in many places in the northern part of the range.

Many of these

supracrustal enclaves are found within the Mt. Helen Structural Belt
(mylonitic gneiss, Fig.l) which is a major orogenic feature associated with
the latest regional metamorphism and deformation.

Tonalitic gneiss, though

present in the northern part of the range and to the west of Medina Mountain
does not make up the major portion of the older rocks, as appears to be the
case in many other Archean terranes.
III.

Metamorphism
At least two Archean high-grade regional metamorphic events have affected

the Wind River Mountains.

The last regional metamorphism attained amphibolite

grade over most of the range.

Metamorphic conditions for this event were

around 700°C and 4.5 kilobars in the Downs Mountain area in the northern part
of the range (Sharp and Essene, 1984) and the N. Fork Bull Lake Creek area
(Frost, et al., 1985) (Fig.l).

In the west-central Wind River Mountains this

metamorphism reached granulite facies.

In the Medina Mountain area and

directly to the west this event attained temperatures as high as 800°C and
pressures of 5-6.5kb (Frost, et at., 1984).
In those portions of the range where the second metamorphism attained
only amphibolite grade the supracrustal inclusions commonly have cores with
granulite mineralogies.

Field relations indicate that this granulite

metamorphism preceded emplacement of many of the orthogneisses and hence is
older than the second regional metamorphism.

Conditions for this metamorphism

are difficult to determine because ion-exchange geothermometers and
geobarometers were reset during the second high-grade metamorphic event.

The

widespread occurrence of the assemblage garnet-orthopyroxene-cordierite,
however, allows one to establish that the pressure was 6kb or less and that
the maximum temperature was below 780°C (Fig.3).
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Isotope geochemistry and geochronology
Of the sequence of events outlined above, absolute ages are known only

for the Late Archean intrusions.

Stuckless et al. (in press) have obtained

U-Pb and Rb-Sr dates on two granitoid lithologies of 2.63
Q.04Ga.

~

0.02Ga and 2.50 +

The Bridger batholith, which outcrops immediately to the north of the

Europe canyon area has been dated at 2.75 + Q.04Ga
Rb-Sr data).

(C. Frost, unpublished

Since this pluton is interpreted as having been intruded during

the waning stages of metamorphism and deformation, its age provides an upper
limit on the time of latest regional metamorphism.
Nd crustal residence ages, which provide an estimate of the average
period of time the protoliths of a particular unit have resided in the crust
(Frost & O'Nions, 1984), have been calculated for samples of the Bridger
batholith.

All of the samples yield crustal residence ages of around 2.9 Ga,

only around 200 Ma in excess of intrusive ages.

The difference between

crustal residence and intrusive ages for Bridger batholith gneisses is small
compared to other late Archean granitoids (Frost and O'Nions, 1985) and
indicates either that the rocks are derived mainly from mantle materials with
a small proportion of significantly older crustal component, or that the
intrusives are derived mainly from crustal materials which are on average only
slightly older than the intrusives themselves.

Field and textural evidence
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indicates that significant portions of the supracrustal sequence had begun to
melt under conditions of peak metamorphism; however, it is uncertain how much
of this melt has been incorporated into the Bridger batholith.

v.

Summary
The essential features of Archean crustal development in the Wind River

Mountains are as follows:
1.

Supracrustal rocks and paragneiss-rich migmatites are the oldest
materials preserved in the range.

2.

Unlike many other Archean terranes, tonalitic rocks are volumetrically
minor.

3.

The Archean crust of the Wind River Mountains was subject to multiple
deformation and metamorphism prior to 2.7 Ga.

4.

Late Archean granitoid intrusions comprise a large proportion of the
range.

They have been derived in part from crustal melts produced

during the last Archean metamorphism.
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ORIGIN AND EVOLUTION OF THE AMAZONIAN CRATON
A.K. Gibbs and K.R. Wirth; Institute for the Study of the Continents and
Department of Geological Sciences, Cornell University, Ithaca, NY 14853
The Amazonian craton appears to have been formed and modified by processes
much like those of the better-known Precambrian cratons, but the major events
did not always follow conventional sequences nor did they occur synchronously
with those of the other cratons.
Much of the craton's "Archean style"
~ontinental crust formation, recorded
in granite-greenstone and high-grade
terranes, occurred in the Early Proterozoic: a period of relative quiescence
in many other Precambrian regions. Some of the Archean rocks originated in
continental settings.
The common Archean to Proterozoic transition in
geological style did not occur here, but an analogous change from abundant
marine volcanism to dominantly continental sedimentary and eruptive styles
occurred later, during theN2 Ga Trans-Amazonian orogenic cycle.
Amazonian geology is summarized in Fig. 1 and Table 1 (see also recent
reviews:
1-3a).
The Amazon basin divides the craton into the Guiana
(northern) and Guapore Shields, with Precambrian geology easily matched across
the basin. Archean rocks in the northern (Imataca) and southeastern (SE Para,
Brazil) extremities of the craton are separated along the northern and
northeastern
craton margins by an Early Proterozoic granite-greenstone
terrane. Most of the remaining area is an immense anorogenic felsic igneous
terrane, with felsic rocks belonging to or correlated with the Uatuma (1 .7-1 .g
Ga) and Parguaza (N1 .5 Ga) cycles.
The Early Proterozoic Central Guiana
Granulite Belt (CGGB), divides both the adjacent granite-greenstone and Middle
Proterozoic terranes in the Guiana Shield.
ARCHEAN TERRANES:
The Imataca Complex includes medium to high-grade
quartzo-felspathic paragneisses and iron formations accompanied by acid,
intermediate, and mafic granulites and orthogneisses, dolomitic marbles,
manganiferous metasediments, and anorthosites (4,5). Intense Trans-Amazonian
deformation, metamorphism, and isotopic resetting obscure its Archean history
(6).
The
Imataca
Province
also includes small areas with undated
greenstone-belt lithologies. The province is in (thrust?) fault contact with
the adjacent Early Proterozoic granite-greenstone terrane (7). It may be
correlated with the Kenema-Man domain of west Africa (8), which also has
Archean high grade rocks, iron formations, and fault contact with the adjacent
Early Proterozoic terrane. They may once have been contiguous, and their
faults may belong to the same system, according to paleomagnetic evidence (g).
Both low and high-grade Archean rocks are present in SE Para ( ~6~10° S).
Archean greenstone belts with pillow basalts and komatiites, amphibolite
belts, and granitoid rocks and gneisses (10) form a basement to the low-grade
Grao Para Group at Serra dos Carajas (Fig 1 .). The Grao Para hosts the major
Serra dos Carajas iron formation and was considered Proterozoic, but we
recently obtained a rhyolite zircon age of 2.75 Ga for it. The group has an
apparent minimum thickness of about 6 km and consists of bimodal, partially
spilitized metavolcanic rocks overlain by 100-300 m of iron formations,
overlain in turn by more basalts (10,11). Subalkaline basalts with flat REE
patterns (10x chond) and basaltic andesites and shoshonites with LREE-enriched
and flat HREE patterns predominate over rhyolites. The mafic rocks are unlike
typical Archean basalts and basaltic andesites, but resemble those of Triassic
rift rocks of eastern North America, consistent with their eruption through
continental crust. They also resemble Proterozoic bimodal volcanics of the SW
USA, which have been attributed to a rifted continental setting (12). Shales,
tuffs, conglomerates, arkoses, quartz arenites, and iron, manganese, silica,
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Figure 1. Outline geology of the Amazonian Craton (compiled from Anonymous, 1977; Bellizia et al, 1976; Gibbs and Barron, 1983;
Metallogenic Map of South America, 1984; Schobbenhaus et al, 1981), Key: 1- Imataca Complex; 2- greenstone belts; 3- high-grade
terranes; 4- undifferentiated granites and gneisses; 5- Middle Proterozoic pre-Uatuma sedimentary rocks; Uatuma Supergroup
(6-8): north of the Amazon; 6- volcanics; 7- granitoid rocks; South of the Amazon, 8- Uatuma granitoid, volcanic and various
sedimentary rocks; 9- Roraima Group sedimentary rocks;
Other features: C- Early Proterozoic Cauarane Gp.; K- Early Proterozoic
Kwitaro Gp.; P- Mid. Proterozoic Parquazan granites; R- Early Proterozoic Parima Gp. supracrustals; S- Later Proterozoic Seringa
Fm; T- Trans-Amazonian Tapuruquara Suite mafic intrusives. Small circles- alkaline complexes.
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Major Precambrian Eventa of the Amazonian Craton.
Basement Terranes

Age
(Ga)

Central Guiana
Granulite Belt

Northern Granite
-Greenatone Terranes

Imataca Province

Southeast
Para, Brazil

Eventa of the Ccotinental atage, .uperimpoaed on all of the baaement terrane•

0

Rifting, mafic igneoua activity, and aedimentation in Amazon and Takutu basins
K-Ar cooling Ages (.9 - 1.3 Ga), faulting alkaline complexes (ages uncertain)

1

Parguazan granite intrusions (1.45 - 1.55 Ga)
Mafic intruaions (1.6 Ga)
Continental aedimentation (1.65 - 1.9 Ga)
and
Uatuma cycle felsic intrusion and volcaniam (1.75 - 1.9 Ga)
Mafic dike and sill intrusions (1.8 Ga)

2

and granitoid intrusives
Eventa older than this apply to specific basement terranes
1 volcanism, aedimentation
:and granitic intrusion
(2.1 - 2.25 Ga)

sedimentation and
volcanism
baaement?

Metamorphism (2.7 Ga) 1
Igneoua activity·and
iron fm. depoaition?
3

Protolith of aome
:
Imataca complex rocks,
(>3.4 Ga)

'clastic sedimentation
(age uncertain)
,..,..,..,.,.,.?~

Iron formation,
volcanism,
(2.7 - 2.8 Ga)
Gneisaes and greenatone balta (agea
uncertain)

and carbonate chemical sediments overlie the Grao Para Group in a pattern that
is broadly concordant on a map scale, but may actually be unconformable.
These sedimentary rocks might be Archean, or as young as Middle Proterozoic.
The boundary between the Archean crust of the Carajas region and the Early
Proterozoic crust of French Guiana has not been ade~uately determined. Some
suggest that it is located immediately north of Carajas, striking E-W (13).
The similarity of map pattern of the (undated) belts of Amapa (0°- 2°N) and
Carajas suggests that Amapa may be part of the same terrane, and may thus also
be Archean.
Gneisses and granulites that separate the Amapa greenstone and
amphibolite belts have been considered by some to be Archean; though only
tenuous isotopic evidence in support of this interpretation has been published
( 14)
Archean Amazonian iron deposits have features in common with both Algoma
The dimensions and lateral persistence of both the
and Superior types.
Carajas and Imataca deposits are like those of Superior type; the association
of the Carajas deposits with basalts is an Algoma-type feature.
EARLY PROTEROZIOC GRANITE-GREENSTONE TERRANES:
All the autochthonous
constituents of the northern Guiana Shield are thought to have emerged from
the mantle during the Early Proterozoic.
Greenstone belts are the oldest
dated units; they have yielded 2.1-2.3 Ga U-Pb zircon and Sm-Nd ages (15-18).
Gneisses and amphibolites in the same terranes have yielded similar and
younger ages, and appear to be the intrusive associates and metamorphosed
e~uivalents of the greenstone belt rocks (15,16,18-20a).
Low
initial
87Sr/86Sr ratios (<.703) are consistent with little involvement of older
continental crust in the generation of the Trans-Amazonian granitoid and
0
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metamorphic rocks of the northern craton. The greenstone belts share similar
lithostratigraphy: lower dominantly low-K basalts overlain by interstratified
mafic, intermediate, and felsic volcanics of both tholeiitic and calc-alkaline
suites; overlain by and interstratified with volcaniclastic greywackes,
pelites, and chemical sedimentary rocks (21-23).
There
are
regional
differences in the abundances and varieties of volcanic and sedimentary rocks:
felsic volcanics are irregularly distributed, and magnesian basalts and
possible komatiites are particularly common in central French Guiana (23) and
Amapa (24). Sea-floor metamorphism as well as very low to medium grade
regional and contact metamorphism have affected these belts, and folded,
crenulated, and cataclased metamorphic minerals indicate a complex, multistage
metamorphic
history.
Most northern Amazonian greenstone belts have a
randomly-branching synclinal map pattern,
but
the
eastern
Amazonian
greenstones and granitoid rocks belts have been elongated WNW by late
Trans-Amazonian deformation.
Clastic sedimentary rocks of continental provenance are infolded with
several of the Amazonian greenstone belts. Some form synclinal cores to the
belts of northern French Guiana and Amapa.
Stratigraphic relations between
these rocks and the underlying greenstone belts are not well resolved. The
abrupt appearance of rocks of continental provenance in belts that otherwise
appear to have been formed in ensimatic settings may be accounted for by
unconformity; by more gradual tectonically-controlled
changes
in
the
sedimentary source areas and depositional environments; or, possibly, some of
the associated greenstone belts may actually be ensialic.
These enigmatic
continental sedimentary rocks and the underlying greenstone belts have much in
common with the west African Tarkwaian and Birrimian, respectively.
CENTRAL GUIANA GRANULITE BELT: This extends from western Suriname into
Roraima Territory, Brazil, and consists of medium- and high-grade metapelites,
cross-bedded quartzites, calc-silicates, marbles,
and
ferruginous
and
manganiferous quartzites, as well as interstratified mafic metavolcanic rocks,
and metagabbros and metadolerites (25-27). These metamorphic rocks have not
yielded
reliable ages older than Early Proterozoic (20,28,15).
Their
stratigraphy and relation to the rest of the craton are poorly known.
The
abundance of sedimentary rocks of continental provenance in the CGGB is not
consistent with correlation of its supracrustal precursors with the Early
Proterozoic greenstone belts of the northern terranes. The lack of evidence
of Archean ages argues against their correlation with the Imataca or SE Para
Archean.
They might be another product of continental emergence during the
Trans-Amazonian.
TRANS-AMAZONIAN OROGENIC CYCLE: Originally defined by the concentration of
plutonic and metamorphic rock K-Ar and Rb-Sr model ages at about 2.0-2.1 Ga
throughout the Amazonian craton (29), some have extended the term to include
rocks of the 1.7-1.9 Ga Uatuma cycle. However, these younger rocks belong to
a discordant, though only slightly younger stage of continental development
(30).
The cycle marks the assembly of diverse crustal fragments into a
continent, their common deformation, and the first development of continental
environments on much of the craton.
Dikes and structures of the late
Trans-Amazonian and succeeding Uatuma cycle are extensive, and demonstrate
that the crust behaved in a continental fashion. Like the Kenoran orogeny in
Canada, the Trans-Amazonian included multiple stages of intrusion, including
tonalitic plutonic and hypabyssal intrusions, generation of two-mica "s"-type
granitoid rocks, and even the possible intrusion of some kimberlites prior to
the final stages of metamorphism and deformation (23). The cycle ended with
WNW and ENE-striking cataclastic
deformation
of
both
plutonic
and
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metasupracrustal rocks prior to the deposition of the Uatuma Supergroup.
POST-OROGENIC EVOLUTION:
Uatuma Supergroup and Parguaza granites and
felsic volcanics, Roraima (1 .85-1.65 Ga) and Gorotire Group arkoses, shales,
quartz arenites and conglomerates , and 1.85 and 1.65 Ga mafic intrusives were
emplaced in and on the upper crust of most of the Amazonian craton in the
Middle Proterozoic. Only the northern and eastern margins and the CGGB lack
evidence of this extensional and thermal modification, which affected both
Archean and Early Proterozoic basement. The diffuse, 50-100 km wide Uatuma
Sgp.
boundary on the N and E cuts across older structures. Little is known
about the ages of the pre-Uatuma basement in the vast central portions of the
craton: few greenstone belts are exposed, and few ages in excess of 2 Ga have
been determined. The Uatuma and Parguazan eruptions affected vast areas
rather than linear belts, but there are indications that the ages progress
from older (NE) to younger (SW), both in Venezuela (31) and in the southwest
(32).
Middle Proterozoic and younger faults and Paleozoic to Mesozoic dikes
have reactivated Trans-Amazonian deformation zones, particularly the NE and
ENE zone crossing the central Guiana Shield (33,34).
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PARTIAL MELTING OF AMPHIBOLITE TO TRONDHJEMITE NEAR YKUTAT, ALASKA
Fred Barker, U. S. Geological Survey, Anchorage, AK 99508
At Nunatak Fiord, 55km NE of Yakutat, Alaska, a uniform layer of Cretaceous metabasalt ca. 3 km thick was metamorphosed to amphibolite facies and
locally partially melted to trondhjemite pegmatite. A region of melting ca.
1 km broad (normal to foliation and layering) fades into unmelted amphibolite
(a feature resulting from ingress of aqueous fluid from below?). Segregations
of plagioclase-quartz±biotite rock, all presumed to be melt, range in size
from stringers several mm thick to blunt pods as much as 6m thick. The ratio
of melt/residuum is 5-10%. The assemblage aluminous hornblende-plagioclase
(An 3 4-4 9 in grain-to-grain variation)-epidote-sphene-quartz gave a watersaturated melt that crystallized to plagioclase(An23-28)-quartz-biotite
trondhjemite pegmatite. Only one generation of melt is present. The pegmatite segr~gations tend to be parallel to foliation of the amphibolite, but
crosscutting relations are common. Deuteric or late-magmatic quartz seams
l-5mm thick are marginal to many trondhjemite pods.
The amphibolite's protolith was light-REE-depleted oceanic tholeiite of
48.3% Si0 2 , 15.3% Al 20 3 , 10.7% FeO*, 8.4% MgO, 12.6% CaO, 2.27% Na20, 0.08%
K2 0, 0.72% Ti0 2 , <0.05% P205, 0.19% MnO, 53ppm Sc, 320ppm Cr, llOppm Ni,
2ppm Rb, 7lppm Sr, 22ppm Y, 4lppm Zr, L5ppm Nb, 18ppm Ba, and La 3X, Sm 8X,
and Lu 12X chondrites. There is no Eu anomaly. Loss/gain of mobile elements
by postmagmatic processes cannot be assessed, but probably is minor. The
trondhjemite pegmatite shows 75.3% Si02, 15.7% Al 2 0~, 0.41% FeO*, 0.29% MgO,
3.51% CaO, 5.01% Na 20, 0.32% K2 0, 0.04% Ti0 2 , <0.05% P 2 o5 , <.0.02% MnO, L5ppm
each Sc, Cr, Ni and Nb, 54ppm Rb, 232ppm Sr, 2ppm Y, 506ppm Ba, and La 6X,
Sm 0.4X, Gd-Tm 0.3X and Lu 0.7X chondrites. Eu at 2X chondrites shows a
strong (+) anomaly. (REE analyses by group separation and activation:) REE
partitioning in residuum/melt is even more pronounced than that discussed
by Arth and Barker (1976), especially in view of the involvement of sphene
and epidote.
Melting of garnet-free amphibolite to give heavy-REE-depleted (relative
to residuum) trondhjemitic melt seems to be a viable process.
Arth, J. G., and Barker, Fred,l976,
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